6944 J. Phys. Chem. R004,108,6944-6952

Vibrational Energy Dependence of the Triplet Lifetime in Isolated, Photoexcited G

Olof Echt,* Shaoning Yao, and Rongping Deng
Department of Physics, Umrsity of New Hampshire, Durham, New Hampshire

Klavs Hansen
Department of Experimental Physics; t®borg Uniersity and Chalmers, SE-41296 &borg, Sweden
Receied: April 18, 2004; In Final Form: June 22, 2004

We have measured the lifetimeof the lowest triplet state 11in free G by a pump-probe experiment using
lasers with nanosecond pulse durations. At low pump fluence the populationdscays with a distinct,
narrow distribution of lifetimest depends on the pump wavelengih= 532, 355, or 266 nm) as well as the
temperature of the source from whicl@s vaporized (420< T < 510°C); it ranges from s to 0.3us.

At high pump fluence an additional lifetime as short as 40 ns is observed. A consistent correlation of all
observed lifetimes with the experimental parameters is foumdsifassigned to an ensemble of,CT,) that

has absorbed either one or two pump photons with the excess energy being randomized over all vibrational
modes. Thusz = 2 us corresponds to a vibrational enerBy, = Eiotat — Euipler = 4.6 €V (one-photon
absorption at = 532 nm,T = 420°C) while r = 40 ns corresponds 8, = 9.6 eV (two-photon absorption

at 355 nm, 480C). This result strongly suggests that delayed electrons that are emitted from highly excited
Ceo (Evib > 10 eV) on the time scale ¢£10 ns to 1 ms are not affected by long-lived electronically excited
states. The frequently questioned description of delayed electron emission from photoeggciteth€rmionic
emission is, therefore, warranted.

1. Introduction electrons from fullerene ions that were formed in high-energy

. : . . collisions of Gg with protons. They concluded that electrons
Delayed electron emission from highly excitegy@ readily were emitted Within<p1 us, from fu)I/Ierene ions in long-lived

o_bserved unless the excitation happens_on the time scale Ofelectronically excited states.
picoseconds or shortéThe phenomenon is often interpreted i . ) )
as thermionic emission, for example in experiments involving The evidence quoted above is rather circumstantial and not

hyperthermal collisions of &with gas-phase atoms or surfades, necessarily in contradictic_)n with a thermion_ic emission mtiel,
or excitation by lasers with pulse duration of nanoseconds or Put other recent experimental observations more stubbornly
longer3-7 resist attempts to reconcile them W|t_h a stz_itlstlcal_ mechanism.
Other authors, however, have questioned if the energy is, Von Helden et a}.e observed that an ingestion pe_rlo_d of some
indeed, fully equilibrated on a time scalest0 ns (forarecent 10 #S was required before delayed electron emission after IR
summary of arguments that are critical of a thermionic emission €Xcitation reached a maximum yield, unless the IR pulse was
mechanism, see ref 8). Loepfe ePaised a C@laser to desorb ey intense or preceded by a weak pump pulse at 266 nm.
and excite G; they attributed the appearance of delayed ions Campbell and co-worket$ pointed out that the temporal
to a slow transformation of excited fullerenes to geometric €volution of the delayed 5" ion yield implied an unreasonably
isomers of reduced ionization energy. Jones &photoexcited ~ high value of the activation energy for,@ss from G, and
Ceoat 193 nm after desorption with a Gl@iser. They estimated ~ that its dramatic drop after 1(s was inconsistent with
that the total excitation energy was not sufficient for a purely thermionic emission.
statistical process. Zhang and Stuke observed a transition from One may counter these observations with other reports
delayed to direct ionization when the excitation laser wavelength according to which, under by and large similar experimental
dropped below=213.5 nm (5.8 eV); they concluded that delayed conditions, the delayed ion yield was fully consistent with a
electron emission arises from fusion of severah) long-lived thermionic mechanisrh?! However, this strategy is not likely
triplets within a single g molecule. Jackson and co-workErs  to end the debate. Instead, one should identify any mechanisms
observed delayed electron emission after electron impactthat could possibly prevent rapid energy equipartitioning
excitation. They attributed the phenomenon to formationgf C  between electronic and nuclear degrees of freedom, and clarify
in long-lived Rydberg states that were field-ionized. In similar if those perceived bottlenecks persist under experimental

experiments, however, Vostrikov and co-workédid not find conditions that lead to delayed ionization.
any evidence for field-ionization. Lutz and co-workeérana- With the possible exception of Rydberg state there is
lyzed the competition between delayed emission efa@d only one candidate for an electronic state having a lifetime

significantly exceeding 1 ns, namely, the lowest triplet state,
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that the initially excited singlet states nonradiatively relax into laser beam profiles, the distribution of the number of absorbed
one of the lowest excited singlet states, around 2 eV, within photons will be a monotonically decreasing function, even for

<20 ps!® Further relaxation into Sand intersystem crossing
into T; will occur on the time scale o1 ns with a quantum
yield of 1. Additional photons would be absorbed within the
manifold of triplet states which, again, quickly decay nonra-
diatively to T;.

