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Femtosecond excited-state absorption dynamics
and optical limiting in fullerene solutions,
sol-gel glasses, and thin films
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J. M. Robinson, A. Koskelo, and B. R. Mattes
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H. Wang and F. Wudl
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ABSTRACT

We compare detailed dynamics of the excited-state absorption for Cgg in solution, thin films, and entrapped in
an inorganic sol-gel glass matrix. Our results demonstrate that the microscopic morphology of the Cgp molecule
plays a crucial role in determining the relaxation dynamics. This is a key factor for applications in optical limiting
for nanosecond pulses using reverse saturable absorption. We find that the dynamics of the Cgo-glass composite
occur on long (ns) timescales, comparable to that in solution; thin film samples, by contrast, show rapid decay (<20
picoseconds). These results demonstrate that the Cgo-sol-gel glass composites contain Cgg in a molecular dispersion,
and are suitable candidates for solid-state optical limiting. Multispectral analysis of the decay dynamics in solution
allows accurate determination of both the intersystem crossing time (600 £100 ps) and the relative strengths of the
singlet and triplet excited-state cross sections as a function of wavelength from 450-950 nm. The triplet excited-state
cross section is greater than that for the singlet excited-state over the range from 620-810 nm.

1 INTRODUCTION

Recently, many studies have emerged on optical power limiting (OL) in buckminsterfullerene (Cgo).*® OL occurs
when the absolute transmittance of a material decreases with increasing laser fluence; in Cgg, the dominant mechanism
for OL is reverse saturable absorption (RSA), in which the absorption cross section from excited-state electronic
energy levels is significantly higher than the ground state absorption cross section.? For limiting of nanosecond
pulses, the lifetime of the excited-state responsible for the nonlinear absorption is a crucial parameter. In this work,
we provide a detailed study of the relaxation dynamics of the excited-state absorption for Cgg in toluene solution, as a
thin solid film, and entrapped within an inorganic sol-gel glass matrix. Our results demonstrate that the microscopic
morphology of the Cgp molecules plays a crucial role in determining the relaxation dynamics. We find that the
dynamics in Cgp-glass composites occur on long (ns) timescales, comparable to those in solution; thin film samples,
by contrast, show rapid decay (<20 picoseconds). Combined with intensity-dependent transmission measurements
on the same samples, these results demonstrate that the Cgo/sol-gel glass composites contain Cgp in a molecular




dispersion, and are suitable candidates for solid-state optical limiting. Despite similarities in dynamics between
the sol-gel/fullerene composites and solutions, reduced optical limiting effectiveness is seen in the glass composites.
Implications of this reduction will be discussed in light of recent predictions of enhanced nonlinear performance in
“bottleneck optical limiters,” in which the concentration of nonlinear absorbers is varied along the depth of the
sample in conjunction with a tightly-focused laser beam.”*® The extremely high optical damage threshold observed in
our gels may allow signifantly higher dynamic ranges than those allowed by either solutions or solid polymer/fullerene
blends.

Sol-gel techniques provide a means of synthesizing optical quality glasses which include organic optically-active
species at reduced temperatures compared to conventional melt processing.? It has been previously demonstrated
that fullerenes (including Cgo,%!%!1 Cyg,!? and Ceo derivatives!3) can be incorporated into glasses by these methods.
These composite materials combine the benefits of a high damage threshold inorganic oxide glass host with the
desired optical nonlinearities of the guest species. With the proper processing protocols, composite gels can be
formed into monoliths, fibers, or films. Here, we present detailed synthetic procedures for the formation of clear
doped glasses using both Cgo and the methanofullerenes phenyl-Ce;-butyric acid cholestryl ester (PCBCR) and 1-
(3-methoxycarbonyl)propyl)-1-phenyl-[6,6]-Cg; (PCBM).1* The use of highly soluble derivatives allows the formation
of composite glasses over a very wide range of fullerene concentrations.

