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The genuine photoluminescence spectrum of thet&e of Gy was observed for the first time in the gas
phase, using laser-induced fluorescence by photoexcitation at 266, 355, and 532 nm. The authenticity of the
photoluminescence spectrum was confirmed by the sublimation enthalpy of the emitting species, the linear
fluence dependence of emission intensity, the single exponential temporal decay of emission, and the constancy
of the spectrum over different time delays and different excitation wavelengths. Upon increasing the laser
fluence, drastically different emission features emerged. With photoexcitation at 266 nm, two spectral series
with narrow bandwidths and fast decay times were observed on top of a broad emission band, which were
identified as the Swan band and the Fox-Herzberg band,gfhGtofragmented from &. The broad band

was deconvoluted into three component bands that persisted beyond time scales longer than a microsecond.
In contrast, by photoexcitation at 355 nm, only the broad underlying emission was observed. From the fluence
dependence and temporal profiles of the sharp and broad emission bands, generation mechanisms of the

emitting species were proposed.

I. Introduction the emission from major photofragmentation products gf C

. . . . _including G and possibly larger species, and their generation
Despite the extensive studies on the optical and spectroscopiGnechanisms.

properties of G in the condensed phase over the past decade,

surprisingly little is known about these properties in the gas || Experimental Section

phase. This is mainly due to the low vapor pressure and thus

low number density of the molecule in the gas phase under The experimental apparatus used in this work consisted of a
typical experimental conditions. The absorption spectragf C vacuum chamber with an effusion source fap,G laser, and

in the gas phase have been measured in the ultravioleti(@V) @ detection system. The chamber was typically maintained at a
and visiblé S regions, but no fluorescence spectrum from its S Pressure of 5¢ 107° Torr. The Go powder was purchased from
state has been reported to date in the gas phase. The electronidoechst Chemical Co. (gold grade, 99.6%), and the residual

transition between the;@nd S states is known to be symmetry- ~ Solvent was completely removed before use by baking the
forbidden® powder at 350°C for 2 h. For the test measurement of

On the other hand, optical emission studies have been carried?h0toluminescence from a solid film, asdfilm of 0.5-um

out in the gas phase on super-hgg @nd its fragments generated thickness was deposited by thermal evaporatio_n of the C
by a large amount of energy in the form of multiphoton powder onto a quartz platerf@ h at 450°C. An effusive beam

absorptior~® electron impact® rf plasmat! and laser desorp- of Csowas generated through a 2-mm hole of a sample reservoir

tion.12 The emission spectrum and its characteristics were found W10S€ te:jn_perature was vanefd over. 4500 °C, v1v|th a
to depend strongly on experimental conditions such as, for corresponding vapor pressure of &80 t0 2.6 x 10~ Torr,

I ivalent number density of 2:9 10° to 6.4 x 10%
example, laser wavelength, fluence, and pulse duration in the©' &1 equiva _ ,
case of multiphoton absorption. Such strong dependence s - We used harmonics (532, 355, 266 nm) of a Q-switched

generally attributed to the complexity of the various competing Nd:YAG_ laser (6-ns pulse Wid.th' _10-Hz repe_tition_ rate, 7-mm
processes that lead to the cooling of the super-hgt Which t_>eam diameter) for photoexcitation. Sapphire windows were
may include fragmentation, ionization, and emission of radiation. fitted to the enqs of Fhe three arms of the chamber, fransmitting
For instance, fragmentation (or “evaporation”) of om Ceo the UV and visible light. To reduce the background due to the
is one of the principal cooling processes of interest in mass scattered laser light, the vx_nndows were posmone_d at the
spectrometry314and, in some cases, optical emission has been Brewster angle gnd several light baffles were placed |q5|de the
observed from the fragmented, @nit.”%12 Broad and long- arms. Photoluminescence fromygGQvas collected by using a
lived emission from super-hotéghas also been observed and lens perpendicular to the laser beam direction, introduced to a

attributed to blackbody radiation on the basis of its spectral monoct:romaltor, an? ﬁetected t;]y a photomullctiiglier tu_bg.fThe
position and spectral shift upon coolifigi®2 spectral resolution of the monochromator could be varied from

In this work, we report for the first time the hitherto unknown 0.1t0 6 nm. The spectral range of the photomultiplier tube was

fluorescence spectrum ofs€n the gas phase. We also discuss from 200 to 850 nm. For the emission from thesfate, a 550-
P gasp ) nm long-pass filter was used in front of the entrance slit of the

. - - monochromator to block the Rayleigh scattering as well as the
* Corresponding author. Fax:+82-2-889-5719. E-mail: seongkim@ photoluminescence from the sapphire windows over-35ID
plaza.snu.ac.kr.