The $ < T, transition dipole moment is zero by symmetry.
The transition becomes weakly allowed due to vibronic cou-
pling, and in environments that break thesymmetry of Go.

For temperatures below 10 K; Tifetimes have been reported
that are 41Qus in toluene? 90 us in xenon-doped neci,60

us in krypton, and 16:s in xenon matrixe# In Cgp films, the
population of singlet and triplet excitons are complex due to
diffusion to defect sites, triplettriplet annihilation, and other
effects2® but for large delays a pure exponential decay of T
with a lifetime of 15us has been observed=80 K24 As the

S —— T, transition becomes weakly allowed due to vibronic

high laser fluencé? Moreover, unless the pumyprobe signal

is measured over a large-enough dynamic range, reported
lifetime(s) may be nothing but physically meaningless fit
parameters. A critical test of any postulated lifetime would be
to determine its dependence smallvariations of the excitation
energy. Another critical test would be to demonstrate that the
results do not depend on the method by which the system is
excited.

In this paper we present measurements of the pupnpbe
signal over a dynamic range of several orders of magnitude for
Ceo source temperatures ranging from 420 to 50) pump
photon energies from 2.33 to 4.66 eV, and a variation of laser
fluences. The observed lifetimes shorten with increasing photon
energy as well as §gsource temperature. The decrease depends
approximately exponentially on the excitation energy, but not
on the manner in which the energy is supplied. All observations

coupling, its rate will increase with increasing temperature, but suggest that the observed lifetimes, ranging frons 20 40 ns,
the large environmental effects listed above make it impossible correspond to subensembles ah @hat have absorbed one or,

to predict the lifetime of Tin isolated Go from measurements
in solutions or matrixes.

A first determination of the Tlifetime in isolated Gy was
reported by Smalley and co-workétrdy resonance enhanced
two photon ionization; a lifetime of 42s was found. Clearly,
such a long lifetime would indicate a lack of coupling between

at high pump fluence, two pump photons. While the lifetimes
obviously correspond to the lowest triplet state il these
experiments, we can conclude more generally that photoexci-
tation of Gy in the visible or UV does not populate any
electronic states with lifetimes exceeding 40 ns once the total
excess energy in the system reackdd eV. For the discussion

electronic and nuclear degrees of freedom after photoexcitation©f delayed ionization we point out that a short lifetime implies

in the UVL7 and IR16 Unfortunately, the excitation energy that

large coupling between the ground state and the triplet state.

corresponds to the lifetime observed by Smalley and co-workers Therefore the triplet state can also be rapidly populated by

was poorly defined because theg®eam was prepared by laser

vaporization of graphite into a helium gas with subsequent

thermal excitation, or excitation in the IR, from the ground state.
Our results refute the notion that delayed electron emission

supersonic expansion into vacuum. The dependence of thecould possibly originate from vibrationally hoggthat is trapped

lifetime on the excitation energy was not explored.

Subsequently, Etheridge et %Al.determined the temporal
evolution of the absorbance of photoexcitegh @ an argon

buffer gas at 1000 K. They observed a nonexponential decay

that they attributed to the distribution of vibrational energies
Evib in Ceo at the temperature of the buffer gas; vibrational
relaxation in | was assumed to be sufficiently fast. We will

argue that this assumption is inconsistent with the observation
of a nonexponential decay. Thus, the functional dependence o

the triplet lifetime on the vibrational energy derived from these
data is questionable.

More recently, Campbell and co-workéfsas well as our
collaboratior® essentially repeated the experiment by Smalley
and co-worker® except that an effusive beam ofdvas used.

in a long-lived electronic stafé:173Such a partly nonstatistical
behavior would have important consequences for the correct
assignment of values of the activation energy feldss from
Cso.>2However, in a fully equilibrated systeatl vibronic states

will be populated depending on the temperature. At sufficiently
high pump laser fluence this thermal population af (&nd
higher states) can lead to a characteristic nonexponential decay
of the pump-probe signal for which we have found some

fexperimental evidence. Unfortunately, the contribution from one-

photon excited g masks this signal on the time scale that can
be accessed without loss of collection efficientys 10 us,
and we will abstain from presenting those results.

2. Experiment

Both experiments were done under comparable conditions as Figure 1 shows an overview of the experimental setup. A
far as the temperature of theg®ource and the wavelength of  molecular beam of & is intersected at 90y two pulsed lasers
the pump laser were concerned; both groups reported a lifetimein the extraction region of a time-of-flight mass spectrometer.
of ~1 us. However, the interpretations could not have differed |ons formed as a result of laser excitation will be accelerated
more. Campbell and co-workéfsestimated the excitation toward a particle detector at the end of a 0.7 m long drift tube,
energy from the observed degree of fragmentation and delayedand recorded by a digital oscilloscope. We seek to determine

ionization; they concluded that the lifetime remains constant the dependence of theg& ion intensity on the following

over the range 15 E,j, < 30 eV. Deng et a#8 attributed the
1 us lifetime to a process in which only one pump photon had
been absorbed; i.e., they estimaig@ = 6.5 eV. They attributed

another, much shorter lifetime at elevated pump fluence to two-

photon absorption, thus concluding thadecreases tez40 ns
at Eyip = 10 eV.