2 EXPERIMENTAL

The starting solution for the sol-gel synthesis (precursor sol) was prepared from mixtures of two solutions (A and
B) in the following manner. Solution A consisted of 11 ml tetramethyl orthosilicate (TMOS) (11.25 g, 0.0739 mol)
and 5 ml deionized water (4.96 g, 0.275 mol). Solution B consisted of 30 ml tetraethyl orthosilicate (TEOS) (28.02
g, 0.134 mol), 7.5 ml deionized water (7.51 g, 0.691 mol), and 11 ml TMOS (11.25 g, 0.0739 mol). Both solutions
were sonicated for 15 min. Two drops of 38% HC] were added to A which resulted in a highly exothermic hydrolysis
reaction, and both solutions were sonicated for an additional 15 min. Solution A was added dropwise to solution B,
resulting in a clear monophasic sol. The combined molar ratio of TEOS:TMOS:H,0 was 1:1.1:5.3.

Undoped porous glass samples were then prepared, in which 1, 2, or 3 ml of either toluene or o-dichlorobenzene
(DCB) was added to each vial containing 7 ml of sol. The sol and co-solvent mixtures were mechanically stirred to
ensure homogeneity. Either 1.0 or 0.5 ml portions of the toluene-sol and dichlorobenzene-sol mixtures were pipetted
into PTFE containers. DCB samples were placed into an oven at 60 °C. Gelation was observed in 1-3 hours after sol
formation. Toluene samples were cured either at room temperature or at 40 °C. The gelation point was reached in
1-3 hours for oven cured samples, and in 8-10 hours for room temperature samples.

Silica gels containing Cgo, PCBCR, and PCBM were prepared using this precursor sol as a starting point. For
Cégo, both toluene and dichlorobenzene were used to prepare 2.5 mg/ml solutions. Rather than simply mixing the
precursor sol and fullerene solutions, it was found to be necessary to first mix small amounts of solvent into the
precursor sol, in order to achieve monophasic solutions from which the Cgg did not precipitate prior to gelation.5:1!
The only exception to this was when using DCB as solvent in relatively high amounts. Three different compositions
were prepared using toluene solutions, varying the content of Cgg in the mixture of precursor sol /carrier solvent/Cegp
solution. Actual proportions for those compositions were 7 ml of precursor sol to 1, 2, or 3 ml of toluene carrier
solvent and 0.1 ml of the Cgp solution in toluene. Samples were cured as described above. Resultant samples were
clear glasses of light beige color.

Two groups of compositions were prepared with DCB solution: 1) with carrier DCB - 7:0.5:0.5; 7:1:1; T:1.5:1.5;
and 2) without carrier DCB - 7:2; 7:2.5; 7:3; 7:3.5; 7:4; and 7:4.5. For example, composition 7:1:1 contained 7 ml of
silicon sol; 1 ml of precursor DCB, and 1 ml of fullerene solution. Upon addition of the purple Cgg solution to the sol,
a milky brown solution was formed. Either 1.0 or 0.5 ml were pipetted into PTFE containers and aged as described
above. All of the initial Cgo/DCB gels had light to very dark purple color. Samples with the total amount of DCB
not exceeding 2.5-3 ml withstood heat treatment up to 180 °C (near the boiling point of DCB), whereas those with




higher DCB content tended to crack and turn opaque. The temperature was raised 25 °C approximately every hour,
and then gels were left at 180 °C for at least 8 hours. Quartz self-sealing crucibles (Fisher Scientific) were used for
the treatment. Samples turned from purple to brownish-amberAupon drying, but kept their clarity and integrity.

DCB was also used to prepare 4.0 mg/ml solutions of PCBCR, and PCBM solutions in the range from 0.896
to 31.13 mg/ml. Compositions were prepared similar to those described above. PCBCR and PCBM form dark
brown solutions in DCB; PCBCR/DCB solutions, when mixed with the precursor sol, turn milky. By contrast,
PCBM/DCB/precursor sol mixtures form casting solutions that are clear, and have practically the same color as
DCB solution. Casting solutions were pipetted into PTFE containers and cured as described above. Upon drying,
the color of the PCBCR and PCBM gels did not change, and their clarity and integrity was maintained. The final
PCBCR- and PCBM-doped gels had light to very dark yellowish-amber color. After the sol-gels were heat-treated
for the removal of the residual solvent, they were found to have sufficient mechanical rigidity to withstand optical
polishing and shaping. Samples were polished first with 9 zm aluminum oxide and then with 3 pm silicon carbide
(both moistened with silicon oil) to obtain optical quality surfaces. In addition to allowing the concentration of
the fullerene guest to be controlled over a wide range, the use of soluble Cgo derivatives leads to a much higher
success rate for forming clear, uncracked monoliths, greater mechanical strength, and greater ability to withstand
heat treatment. The most consistent and successful results were obtained using PCBM, for which the methoxy
terminating group likely assists in mediating the insolubility of the extremely nonpolar Cgg in the polar solvents
(water, ethanol and methanol) present during the initial mixing and subsequent gelation. This is similar to behavior
recently reported using fullerene derivatives terminated with silicon alkoxide groups.!3