* Present address: Laser Metrology Group, Korea Research Institute of "M- The signal from the photomultiplier tube was fed into a
Standards and Science, Taejon 305-600, Korea. gated integrator/signal averager. When measuring the temporal

10.1021/jp0146871 CCC: $22.00 © 2002 American Chemical Society
Published on Web 05/21/2002




Photoluminescence ofggand Its Photofragments

3.0

(@)

2.5

2.04

1.5

Emission Intensity (a.u.)

650 700 750 800
Wavelength (nm)

850

(©)

1000

T

100

Intensity (a.u.)

Slope = 0.99

AHW =166.9 = 1.4 kJ/mol

10 v 1+
720 760 800 840 880 1

Temperature (K)

10 100

Fluence (mJ/em?)

Figure 1. (a) Photoluminescence spectrum of, @ the gas-phase
excited by the 355-nm light with a fluence of 6.2 mJ?ahthe sample
temperature of 600C (solid curve) and the background emission
measured at room temperature (dotted curve). (b) Plot of{lYg¢s

1/T, wherels is the photoluminescence intensity, ahdtemperature.
The intensity of emission from the gas-phasg €Xcited by the 266-
nm light with a fluence of 3 mJ/cfrwas measured at 700 nm over the
sample temperature range of 45800 °C. (c) A log—log plot of the
photoluminescence intensity at 700 nm vs laser fluence at 355 nm.
The slope of the linear region is 0.99, indicating that the emission is
due to a single photon process in this range of fluence.

profile of the photoluminescence, a 1-GHz digital storage
oscilloscope was used.

I1l. Results and Discussion

1. Photoluminescence of g in the Gas PhaseA photo-
luminescence spectrum ofg€in the gas phase is shown in
Figure la by a solid line. To confirm that it is a genuine
fluorescence spectrum from the Sate of G in the gas phase,
the following set of tests were performed.

No Contamination by the Background Emissidhe spec-
trum shown by the dotted line in Figure 1la was obtained under
the conditions identical to those used for the solid line spectrum,
except that the former was obtained with the sample at room
temperature. The very low intensity of the dotted-line spectrum
means that the solid-line spectrum contains virtually no back-
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TABLE 1: The Sublimation Enthalpies of Cg

method AHsun(kJ/mol) T (K) ref

TD 138.5+ 3.8 550-600 52
KEMS 168+ 5 640-800 53
AS 180+ 10 819-995 4
KETG 159+ 4 673-873 54
KEMS 181.4+ 2.3 600-800 55
KEMS 158+ 3 652-779 56
TE and KETG 175.3: 2.9 7306-990 57
ASP 175 673-1013 2
ASP 150+ 20 810-907 5

ES 166.9+ 1.4 723-873 this work

aTD: thermal desorption; KEMS: Knudsen-effusion mass spec-
trometry; TGA: thermogravimetric analysis; KETG: Knudsen-effusion
thermogravimetry; AS: absorption spectroscopy; TE: torsion effusion;
ES: emission spectroscopyThese values are underestimated because
the sublimation enthalpy was obtained from the relation between log
A vs 1IT (A being the absorbance), not from its correct form, FB(
vs 1.

sublimation enthalpyAHy,, Of the emitting species from the
emission intensity; and temperaturg@:*

Hvap

RIn 10

1
log (1;T) = A— =
whereR is the ideal gas constant, ardis another constant.
The emission intensity at 700 nm was measured over the
temperature range of 45®00 °C, and log(;T) was plotted
against 1T in Figure 1b. A good linearity is clearly seen in the
plot, and its slope givedH,, of 166.9+ 1.4 kd/mol. This
value of the sublimation enthalpy forsgis in good agreement
with other values previously obtained by various methods (Table
1). The sublimation enthalpy did not vary much over different
emission wavelengths. It means that there is only one major
emitting species, which is most likely the gas-phass jGdging
from the value of the sublimation enthalpy.