Delayed ionization from vibrationally hot fullerenes requires

the absorption of several pump photons; the vibrational excita-

tion energy in the subensemble afy@hat gives rise to a distinct
lifetime in a pump-probe experiment is difficult to characterize

experimental parameters: the time delay between pump and
probe lasers, the wavelength of the pump laser, the fluence of
pump and probe lasers, and the temperalg of the oven
from which Gy is vaporized.

Ceso powder (SES Research, 99.5% purity) is vaporized from
a copper cell kept at a temperature ranging from 420 to 510
°C. The molecular beam is collimated to a diameter of 2 mm
and irradiated by the lasers with a repetition rate of 50 Hz. The
pump laser is either the second, third, or fourth harmonic of a
Nd:YAG laser (wavelengths 532, 355, and 266 nm, or 2.33,

in such a situation. A recent analysis suggests that, for realistic3.49, and 4.65 eV, respectively). The beam has a Gaussian
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Figure 2. Evaluation of the experimental time resolution. (a) Pump

. . ) . and probe lasers monitored by a fast photodiode (spectrum averaged
Figure 1. Experimental setup. The effusivesdbeam is intersected  4yer 3000 laser pulses). (b) Intensity of hydrocarbon ions (mass 250 u
by a Nd:YAG pump laser (operating at 532, 355, or 266 nm) and an < ) < 300 u) for various pumpprobe delays. The Gaussian fit (dashed
ArF probe laser (193 nm, 6.4 eV). line) indicates a combined resolution of 6.9 ns (standard deviation).

prpfile. Itis slightly collimated to typically 5 mm diameter and  ghow a strong enhancement when the two laser pulses overlap
mildly focused by a planoconvex lerfs< 52 cm) to about 3.3 i space and time. As shown in Figure 2b, the dependence of
mm in the interaction region. An ArF excimer laser beam (193 this enhancement (full circles) on the nominal delay between
nm, 6.4 eV, unfocused but collimated to a diameter of 2 mm) e |asers is Gaussian, with a standard deviation of 6.9 ns, or
serves as probe. 16.2 ns fwhm. This is just slightly larger than the combined
The fluences specified below for the pump laser are estimatedyms width of the two laser beams.
from thg time-averaged Iasgr inten_sity measureq after the Pump-probe ion spectra for & are averaged in the digital
collimating 5 mm aperture; its spatial homogeneity in the qjligoscope over a few minutes. Shot-to-shot fluctuations of
interaction region is likely to be poor. For the very weak probe he |aser intensity will reduce the statistical accuracy of these
laser we measured the time-averaged laser intensity over a 'arg%pectra. Even more detrimental are slow drifts of the average
(~150 mnf) area and extrapolated the value to the area of the |a5er output that occur on the time scale of minutes to hours. In
actual collimator. _ _ _ the setup shown in Figure 1 we avoid these problems by
A potential problem in the experiment is the loss of monjtoring the reflected laser light with fast photodiodes. Their
sensitivity, and concomitant distortion of the_ data,_ for large output is sent to pulse-height analyzers (PHA) which produce
pump-probe delays: The ensemble ofoGhat is excited by 3 |ogic output only if the amplitude of the input matches a preset
the pump laser moves with a thermal speed of about 0.16 mm/,,51,e within a certain range that we set+6%. The outputs
us, and the probe laser will miss a substantial .fraction of this from the PHAs are combined in a logic gate which triggers the
ensemble for large delays. From the known diameters of the gjgital oscilloscope (300 MHz bandwidth, digital resolution 10
laser and molecula_lr beams, and the response of the ion S|gnahs)_ With this setup, the oscilloscope is triggered only if the
to small ¢z1 mm) displacements of the probe laser beam along otput of both lasers deviates less thaB% from the preset
the molecular beam axis, we estimate that this loss of sensitivity \,5|ye. Eluctuations and drifts will then reduce the trigger rate,
is less than a factor of 2 for delays below AS. but the circuit greatly improves the reliability and statistical
For very short pumpprobe delays, the data will also be  accuracy of the spectra.
distorted due to the finite duration of the laser beams. In Figure  Note that we can trigger the oscilloscope either with the light
2a we show the intensity of the two lasers as seen by a fastsqm the pump or with the probe laser. In the spectra shown
(<1 ns rise time) photodiode. The spectrum is averaged overpere we always choose the pump laser, even for spectra that
3000 laser shots. The laser pulses are characterized by widthgyere recorded with “probe only,” or with the probe fired before
(fwhm) of 7 and 13 ns, respectively. These are only slightly hq pump.
broader than the single-shot laser pulses, thus demonstrating
the absence of any significant jitter between the pulses.
However, the laser pulses in Figure 2a are not Gaussian. In
order to determine the time resolution of the experiment more  Figure 3 displays a set of representative ion spectra, recorded
directly, we have recorded the intensity of background hydro- with identical sensitivity settings. Theggsource temperature
carbon ions in the mass range 25Gun < 300 u. These ions  was 480°C. The bottom spectrum was recorded with the pump