Time-resolved excited-state absorption spectra were measured using a femtosecond (fs) pump-probe technique.
The samples were excited at 405 nm by 100 fs pulses from a frequency-doubled regeneratively amplified modelocked
Ti:Sapphire laser (Clark-MXR CPA-1000). The pump pulse energy was 5 pJ, corresponding to an excitation density
of 12 mJ/cm?, and the repetition rate was 1 kHz. Femtosecond white light pulses were generated in a 1 mm sapphire
window. The transmission of the sample was measured using 2 0.15 m spectrometer and CCD array with the
pump beam on (To,) and off (T,zs), and the differential transmission AT/T was determined from the expression:
AT/T = (Ton — Togs)/Toss. Each spectrum was the average of 500-1000 pulses. Alternately, single wavelength
dynamics were monitored with much higher sensitivity by mechanically chopping the pump beam, and using a
balanced reference beam and signal beam with differential amplification, followed by lock-in detection. Cgg samples
were prepared in toluene solution in 2 mm path length cells, with concentration adjusted to yield optical density
approximately 1 at the pump wavelength. Thin films were prepared by vacuum sublimation, and no attempt was
made to preserve them from exposure to oxygen.

Optical limiting in the spectral region from 532~700 nm is measured using a frequency-doubled Nd:YAG laser
(Quanta Ray GCR-3 with 6 ns pulses at 532 nm), and pulsed dye laser (Quanta Ray PDL-3 with 5.5 ns pulses
from 560-700 nm). Intensity-dependent transmission is determined by placing the sample at the focus of a 100mm
(red) or 150mm (green) focal length lens. The beam is split into a reference arm, a sample arm, and an intensity
measurement arm with reference and sample transmissions monitored by 13 mm? Si photodiodes followed by gated
integration. Each point is the average of 25 to 50 laser shots with signal and reference channels normalized shot
by shot. The laser intensity is ramped up and down to check for hysteresis due to sample damage or slow heating
processes.

3 RESULTS AND DISCUSSION

Our previous measurements in Cgp solutions!®:1€ performed in the spectral range 550-1100 nm indicated that
at short delay times (At) between pump and probe pulses the excited state absorption is dominated by a broad
band at 975 nm (ws;). The decay of this band is accompanied by the complementary growth of a new band around
750 nm (wr;). These dynamics have been explained in terms of singlet-triplet intersystem crossing with a time
constant ranging from 650 ps to 1.2 ns.!®17:1® The bands wg; and wr; were assigned to the excited-state absorptions
associated with the lowest excited singlet and triplet states, respectively. In the present experiments we have extended




the transient absorption (TA) measurements down to a probe wavelength of 400 nm, and performed careful studies
of single wavelength TA dynamics in the range from 450 to 920 nm.
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Figure 1. -AT/T spectrum for Cgo in toluene solution, taken at two delay times: 10 ps (dashed line,
singlet excited-state absorption) and 1 ns (solid line, triplet excited-state absorption).

Fig. 1 shows the short wavelength portions of TA spectra measured at 10 ps (dashed line) and 1 ns (solid
line) after excitation. In addition to the long wavelength features reported previously,15:16 these spectra exhibit two
new bands at 500 nm (At =10 ps) and 530 nm (At = 1 ns) which can be assigned to singlet and triplet excited-
state absorption, respectively. This shows that the excited-state absorption contains contributions from at least two
different transitions for both the singlet and triplet manifolds. The energies of these transitions are ~1.3-1.4 eV
(ws1) and 2.5 eV(wsz) (singlet absorption), and 1.65 (wr;) and 2.34 eV (wry) (triplet absorption).