Laser Fluence DependencEhe fluence dependence of the
emission intensity in the loglog plot of Figure 1c exhibits a
linear behavior with a slope of 0.99 in the fluence range-681
mJ/cn? at 355 nm. Such a linear dependence means that the
emission comes from an excited state generated by a single
photon process. On the other hand, in the fluence range of 10
to 60 mJ/cr4, the emission intensity increases much more slowly
and appears to reach a plateau, indicating saturation of the
emission from the single photon process. At still higher fluences
beyond 60 mJ/cA however, the curve rises again, this time
with a slope even higher than unity, which implies that other
emitting channels become open upon multiphoton absorption.
In a previous study, emission of a photon from the gas-phase
Ceo excited by 193 nm showed a power dependence with an

ground. Possible sources of the background emission mayexponent larger than two in the fluence range of 3 to 80 mJ/

include scattered light and photoluminescence gf i@ any
phase other than gas. Because the densityspti€posited on
the inner walls of the chamber was much higher than that of

cn?, which was assigned as a blackbody-type light emis%ion.
It is clear that our emission spectrum in Figure 1a results from
genuine one-photon absorption at a low fluence, while at high

Cso in our effusive beam, great care was taken to reduce the fluences, other emitting species are presumed to be generated

laser scattering inside the chamber and also to avoid photolu-

minescence from thedgdeposited on chamber walls. For every
gas-phase spectrum in this paper, it was positively confirmed
that no background emission was included in our photolumi-

by multiphoton absorption and contribute to the emission
spectrum. Generation of these other emitting species at a high
fluence will be discussed later.

Invariance of the Spectrum by Different Excitation Ma

nescence spectrum by measuring the emission with the sampldengths Figure 2a shows that the emission spectra obtained with

at room temperature.
Sublimation Enthalpy of the Emitting Specifghe sample

different excitation wavelengths of 266, 355, and 532 nm have
very similar spectral shapes. The spectra were all confirmed to

vapor behaves like an ideal gas and its fluorescence quantumbe generated by a single photon absorption process. This is a

yield does not depend on temperature, the following modified
Clausius-Clapeyron equation can be applied to obtaining the

typical Kasha's rule behavidP, and explicitly rules out the
possibility of blackbody radiation, whose spectrum shifts as the
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(a) eV (13700 cm?, 730 nm) using photoelectron spectroscépy.
T The origin wavelength of phosphorescence was measured to
] be 782.92 nm (12773 cm) in a Ne matrix}’ 798.1 nm (12530

266 nm cm™1) in a Decaline/cyclohexane gla¥sand 862 nm (11600

4 cm1) in a single crystal® By comparison, our emission
centered at around 660 nm with a blue-edge of 550 nm is too
T 355 nm far off from these values, and thus phosphorescence is ruled

out as a possible origin of the emission.

Like phosphorescence, fluorescence af Gas not been

1 observed in the gas phase, but the energy of jtst&e has

1 532nm been estimated in various ways. Catéfpredicted the position

of the absorption band origin ofggto be at 607.3t 0.2 nm in

the gas phase by extrapolation of the absorption bands and the

550 600 650 700 750 800 850 corresponding Lorenz-Lorenz functions for a series-afkane
Wavelength (nm) solvents. From the resonant two-photon ionization (R2PI)

spectroscopy of g in molecular beams, Haufler et al. observed

(b) sharp peaks near 600 nm due to vibronically allowed transitions,

although no origin was explicitly assignéti.Sassara et al.