3. Results
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. . Figure 4. Series of pump-probe spectra superimposed on top of each
Time of arrival (us) other, for various pumpprobe delays as indicated. The experimental
Figure 3. Time-of-flight spectra of fullerene ions formed by the pump  conditions are identical to those in Figure 3. Lines connecting data
laser operating & = 355 nm, 25 mJ/cAybottom panel), by the probe  points are drawn to guide the eye.
laser (193 nm) fired with a delay of 1166 ns (middle panel), and by
pump and probe lasers (top panel). All spectra are recorded and plotted 15ns
with identical sensitivities. Note the strong enhancement of the C u
peak in the pumpprobe spectrum over the probe-only spectrum.
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laser operating at 355 nm and a fluence of about 25 n#J2m

mJ per pulse); the probe laser was blocked. The long tail
following the Gyo' ion peak is the signature of delayed
ionization; it requires absorption of roughly 10 photons at this
wavelengtl?. We also observe 4" fragment ions at this
relatively large fluence. The middle spectrum was recorded with
the probe laser (193 nm, fluence 100/cn?, 3 uJ per pulse)
fired 1166 ns after the pump laser; the pump laser beam was
blocked. Only a weak, promptsg" signal without any sign of
delayed ionization is observed. We will later show that this
probe-only signal is caused by two-photon absorption. probe delay 1066 ns |

When both lasers are fired (Figure 3, top panel), the spectrum
. pump (x 10)
is the sum of the two lower spectra, except that the" @eak 0

. . . e e

that arises from the probe laser is strongly enhanced. This pump |
enhancement measures the population of the lowest triplet state 0 n n
(or any other state that can be one-photon ionized at 193 nm) 25 . 26
brought about by the pump laser after the chosen delay. Unless Time of arrival (us)
Ceo is highly excited such that those states are thermally Figure 5. Top: Series of pumpprobe spectra superimposed on top
populated to a significant extent, only long-lived electronic states of each other, for a pump laser operatinglat 532 nm, 74 mJ/cfa
can cause such an enhancement. Throughout the remainder ofhe spectra below show probe-only and pump-only spectra. Note the
this work we will call this enhancement the “pumprobe absence of any fullerene ions in the pump-only spectrum, even if shown

. h with enhanced x10) sensitivity.
signal”. Note that the pump-only and probe-only spectra do not

depend on the delay; they are measured only occasionally ingf the pump-probe signal that is extracted from these data is
order to verify the stablllty .of experimental parameters (probe oy cellent. Also note the abrupt drop of the punguobe signal
fluence and & flux, in particular). when the delay is changed from small positive (15 ns) to
Figure 4 displays a series of pumprobe spectra recorded negative 15 ns) values. This demonstrates the good time
under the same conditions as in Figure 3; the paprpbe delay  resolution of the setup, in agreement with the yield of
is varied from 7 to 1166 ns. As expected, the amplitude of the hydrocarbon ions shown in Figure 2.
probe peak increases with decreasing delay. For very short |n Figure 6 we compile the results of analyzing several series
delays (At < 100 ns) the probe peak rides on top of the leading of spectra such as those shown in Figures 4 and 5. In the top
edge of Go" which is caused by the pump laser. We analyze panel the pumpprobe signal versus delay is plotted for three
this spectrum by subtracting from it the pump-only spectrum data sets, recorded with agd3source temperature of 48
and then fitting a Gaussian. but different pump wavelengths. Over a dynamic range that
Figure 5 (top panel) displays another series of ptipmbe covers 3 orders of magnitude, the punagobe signal decays
spectra with the pump laser operating at 532 nm (fluence 74 approximately exponentially with a lifetime that decreases with
mJ/cn?, 6.5 mJ per pulse). The absorbance af @t this increasing photon energy. In the lower panel four other data
wavelength is low; the pump-only spectrum (bottom panel) does sets are plotted, recorded with a pump wavelength of 355 nm
not show any " ions. Therefore the " ion peaks in the and source temperatures ranging from 420 to 810The Go
pump—probe spectra ride on top of a background that is zero, vapor pressure increases by more than an order of magnitude
except for the small probe-only signal. The statistical accuracy over this range (see ref 6 and references therein); for clarity we
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Figure 6. Top panel: Pumpprobe signal versus pumfprobe delay

for spectra recorded at an identical source temperature of @3t
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74, 22, and 3.6 mJ/ctnrespectively). Bottom panel: Pumprobe
signal versus delay for identical pump conditions (355 nm, 22 mJ/
cm?) but different Go source temperatures. Solid lines result from fitting
eq 1 to the data.
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Figure 7. Circles: Pump-probe signal versus delay for a pump
wavelength of 355 nm recorded with low and high fluence (open and
filled circles, respectively). Diamonds: Pump wavelength 532 nm, 74
mJ/cn?. Two distinct exponentials are required to fit the high-fluence
data (filled symbols).