To study the intersystem crossing dynamics in more detail, we performed measurements of the TA dynamics in the
first 1.0 ns for several wavelengths in the spectral range from 450-920 nm (Fig. 2). Depending on the spectral energy,
the transient AT/T curves show either growth or decay, corresponding to a dominant contribution from either the
triplet or singlet excited-state, respectively. In particular, we observed a decreasing signal in two separated spectral
regions (450-550 nm and 820-920 nm), consistent with early-time TA spectra exhibiting two bands attributed to
singlet, excited-state absorption.

Previous studies showed that in isolated Cgg molecules, intersystem crossing occurs with quantum yield 0.96.19
Under these conditions, the long-term TA dynamics are single exponential with one time constant 7 accounting
for both the decay of the singlet and growth of the triplet features over the whole spectral range. Introducing the
wavelength-dependent excited-state absorption cross sections og()) (singlet) and o () (triplet) we can model these
dynamics as follows:

~AT/T(M8) = nolos(Ne™/ +ar(N)(1 — e~/7)]

= naor(N)(1 - QO o/, "

where ng is the concentration of Cep molecules. The TA dynamics can be fit to equation 1 using a single constant
7 = 600100 ps for all eleven wavelengths measured (Fig. 2). This intersystem crossing time is in agreement with




single-wavelength measurements in Ref. 5. Other authors have determined values for 7 as high as 1.2 ns.!® This work
represents to our knowledge the first fit of multiple (eleven) wavelengths to a single time constant, and hence the
results are expected to be more definitive than single wavelength fits. These results should establish a firm number
for 7, which until now has been in some dispute. In addition to the intersystem crossing time constant, the fitting
procedure yields the spectral distribution of the ratio or/os, which is plotted in Fig. 3. According to these data,
or > o in the range 620-810 nm; for wavelengths in this range, optical limiting will be stronger for ns laser pulses
than for ps pulses, while outside this range the limiting will be stronger for ps pulses.

0.01
-
=
<
-D PY
2lA 4
. (a)
. <
0.001 =JdE FRENE RUNTE FRERE FENYE FERTE RNETE ENEYE FRENE FENTE AL -
M R R B R L R AL BRI LU SIS R T
3} T RV NRRL S STSSS oA T)
o nn-;v;,.,‘.';‘;v'. AN
2L e&."t»;-r i
Cogs) _ _
mia L‘"“"lii-'ﬁ:- —'.sn_‘_:_.';:'g‘::. o a -
v 1Y H Y 2 4 r VS
001 - I“" = b ';"i:‘i:l!ﬁj - -
! " et
i\ o R L ]
it v "‘L'ﬁ"fr.n:i_'.ﬁ_:
6l. ..",-.' o
e p ALAPA LI AR
ATE oy e N\
Z 44. O /\ ‘4-_vAVA" ATA = o
3k A A -“ A;- -
: A
o [FA
- O o
Cod (b)
0.001 mllllIllllllllllllllll'llllllllllllll'llllllllllll-

0 200 400 600 800
Delay Time (ps)

Figure 2. -AT/T vs delay time up to one ns for Cgp in toluene solution, taken at eleven wavelengths:
(a) 450 nm (open squares), 500 nm (solid triangles), 550 nm (solid diamonds), 650 nm (open circles),
and 700 nm (solid circles); (b) 725 nm (open triangles), 750 nm (crosses), 780 nm (open circles), 820 nm
(solid diamonds), 890 nm (solid triangles), and 920 nm (open triangles). Fits are plotted as solid lines
(see text).

In addition to these long-scan measurements, TA dynamics were monitored on much shorter timescales. Fig. 4
plots the short-time dynamics, along with the pump-probe cross-correlation function recorded using the instanta-
neous two-photon absorption in ZnS. Except for weak features seen at At = 0 (pump and probe pulses overlap inside
the sample), the transients for all spectral energies in the range 450-920 nm have almost the same build-up dynamics.
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Figure 3. %ﬁ deduced from fitting dynamics data of Fig. 2 (see text).
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Figure 4. -AT/T vs delay time up to 2 ps for Cgo in toluene solution, for five wavelengths: (a) 450 nm
(open squares), 550 nm (solid squares), 750 nm (open circles), 820 nm (solid triangles), and 920 nm (solid
diamonds). Pump/probe cross-correlation is included for reference (dotted line).