measured absorption and dispersed/excitation fluorescence

spectra of G in Ne and Ar matrixes, and from comparison of

their spectra with the gas-phase R2PI spectfitiney estimated

the 0-0 transition in the gas phase at 1569% cnr! (637.10

nm)2L22 |f we assign our emission as fluorescence, the

significant discrepancy between the onset wavelength of 550

nm (18000 cm?) in our spectrum and the estimated singlet

origin of 637.10 nm could be justified by the high vibrational

temperature in the excited state due to the high initial temper-

[72]
L L \E
M 0 e ature and excess photon energy. In fact, the extremely broad
150 QE spectral range of the emission may also have the same origin.
300 4 Single-Exponential Decay of Emission in Time-Resdl
550 600 V\(/a:\(/)ele:r?gth 7(2(;)800 850 S SpecFrosgopyNe .obtained a set of t.ime-dependent spectra for
Ceo with different time delays, but their spectral shape was nearly
(c) identical, as shown in Figure 2b. We also obtained a temporal
profile of the emission, which is shown in Figure 2c that reveals
a perfect single exponential decay. These results indicate that
the emission contains only one transition from one electronically
excited state.

The fitted decay time for the emission odat 700 nm was
0.95+ 0.07us. This value is about 1000 times longer than the
fluorescence lifetime of g in toluene solution (1.17 A%and
1.3 n%%, and about 40 and 100 times shorter than the
phosphorescence lifetime in a supersonic beamu&® and
in a solid Ne matrix (9Qus'’), respectively. Since the;SS
transition of Gg is symmetry-forbidde#,perturbation applied

] I °e in solution should enhance both radiative and nonradiative
0 1 2 3 4 5 transition rates, which decreases the fluorescence lifetime in
Time (ps) solution.

Figure 2. (a) Photoluminescence spectra of,@xcited at three 2. Spectral Features of the Emission.Since we have
different wavelengths shown. All spectra have nearly identical spectral presented pieces of evidence that the emission we observed was
shape. It was also confirmed that they were all generated by the singlegenuine fluorescence ofggin the gas phase, we now address
photon absorption. (b) Time-dependent spectra @feRcited at 266 6 hroperties of this emission and its spectral features. In Figure

nm measured at time delays of 0, 150, and 300 ns, which shows the3 the fl t £,Gn th h Fi
constancy of the spectrum over time. (c) Temporal profile of the e Tluorescence spectrum o e gas phase, (Figure

photoluminescence excited at 266 nm and measured at 700 nm. The32), is compared with those o%§in the benzene solution and
decay was nearly single exponential, with a decay time of @95 Ceo film on glass (Figure 3b,c), respectively]. All three spectra
The laser fluence used for (b) and (c) was a few m3/an266 nm. were obtained after being excited by the 355 nm light, and the

spectra of the benzene solution and solid film were observed at
internal temperature variég,i.e., as the excitation energy is room temperature. The spectral shifts of the peak maximum
changed. Therefore, the character of the emission must befor the benzene solution and the solid film are 830 and 1700
fluorescence or phosphorescence, which occurs from the lowesttm™, respectively, with respect to the gas-phase fluorescence.
excited state with a singlet or triplet multiplicity. Such a large red shift from the gas phase occurs often due to
Although phosphorescence ogddn the gas phase has not the increased dipole moment of the excited state, reorientation
been reported yet, the energy of the lowest triplet state has beerof the solvent molecules in the excited state, and specific
determined under various conditions. In a supersonic beam, theinteractions such as hydrogen bonding and complexatitm.
energy of the lowest triplet state og&wvas reported to be 1.70  the case of &, however, the dipole moments of both the ground

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)
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Figure 3. Comparison of photoluminescence spectra gfi€ (a) the -
gas phase, (b) the benzene solution, and (c) the solid film on glass. All
spectra were obtained by excitation at 355 nm. The spectrum (a) was

measured at a sample temperature of 8D0while the other two spectra 300 400 500 600 700
were taken at room temperature. Wavelength (nm) Wavelength (nm)