The pump fluence does not affect the time dependence of
the pump-probe signal unless the fluence becomes large. In
Figure 7 we show two data sets recorded with a pump
wavelength of 355 nm, for fluences of 2.7 and 28 mJ3/¢@wpen
and filled circles, respectively). At low fluence a single lifetime
of 0.74us is observed (the curvature of the fitted line is hardly
discernible here because only a narrow time range is displayed).
At high fluence an additional lifetime;, = 0.044us, appears;
the longer lifetime remains unchanged. Similarly, at 532 nm

have scaled the intensities such that they agree for the shortesand 74 mJ/crha lifetime 7o ~ 0.23 us becomes apparent, in

delay,At = 0.1 us. Clearly, the lifetimes of the pumiprobe
signal decrease with increasing source temperature.

addition to the lifetimero = 1.2 us that was observed at low
fluence (Figure 6). Note that the ratios of the two lifetimes,

Upon closer inspection, a slight concave curvature is seen in either 0.74/0.044 or 1.2/0.23, are considerably larger than the

all data sets shown in Figure 6, equivalent to a narrow
distribution of lifetimes. We fit the data with

I(t) = ’l + ex;{— tl_sio)]lAfex;{— %(Irwro—&))z] X
=Pt Int

exp(— %) d(n7) (1)
The first factor on the right-hand side of eq 1 is a step function
that switches atty from zero to one with an abruptness
determined bys;.. More specifically o is the standard deviation
of the derivative of the step function. The integral describes an
exponential decay with a distribution of lifetimes that is
Gaussian on a logarithmic scale, centered ab with a width
Oin 7.

As indicated by the solid lines in Figure 6 (top), all data sets
are described well by eq 1 with mean lifetimgghat decrease
from 1.2us at 532 nm to 0.3@s at 266 nm. The fit parameter
o - €xhibits considerable scatter. After a preliminary fitting of
several data sets we have chosen a common valug, pf=
0.47 for all final fits. In other words, 68% of the values in the
distribution of lifetimes differ fromzo by less than a factor of
explin:) = 1.6. The physical origin of this distribution will be
discussed later.

For clarity, only one data set in Figure 6 (266 nm, 480
is shown with negative pumpprobe delays, together with the

exponential of the width, expf, ;) = 1.6, that characterizes the
low-fluence data. Hence, it is proper to discuss the high-fluence
data in terms of bimodal distributions of lifetimes.

In view of these results one might also expect a very short
lifetime for high pump fluence at 266 nm. We have not seen
any evidence for it. Perhaps the maximum possible laser fluence,
4 mJ/cm, was insufficient. Alternatively, an additional lifetime
at 266 nm will be comparable to or less than the experimental
time resolution, rendering it unobservable.

In Figure 8 we compile all lifetimes deduced from the data
shown in Figures 6 and 7, and from other data sets. Tde C
source temperature is indicated on the abscissa. Lines connect
data points that were recorded with identical pump wavelength.
Open symbols refer to measurements at low to modest pump
fluence; filled symbols denote lifetimes seen at high pump
fluence. Except for the valug) = 0.044us the uncertainties of
7o reported by the fits are smaller than the size of the symbols.
We estimate an uncertainty ef10% for the lifetimes deter-
mined at low fluence. The uncertainty is caused by a significant
correlation between they,, value used in the fit and the
resulting value ofrp. An uncertainty of 10% is also consistent
with the scatter between pairs of values from repeated measure-
ments shown forA = 355 nm at 420 and 450C. The
uncertainties of the additional, shorter lifetimes observed at high
fluence may be larger. The statistical error of the source
temperature is small, but a systematic error of a few degrees

complete fit expression (eq 1). From this and several other setscannot be excluded.

we deriveo; ~ 7 ns, which agrees nicely with the resolution
obtained from the intensity of hydrocarbon ions shown in Figure
2.

For the following discussion it will be useful to distinguish
between one-photon and multiphoton processes. In Figure 9
(top) we show a double logarithmic plot of the probe fluence
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4. Discussion

We begin with a summary of the experimental results:

1. For low to modest pump fluence, the puaprobe signal
versus pumpprobe delay is described well by a narrow
distribution of lifetimes.

2. The mean lifetime of these distributions, decreases with
increasing pump photon energy and increasing §burce
temperature. Observed values range from 2.0 tqu8.3

3. 79 does not depend on the pump fluence. However, at high
fluences an additional, much shorter lifetime (or narrow
distribution of lifetimes) is observed.