Fitting to an exponential growth yields time constants of 200-300 fs. The fast bleaching seen at 450 nm and 550
nm at At = 0 is likely attributed to the pump-induced bleaching of the ground-state absorption, which is quickly
overwhelmed by the increased absorption associated with the lowest excited singlet state. The resolution-limited fast
increased absorption seen at 750 and 820 nm can be attributed to a two photon absorption process which involves one
photon from the pump pulse and the other photon from the probe pulse. This fast response serves to calibrate the




absolute arrival time of the probe pulse relative to the pump, and shows unequivocally that the subsequent growth
dynamics involves relaxation from the initially excited state to the lowest excited singlet state.

The TA build-up dynamics are determined by the nature of the initial photoexcitations. The energies of the first
(81) and second (S;) excited singlet states in Cgg are close to 2.5 and 4 €V, respectively.2® Given the energy of the
pump photon (3.1 eV), we can conclude that the initial photoexcitations under our experimental conditions are high
lying states within the S;-vibronic manifold. The energy-redistribution process within this manifold is manifested
in the build-up of increased absorption. Due to the large density of vibronic states, this process can be very fast
(from subps-to-ps time scales) in large polyatomic molecules.! The 200-300 fs constant derived above provides a
measure of the energy redistribution rate within the S;-vibronic manifold in Cgo molecules in solution. Such rapid
internal conversion has been proposed as essential to explain both the significant optical limiting for ps pulses,® and
the intensity-dependent recombination in Cgp thin films.22

Since for many applications of optical limiters, solid-state samples are desirable, these data for Cggy solutions are
compared in the following to dynamics data for Cgp thin films, and Cgo-sol-gel glass composites. In strong contrast
to the relaxation dynamics in solution, the dynamics in thin films of Cgp show a very rapid nonexponential decay
on subpicosecond to ps timescales (Fig. 5). The rapid and nonlinear recombination dynamics for Cgo thin films
at high fluences has been attributed to bimolecular recombination due to exciton-exciton annihilation.2? Hence, for
ns pulses, the excited-state absorption remains large in solution over a broad wavelength range for the duration of
the pulse, while the decay back to the ground-state in the solid thin film is much more rapid than the pulsewidth.
Consequently, RSA on the nanosecond time scale is not observed in the thin film. This is confirmed by intensity-
dependent transmission measurements of Cgg films using ns pulses, in which optical limiting is not observed.!s

The optical absorption in the doped silica sol-gel glasses is broadened relative to that of the fullerenes in solution,
and the samples are brown (similar in color to the thin film). The excited-state absorption peaks are also broadened,
with no distinct singlet or triplet features, in contrast to the spectra in solution. The strongest evidence that
the fullerenes are dispersed in the glass on a molecular scale comes from the relaxation dynamics, which resemble
much more closely the solution resutls than those in thin films. The fact that no increase is observed in Fig. 5b
for the magnitude of the excited-state absorption at 750 nm for the Cgo-doped sol-gel glass (associated with the
growth of triplet population) is attributed to the broadening of the excited-state absorption peaks in the glass, so
that there is a relatively larger contribution from the singlet at this wavelength. This is due to inhomogeneous
broadening from the variable local environment seen by individual Cgp molecules in the solid state, and is similar to
the inhomogeneous broadening seen in the thin film. However, the dynamics show clearly that the Cgp molecules in
the composite glass are well separated compared with the polycrystalline thin films. The results also confirm that the
primary mechanism for rapid relaxation in the thin films is the close proximity of adjacent fullerenes, not additional
nonradiative relaxation pathways introduced by the disordered solid-state.

Additional insight into the differences between the three samples can be gleaned from a closer examination of the
initial growth dynamics of the photoinduced absorption. As seen in Fig. 4, the growth of the singlet excited-state
feature in solution is easily resolved within our time-resolution, with a time constant of ~ 250 fs, independent of
wavelength over the range measured. As in the case of the decay dynamics, the thin solid film data in Fig. 5a show
substantially faster (resolution-limited) growth dynamics, indicating that the initial relaxation to form the lowest
singlet excited state is much more rapid in the thin film than in solution. Presumably, this increased rate arises due to
the additional pathways due to hopping to adjacent molecules, with a correspondingly larger density of intermediate
vibrational states to facilitate the rapid internal conversion. Again, this is not purely a solid-state effect, since the
growth dynamics in the sol-gel glass more closely resembles that in solution than that in the film. Hence, as in the
case of the decay, the rapid growth dynamics arises primarily due the proximity of other fullerene molecules.