Figure 4. Time-dependent spectra ofg&xcited at 266 nm with high

and excited states are known to be zero, and there is no specifiqaser fluence (124 mJ/cin The spectra were deconvoluted into three
interaction between the chromophore and the solvent. Only the component bands with a peak at 340 rua fand), 400 nmd, band),
dispersion forces are expected to contribute to the solvation of and 500 nmf band). At 0.2us, the sharp peaks are noticeably intense,
anonpolar slu by nonpolar sovents. I s case, the solve2L 1 Assbhear Ukl o hat e e amost e areacy o
shift is generally known to be 7€8000 cn* to the red .Wlth in/tlensities of the component bands in detail ag they decay with different
respect to the vapor pha¥eCatala'® found a good linear  gocay times,
relation between the positions of the absorption bandegfrC
solution and the corresponding Lorenz- Lorenz functions, time delay is varied, indicating that there is no cooling process
f(n?) = (" — 1)/(n* + 2), for the n-alkane solvents, which  that shifts the spectrum as in the case of blackbody radition.
indicates that the dispersion interaction is predominantly Third, we note that different excitation wavelengths led to
important over other interactions. The large red shift of the C  jdentical spectra as we saw in Figure 2a. If the emission were
spectrum in the benzene solution from our gas-phase emissiorp|ackbody radiation, different photon energies would give
spectrum appears to be mainly governed by the dispersiongifferent internal temperatures, and yield different spectra.
interaction, merely enhanced by the large polarizability of the Finally, the decay time is too short to be that of blackbody
solvent, benzene. Likewise, the even larger spectral shift in the radiation. The measured decay time of our emission is 8:95
solid film should be due to the extremely large polarizability (.07 s, which is much shorter than the known decay times of
of Ceo, Which also acts as “solvent” in the solid phase. the blackbody radiation fromdg(100.s%) and laser-vaporized

At this point, we want to point out that several groups have carbon clusters (tens of microseco#es).
already observed broad emission in the range of the visible and 3. Photoluminescence from the Photofragmentation Prod-
near-infrared light from the vapor-phasego®@ighly excited by ucts. The emission spectrum was found to change drastically
multiphoton absorptidh and laser desorptiot¥.They assigned  in shape as we increased the laser fluence at 266 nm. Figure 4a
the broad emission as the blackbody radiation from vibrationally shows the emission spectrum obtained with a laser fluence of
hot Geo, Wwhose temperature was estimated to be thousands of124 mJ/cr at a delay time of 0.2s. It is to be noted that the
Kelvin, with the understanding that the blackbody radiation is peak of the emission spectrum has shifted to about 400 nm,
one of the efficient cooling mechanisms for the super-hot while the band profile unmistakably suggests many component
Cs0.2~30 From the fluence dependence of the emission intensity, spectra. In addition, there now appear many sharp bands on
Heszler et af suggested that two or three photons at 193 nm top of the broad main envelope. The rest of the figures in Figure
were involved in the heating of g and that the blackbody 4 show the spectra of (g at different delay times specified.
radiation reflected an internal temperature of 248000 K. We note that as the delay time becomes longer, the sharp bands
As the super-hot g5 cooled, the spectrum of the blackbody disappear and the peak of the broad emission shifts to longer
radiation shifted to the red, and thus no decay time could be wavelengths. This indicates that the photoluminescence spectrum
defined. in this case is composed of different emission bands that

It is to be noted that the emission spectrum of our work is originate from multiple chemical species generated by high-
not at all related with blackbody radiation. First of all, the fluence laser pulse.
absorbed photon energy is not enough to give visible emission, The Sharp Bands Due to the Swan and Fox-Herzberg
even if we take the initial temperature offnto consideration. Emission.To analyze the sharp features of the spectrum, we
The initial temperature of § is estimated to be 4.2 eV at 800 subtracted the spectrum in Figure 4b from that in Figure 4a
K,3! and the photon energy we used ranges from 2.33 eV (532 after normalizing the peak intensities. The difference spectrum
nm) to 4.66 eV (266 nm). Therefore, the total available internal thus obtained is plotted in Figure 5. It clearly shows progressions
energy is from 6.5 to 8.9 eV. The corresponding temperature is of spectral lines with relatively narrow bandwidths. It is difficult
only 1000 to 1200 K& which cannot produce the kind of visible  to imagine that a very hot molecule of the size gf @ith an
emission spectrum shown in Figure 1a, with a center wavelengthextremely large density of states gives such sharp spectral bands
of 660 nm, from blackbody radiation. Second, the time- as shown in Figure 5. The origin of these sharp features is thus
dependent spectra in Figure 2b show no spectral change as thexpected to be small molecular species generated from the super-
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Swan emission Fox-Herzberg emission time for the Swan band observed in the photofragmentation of
B _ from v'=1 Cso Was longer than its natural lifetinfé.'2 This is because
Av=-1 Av 2 ( ) . . .,
, the fragmentation (or evaporation) of 8 of a delayed naturé?
Av=0 ¥ The temporal profile of the Swan emission is known to be
considerably affected by experimental conditions such as laser
fluence and initial phase (vapor or solid) ogdfor example,
the reported decay times range from 140 ns apd §193 nm,
300 mJ/cr, vapor)? to 300 ns and 5@s (532/1064 nm, 1.5
Jicn?, vapor)? and to shorter than s (308 nm, 26-200 mJ/
v =142 cn¥, laser-desorbed film% In the present work, we used a
w relatively low fluence of the 266-nm light with a maximum of
V 155 mJ/crd, which may explain the similar decay times of our
M\/A\J N WJ work with that of ref 12 €1 us). To our knowledge, the lifetime
! L ! f of the Fox-Herzberg transition has not been measured experi-
15000 20000 25000 30000 35000 40000 mentally yet. We just propose that its lifetime could be also
Wavenumber(cm™) hundreds of nanoseconds, based on the fact that the Fox-