4. The time resolution of our setup precludes the observation
of lifetimes below~0.01 us. However, we would be able to
identify any significant population of long-lived states> 2
us) by the pump laser. The only condition under which such a
long-lived pump-probe signal appears is for maximum laser

versus G source temperature, for pump wavelengths as indicated. Openfluence (see Figure 2 in ref 28). This effect is likely due to

symbols indicate lifetimes recorded with low pump fluence. Filled
symbols indicate additional lifetimes observed at high pump fluence;
they arise from two-photon absorption.
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Figure 9. Upper panel: Pumpprobe signal (circles) and probe-only
signal (diamonds) versus probe fluence. The slope of the fitted power
law (solid lines) is approximately 1 and 2, respectively. Lower panel:
Pump-probe signal versus pump fluence for a pungpobe delay of
1.2 us. The dependence at low pump fluence is approximately linear.

dependence of the pumjprobe signal evaluated at a delay of
0.3 us. Fitting a power law (solid line) we find a slope of 1.08
+ 0.02, indicating that a single probe photon ionizgs @it of

highly excited G in which the triplet state is thermally
populated.

These results suggest that the lowest triplet state is efficiently
populated by photon absorption, and that its lifetime decreases
with increasing vibrational energy content that we express as
follows:

Euibr1 = E(Tee) + nhw — Epy )
where E(Tcgg) is the average internal (vibrational) energy of
Ceso as it emerges from the source at temperalagg n denotes
the number of absorbed pump photohs,their energy, and
Er1 the energy of the triplet state. We have compui€ticeo)
from the set of vibrational frequencies published by Schettino

et al®2 From a quadratic fit to these data from 600 to 1200 K
we obtain the relation

E(Tee9/eV = —2.550+ 0.00737/K +
2.6523x 10 %(T/K)? (3)

which differs from the exact energies by less than 0.02 eV. For
Er1 we adopt a value of 1.57 e¥.

How many pump photons are absorbed? The answer can be
obtained from the low-fluence data (open symbols) in Figure
8. There are two data points with lifetimes ot 0.5 us, one
obtained at 420C and 266 nm, the other at 52C, 355 nm.

The difference in thermal energy (eq 3) between these two
temperatures is 1.02 eV, which closely matches the difference
in the one-photon energies, 4:68.49 = 1.17 eV. Hence, a
unique relation between vibrational ener@y, 1 and the
observed lifetimer requires that we assigm= 1 to all low-
fluence data. In other words, the triplet state is populated by
absorption of exactly one pump photon. This conclusion agrees
with the observation that the pumprobe signal depends on
the first power of the pump fluence (Figure 9, bottom panel).

It is tempting to assume that the additional, shorter lifetimes

the triplet state, as expected. We have obtained similar fluenceobserved at high fluence (filled symbols in Figure 8) are due to

dependences for longer pumprobe delays. The slope for the
probe-only ion intensity is 1.96- 0.03, in agreement with the
expectation that one photon will pumpdinto the triplet state,
and another will ionize.

In the bottom panel of Figure 9 we show the dependence of
the pump-probe signal on the pump fluence evaluated for a

absorption of two photons. This hypothesis can be tested: For
identical temperatures a low-fluence lifetime observed at 266
nm should agree with the additional lifetime observed at 532
nm, high-fluence. The lifetimes determined at 48D indeed
pass this test.

With this interpretation we can plot all lifetimes versus

delay of 1.2us andi,ump= 532 nm. The dashed curve is drawn vibrational excess energy; the result is shown in Figure 10. On
to guide the eye. As shown by the solid line, the slope of the this semilogarithmic plot the data fall on a common straight
data is consistent with a value of 1.0 for low fluence. line for energies spanning a range of 4.6 to 9.6 eV, or lifetimes
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eV. Those experiments were performed at 706 to &1 an
argon buffer gast(E) was not, as in our experiment, derived
from the dependence of the mean lifetime on temperature, but
from the functional dependence Aft) which revealed a wide
] distribution of lifetimes that, from our considerations above,
] would beoj,, = 0.79 at 1000 K.

2 photons ] . , ) . .

:/ ] An important factor in the experiments by Etheridge et al. is
the presence of a buffer gas which collisionally cools the C

The authors mention that they did not observe any change in

T4 lifetime (us)
0.3

~| @ & = 532nm i the evolution of the absorbance when they reduced the argon
©f © & e 355nm ] pressure from 100 to 1 Torr. They conclude that the excess
[ ‘: E?:err'izn o et al (1995) ] vibrational energy generated during<F S, radiationless decay,
sl . . 9 . . . § T hv — Er; = 0.76 eV, is “collisionally relaxed within the triplet
= 5 ) 7 8 9 10 lifetime”.26 The shortest lifetime reported by the authors was
Vibr. energy in Cgo (T1) (eV) 0.15us, hence their conclusion implies a vibrational relaxation

Figure 10. Compilation of all triplet lifetimes shown in Figure 8, versus rate greatly exceeding % 10° s . It is true that collisional
vibrational energy in € () computed with the help of eq 3, t(’)gether vibrational relaxation of aromatic molecules in Tan be an

with a fit (solid line) that assumes an exponential energy dependence.Order of magnitude more efficient than in.8 However, it is
The dashed line indicates lifetimes reported by Etheridge %t al. difficult to grasp how a relaxation rate much larger thax 7