Previously, it was difficult to perform quantititive comparisons of the optical limiting effectiveness for fullerenes
in solution and in the sol-gel composite glasses, since the latter samples are characterized a relatively large amount
of linear scattering.® Hence, it is impossible to calibrate the true low intensity transmission in the porous glasses
without additional processing. The development of optimized procedures for curing of the fullerene-doped glasses,
as detailed above, however, allows a series of glasses to be developed with controlled concentration, high clarity,
and sufficient mechanical strength to allow polishing to flat, optical quality surfaces. We have now performed a
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Figure 5. -AT/T at 750 nm vs delay time (a) up to two ps, and (b) up to one ns, for Cgo in toluene
solution (solid circles), in sol-gel glass (open squares), and in thin films (solid triangles).

side-by-side comparison of the optical limiting at 700 nm using f/15 focusing optics, as shown in Fig. 6 fora 1 mm
cuvette of PCBM/DCB and a 1.2 mm polished PCBM/sol-gel monolith with the same initial transmission (~ 70%).
It is evident from this figure that the transmission at an incident energy of 3 mJ is more than a factor of two lower
for the solution than for the sol-gel sample. This is consistent with previous measurements performed using PMMA
as a solid-state host for Cgo, at a wavelength of 532 nm.2® The primary reason for the difference is that efficient
thermal mechanisms which operate at high fluences for ns pulses in solution cannot contribute in the glass composite.
However, a significant difference from previous results is that in the glass composite, the damage threshold is 1-2
orders of magnitude higher than that for fullerenes in PMMA. In Fig. 6, the data for solution stops at 3.5 mJ due to
damage at the front surface of the cuvette, discernible as a point where the fullerenes precipitate out to form a spot
on the surface, with hysteresis in the optical limiting curve upon returning to lower pulse energies. At higher pulse
energies, absorption at this spot leads to catastrophic ablative damage of the cell wall. This mechanism is absent in




the glass, however, and no evidence for optical damage was seen at the highest pulse energies available at 700 nm.
In fact, we have observed that the damage threshold in solution drops as the fullerene concentration is increased,
due to the precipitation effects; in the glass composites, by contrast, the damage threshold (at 532 nm) increases for

increasing concentration, since the nonlinear absorption prior to the beam focus acts to protect the sample at the
focus at high concentrations and input fluences.
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Figure 6. Transmittance vs. incident pulse energy (optical limiting) at 700 nm, for PCBM in o-
dichlorobenzene solution (open circles), and in sol-gel glass composite (open triangles). Linear trans-
mittance of both samples is =~ 70%.

Recent analytical and experimental treatments have explored methods to optimize the nonlinear response of RSA
materials by incorporating a so-called “bottleneck limiter” geometry, in which the concentration of the active guest
is varied along the depth of the focus of a tightly focused laser beam.”#:24-26 The goal of these designs is to increase
the dynamic range of existing limiter materials by spreading the nonlinear response over a sample which is large
compared to the Rayleigh range (focal depth) of the focused beam, so that at the maximum expected input energy,
the internal fluence over the whole sample is nearly constant, and just below the damage fluence of the material.
It has been predicted numerically that more than an order of magnitude enhancement in the nonlinear response is
possible using these designs, and initial results confirming this enhancement have been reported.?42% Since controlling
the concentration in a stepwise fashion is simpler for solid-state samples, and since the damage threshold for the glass
composite samples reported in this work is enhanced relative to either solution or PMMA hosts, the sol-gel samples
would seem to provide an attractive alternative to traditional approaches for optical limiting, using fullerenes as
in this work, or other nonlinear guest molecules. We are currently exploring whether optimizing the concentration
profile will allow the design of high damage threshold, solid-state optical limiters which surpass the performance of
solution-based systems.
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