Herzberg emission disappears completely aftasin Figure
Figure 5. The difference spectrum between the spectra measured at 9 PP P y alta g

time delays of 0.2 and s, after normalization of the peak intensity. o
The spectra were obtained with the 266-nm light at a fluence of 124  The Component Bands for the Broad Background Emission

mJ/cnt. The sharp spectrum was assigned as the Swan (visible) andSpectrumTo resolve the broad underlying emission in all the
Fox-Herzberg (Uy) bands of CThe latter bands originate only from spectra of Figure 4, it was deconvoluted by three component
v =1 of the excited state. (See the text) Gaussian bands, each centered at 340 nm (29400, am
band), 400 nm (25000 cm, o, band), and 500 nm (20000
cmt, B band). The deconvolution of the spectrum was first

erformed in the linear energy scale in wavenumber, and then
re-transformed into the wavelength scale. In all the deconvo-
lution schemes we have tried, the variation in the center
wavelengths remained withias5 nm. Theay and o, bands
decay nearly together, and much faster than the low-engrgy
band, which retains a significant intensity even atus0

Av=+]

Intensity

hot Gso. These sharp bands could be divided into two groups
of series according to the energy difference between adjacen
peaks. The lower energy series, over the spectral range of
17000-24000 cn?, turns out to be the Swan emission
(d ®Ig — a °I1,)3* 36 of the G radical, while the higher energy
series, over 2500042000 cnil, corresponds to the Fox-
Herzberg bandse(*I1y — a 3[1,)34%7 of the same species. The

Swan bands derive from various vibronic transitionsAar= o ;
0, +1, +2, whereas the Fox-Herzberg emission is due to the We also measured the emission at different laser fluences,

transition from only one vibrational leved; = 1, in the upper ~ @nd the results are shown in Figure 6. Again, the broad
state € 3I1y) to ' = 1—10 in the lower statea(3[1,). background emission was deconvoluted by the same three

The same Swan bandd4 = 0, £1, +2) have also been component bands, which yielded good fitting again. We then

observed from the Sgenerated from & by laser desorptiof? plotted the intensity of each band as a function of the laser

microwave plasmé! and laser excitatiohln addition, the Swan ~ 1U€nce as aloglog plotin Figure 7. They all give an excellent
emission was detected in the vaporization of graphite by !n€ar plot, with a similar slope between the anda., bands,

irradiation of high power laser puls&&38.39t suggests that the and a totally different one for th8 band. The similar slopes

excited stated 3T1, of C, is readily generated from super-hot between the twax bands and their similar temporal deca_y_
Ceo and graphite, regardless of the method of excitation. suggest that these two bands could share a common origin

On the other hand, the Fox-Herzberg emission has never beerf'ﬁerem from that of the band. The slope of about 3.5, or
observed so far from Clollowing the fragmentation of . arger than 3, for they; anda, bands suggests that these bands