1(° s1 can be achieved when the rate of-ATg collisions is
covering nearly 2 orders of magnitude. From a fit to these data only 5 x 10° s~ at 1 Torr and 1000 K.

we obtain In fact, the assumption of rapid collisional cooling should
= expaE, 1) 4) be questioned in a more fundamental way: it directly contradicts
ib,T the nonexponential decay é{t). Rapid collisional relaxation
implies that the ensemble ofs§(T,) is canonical as far as the
vibrational energy is concerned. Hence, for the subensemble in
B =78.3+9.7us the Ty state, the quantit(t)~* dA(t)/dt is independent of time,
which implies a single exponential fé(t). The deviation from
and a single exponential that we observe in our experiments under
collisionless conditions (Figures 6 and 7) arises from the fact
o =0.76+0.02eV* that the high-energy tail of the vibrational energy distribution
depletes faster than the low-energy tail. This depletion cannot

_This relation can be checked against an earlier result, the yossiply occur in an environment that is claimed to ensure rapid
distribution of lifetimes expressed as,.. The obvious source  gnergy exchange.

of this distribution is the distribution of vibrational energies in
the effusive beam of &. For the temperatures considered here
the energy distribution will be Gaussian of widtl, and we
can write the triplet population as

with

Several factors may have conspired in the experiments by

' Etheridge et a8 to cause a curvature iA(t). If collisional
cooling were much slower than assumed, then the procedure
used in the data analysis would have been correct, but the

1[E — E,p 11\ i vibrational energies assigned t¢E) should be increased by
P(t) = Afex —= —'b”) ]eXF{— _) dE = 0.76 eV, thus increasing the discrepancy between their data and
2 Og 7(E) ours in Figure 10 tov2 eV. Additionally, their assumption of
1/Inz(E) —Inz, t a distinct temperature is questionable. The authors mention that
Afex ) a—oE - @ dE (5) the “temperature profile along the cell axis gave an effective

optical path length of approximately 5 cm, beyond which the
Cso vapor condensed onto the quartz tube....” The effect of this

where eq 4 was used in the last step. The logarithm of lifetimes ) - dHal e 4
temperature gradient on the distribution of lifetimes was ignored

is normal distributed on an energy scale with a most probable . -
valueto = 7(Evi12) and a widthooe., in the data analysis. .
Furthermore, from eq 4 one ha& & const d(Inz), which What are the implications of our results for the mechanism

renders eq 5 equal to eq 1 (without the step function), provided of delayed electron emission frome2 As mentioned in the
thataog = o .. Do our experimental results confirm this? For Introduction, it has been suggested that delayed electrons could

constant heat capacity one has= T(kBC)l/Z7 whereC(T) is originate from (.Eo trappeq in a long-lived ele.CtroniC states T
the vibrational heat capacity that one may compute from eq Wwould be the prime candidate because, barring Rydberg states,
3.34 Thus, aoe should increase from 0.51 at 42C to 0.59 at it is the only long-lived state at low temperature, and it is

510°C. A calculation of the same quantities based on the level populated with 100% efficiency after photoexcitation in the
density gives only slightly higher values, 0.54 and 0.62, Visible or UV. This scenario would render a statistical descrip-

respectively. These values agree quite nicely with the vajue  tion invalid?®
= 0.47 that we had obtained by fitting eq 1 to the data shown In general, other mechanisms for delayed electron emission

in Figure 6. The expected variation af, ; with T is, however, are conceivabfebut, for Gso, the process clearly requires high
too small to be identified in the data. excitation energies. For example, a pump-only stualy355

In Figure 10 we also show the lifetiméE,i, 1) that Etheridge nm shows that the yield of delayed electrons initially increases
et al?® deduced from the time-dependent absorbaf(te of with the 6th power of the laser fluence equivalent to the

gas-phase £ after excitation at 532 nm. Their lifetimes are absorption of>21 eV. Unless one postulates intramolecular
larger than ours by a factor of two to three, or, viewed fusion of>5 excitonsi*3%one has to accept that delayed electron
differently, they are shifted to higher energies by more than 1 emission is thermally activated. Electron emission from T
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would then be much more efficient than from a statistical

J. Phys. Chem. A, Vol. 108, No. 34, 2008951

the vibrational modes of the triplet state have appeé&rétgse

ensemble because of the reduction in the activation energy fromdifficulties have prevented us from exploring the suggestion of

7.6 t0~6.0 eV.

In the present work we have demonstrated that thééfime
decreases monotonically 40 ns atE,ipt1 = 9.6 eV (total
energy 11.2 eV). Even if the lifetime of; would not decrease
any further with increasing excitation energy, the system would

Morse et af® further.