More surprisingly, the emission came from only one vibrational result fr_o”_‘ processes involving four or more photons at 266
level (/ = 1) of the upper state 3[1,. It tums out that this nm, while it appears that th@ban_d requires only two or more
seemingly peculiar phenomenon is not due to a production photon;. From the temporal profile at 500 nm (not shown), the
mechanism with some propensity for = 1, but due to the  decay time of the§ band was measured to be 353 us. On

coincidence in the energy of the 266-nm pump with that of the the other hand, the. bands had a decay time of 3#40.5 us.
transition between”” = 2 (a 3I1,) ands' = 1 (e 3[y) levels of The origins of these component bands are to be discussed later.
the G molecule. Previous mass spectrometric stifdi®have 4. Photoluminescence upon High Fluence Excitation at
shown that the fragmentation of@ccurred with the 266-nm 355 nm. Photoluminescence spectra ofg@xcited by a high-
laser pulses at a fluence as low as 10 m3/dmour case, the  fluence 355-nm light are shown in Figure 8 at different time
C, molecule that is evaporated fromgg@uring the 6-ns duration ~ delays. Noteworthy is the fact that the sharp Swan and Fox-
of the pump pulse absorbs another 266-nm photon of the sameHerzberg bands are not seen any longer by the 355-nm
pulse, and undergoes a transition to thie= 1 state of the excitation, although the underlying broad band can still be fitted
electronically excitece 3[1q state. Emission from this specific ~ with the same three component bands as before afleada,
vibrational level appears as the Fox-Herzberg bands observedbands at around the same positions as before, i.e., 340 and 400
in our spectrum. nm, decay nearly simultaneously to zero in/& while thes

The time profile of the Swan and Fox-Herzberg bands could band at 500 nm decays much more slowly. The fluence
not be measured because the scattered pump light had a higldlependence of the emission intensity was measured at different
intensity at short time delays. The decay time was roughly wavelengths again, and for example, atdgg plot at 390 nm
estimated to be shorter than s from the time-dependent is shown in Figure 8d. Again, we have a good linear behavior,
spectra of Figure 4. It is known that the Swan band has a shortwith a slope of 5.9 in this case. It means that theand o,
natural lifetime of about 100 ¥4 but the measured decay bands are due to a six-photon process, which amounts to the
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Figure 6. Fluence-dependent spectra excited by the 266-nm light at a Fluence (mJ/cm?)

time delay of 200 ns. In the lower panels, the broad underlying spectrum
is deconvoluted into component spectra. Theand o, bands show Figure 7. Log—Ilog plot of the amplitude of the deconvoluted band of

nearly identical fluence dependence, different from that ofsthand. Figure 6 against the laser fluence for theda) (b) o, and (c)s band.
The ordinate scale is different in each figure from (a) to (d) to show
the relative intensities of the component bands in detail. of a process depends strongly on the excitation conditions such

as the wavelength and fluence of the laser and the initial phase
energy of about four photons at 266 nm. On the other hand, of c,
the3 band exhibited a power law exponent of about three, whose  Neytral Fragmentation.It is believed that the neutral
energy is equivalent to that of two photons at 266 nm. We thus fragmentation reaction ¢ — Css + C; is one of the major
realize that the total amount of energy for these bands is nearlygtes to generate the,Gnolecule. The minimum energy
identical regardless of the wavelength of the light used. required for this process is the difference between the dissocia-
Moreover, the measured decay time of theanda, bands by tjon energy and the initial internal energy odCAlthough the
355 nm was 3.4s, which is the same as that measured by the gissociation energy for this reaction is still uncertipetween
266-nm light, while the band also showed the same decay 3 high value of 10 to 12 eV and a lower one of about 4.5 eV,
time of 35us as obtained by the 266-nm light. We therefore the former is more of a currently accepted value on the basis of
conclude that the excitation by the 355-nm light produces the recent studie4s47 The calculated vibrational energy oks
same emitting species as the excitation by the 266-nm light for o 5 e\ at 300 K and 4.2 eV at 800 K, the latter being the typical
all three components bands except for the sharp Swan and FoXtemperature for & in our effusive beam souré.Therefore,
Herzberg bands. if we take the dissociation energy to be 11 eV, an additional