Alternatively, the decay of in pyrazine has been ascribed
to an activated process which involves excitation fromt@
higher triplet state4? This seems to reproduce the pyrazine data
quite well, but requires the introduction of a finite zero-

be fully statistical on the time scale of most experiments and temperature contribution to the decay rate constant. It is possible
electron emission could be described as true thermionic emis-t0 rationalize the present data og@o some extent with a

sion. Only one scenario would invalidate this conclusion,
namely, an eventual increase mfi with increasing excitation

energy. This appears to be extremely unlikely. Although the T
lifetime in aromatic molecules may, after an initial steep decline

model of similar nature. If the decay of,Toccurs via the
thermally populated Swith a rate constant,S— S; which is
independent of excitation energy, the lifetime is determined,
up to a constant, by the ratio of the populations ¢faBd T

with increasing excitation energy, approach some constant valuealone. This gives an energy dependence(& — Esi)/p(E —
(see ref 36 and references therein), we are not aware of anyEr1). where p is the vibrational level densityE the total

system that exhibits an increasewmif with increasing energy,
nor can we think of a physical reason for such a reversal.

We now turn to the report by Meijer and co-work¥rs
concerning electron emission from IR heateg. 0he authors
used a 4us wide pulse from a free electron laser to resonantly
excite Gy via vibrations at~520 cnt. For low laser fluence
the electron yield increased slowly until it reached a maximum
some 5Qus after the IR pulse. It was concluded that reaching
the T; state is a high hurdle on the way from hot molecules to
ions. Only at high fluence, or when pre-exciting the fullerenes
with a weak UV pulse (266 nm) bs before the IR pulse, the
spectrum would exhibit the usual behavior of an abrupt rise
followed by a monotonic decay. We cannot explain these

features, but two remarks are warranted. First, in a conceptually

similar experiment involving excitation near 1000 tmQuack

and co-workersdid not observe such a slow onset of the delayed
electron signal. By varying the laser pulse duration while
keeping the fluence constant they demonstrated the absence

an intrinsic nonlinear intensity dependence and, thus, the

dominance of vibrational preionization. A possible way to

reconcile the differences between the observations by Hippler

et al4 and von Helden et &f.would be to assume that the modes
excited at 520 cmt do not quickly relax into other vibrational

o}

excitation energy, anéts; and Er; are the energies of;Snd

T, respectively. In terms of the microcanonical temperaiure

= T(E — E1), the relation becomels 0 exp[Es1 — Et1)/T].

The virtue of this suggestion is that it provides a natural
explanation of the magnitude of the characteristic energy scale
observed in the data, 1.3 e¥(see eq 4), in terms of the heat
capacity of the molecule, the temperature, and the-ST;
energy difference. The model predicts a value of K)IdE equal

to d Ine(E — Esi)/o(E — Ery))/dE. Calculations of the
vibrational level density give the values 0.71 éVfor the
interval 5-7 and 0.36 eV for the interval 8-10 eV, compared
with the experimental value of 0.76 e¥ The drawback is that
the model cannot account for the low-temperature lifetimes seen
in cryogenic experimemt&-22 without invoking an additional
direct rate constant similar to the one of Terazima &% allso,

the decay from §to & is as yet unspecified. In spite of these
shortcomings, the similarity of the model energy scale with the
?xperimental scale is close enough to be pursued further. The
idea can be tested with a measurement of the decay of the triplet
state in Go. If the mechanism is similar for that molecule, the
model prediction is that the lifetime decreases roughly expo-
nentially with excitation energy, with an energy scale which is
similar to the one for .

modes, but this contradicts the notion that “it is safe to assume 5 conclusion

that the IVR process is much faster than the rate of photon
absorption.?” Second, in a subsequent, more detailed experiment

Meijer and co-workers concludé&tithat, after preexcitation at

We have shown, with pumpprobe experiments, that the T
state of o decays exponentially with a time constant which

266 nm with laser pulses of 30 ps duration, the system quickly depends on the vibratior_lal excitation energy .of the moleculle._
returns to the electronic ground state before it is probed with 1€ €nergy dependence is also exponential, with a characteristic

the IR laser pulse a few microseconds later. Indeed, as seerfNergy of 0.76 eVX. The internal energy of the molecule was

from Figure 8, the T lifetime after absorption of a 266 nm
photon is less than 0,&s for typical temperatures.

The data presented here do not give any information on the

reason for the exponential decrease in lifetime with excitation
energy, nor of the mechanism through whichd€cays. Several

authors have addressed the question, mainly in connection with
similar problems in smaller organic molecules (see e.g. refs 36,

39, and 40). The trend for these small molecules is a lifetime

decreasing with increasing excitation energy, similar to the one

observed here. Morse et®lsuggest a finite lifetime due to a
direct decay from the triplet to the singlet state. The transition
rates will then be partly determined by the Fran€ondon
factor as a multiplicative factor. The excitation energy depen-

changed by varying both the source temperature and the photon
energy of the pump laser. The measured lifetimes were found
to be independent of the method by which the excess vibrational
energy was introduced into the molecule, proving that the
equilibration of all other degrees of freedom proceeds faster
than the decay of the triplet state. This also allowed the
unambiguous assignment of the number of absorbed photons
associated with a specific lifetime.
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dence of the rate constant appears as the result of the combinedg_1.0499.

effect of these factors. An application of this method to our

data would be less than straightforward. One problem is the References and Notes
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