5. Generation Mechanisms of Emitting Species upon  energy in excess of 6.8 eV is required to generatdd which

Photofragmentation. The fate of an isolated g molecule the energy of a single photon at 266 nm (4.66 eV) or 355 nm
excited by multiple photons follows two generally different (3.50 eV) is not sufficient. Two photons are needed just to
paths: a prompt process such as direct ionization, direct produce G at both wavelengths.
fragmentation, and luminescence, and a delayed process such For the Fox-Herzberg band emission, one additional 266-
as delayed ionization, delayed fragmentation, and blackbody nm photon is needed to excite the @wlecule within the
radiation. The prompt process occurs before the absorbed photorduration of the laser pulse (6 ns). Figure 9, parts a and b, show
energy is fully thermalized, while the delayed process occurs the log-log plot of the intensity of the Fox-Herzberg band as
after a thermal equilibrium is reached by energy transfer betweena function of laser fluence at 333 and 350 nm, respectively.
electronic and vibrational states. Since all these processes ar@he slopes come out to be 2.6 and 2.3, which indicates that at
competing differently during and after the laser pulse, the rate least three photons of the 266-nm light were used for the Fox-
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Figure 8. Time-dependent spectra ofdxcited by the 355-nm light
with a high laser fluence of 280 mJ/énmeasured at (a) 0/s, (b) 10

us, and (c) 5Qcs. The ordinate scale is different in each figure to show
the relative intensities of the component bands in detail as they decay
with different decay times. (d) A loglog plot of the emission intensity
measured at 390 nm against the laser fluence of the 355-nm light. The
fitted slope of 5.9+ 0.1 indicates that the emission at theand o,
bands needs six photons or more.
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Figure 9. Log—log plots of the intensity of a few sharp emission bands
against the laser fluence of the 266-nm light at the time delay of 200

Figure 10. The energy diagram (drawn to scale) for the mechanism
of the Swan and Fox-Herzberg emission by the®lecule produced
from super-hot G by multiphoton absorption of the 266-nm light. The
dissociation energy of £from Cso was assumed to be 11 eV, while
the initial internal energy was assumed to be 4.2 eV at 800 K. (See the
text.)

case would mean, however, that ther@olecule takes away at
least 2.4 eV while the remainingsgkeeps only 0.12 eV or
less, which is very unlikely in a purely statistical energy
relaxation process. Therefore, the Swan emission is expected
to require three or more photons, which is in agreement with
our power law exponents of 2.75 and 2.5.

Similar Swan bands have been reported from multiphoton
ionization of the Go vapor at 193 nm (300 mJ/@&nl7 ns)!
which decayed with characteristic times of 140 ns angs5
corresponding respectively to the prompt and delayed fragmen-
tation. These two different modes of decay also had rather
different power law exponents of 2.2 and 3.1, respectively. On
the contrary, as shown in the time-dependent spectra of Figure
4, our Swan emission disappears virtually altogether well within
1 us, leaving no trace of a slow-decaying component behind.
Thus, the delayed part of the Swan emission does not seem to
contribute to our Swan bands, possibly because of our low laser
fluence, which is not sufficient to open the delayed emission
channel.

Since our Fox-Herzberg emitting stae®{1g, »' = 1) of G,
has the energy of 41000 crhor 5.1 eV above the °I1, state,
the minimum energy required to observe this emission band is
(11+5.1—4.2) eV=11.9 eV. Thus, three photons at 266 nm
(13.98 eV) should be sufficient to dissociate theudit from
Csoand excite it to the 31y state to result in the Swan emission.
Again, despite such energetics, a mere three-photon process is
not likely because of the same reason as before; whenp a C
molecule is evaporated fromg; the e 3I1; state of G would
take at least 5.1 eV, whereas the remaining Would be left
with only 2.1 eV or less. A diagram showing the energetics for
the emission of the Fox-Herzberg and Swan bands is given in

ns. Intensities of emission for the sharp bands were obtained by the Figure 10 as a simple summary of our mechanisms.

subtraction of intensities of the underlying broad emission after the
normalization of their peak intensity.

lonic FragmentationAnother mechanism for fragmentation,
involving the ionic species as ingg — Csg™ + Cy, has also
been proposed for the generation of.}&*4° Because the

Herzberg emission and that at least two of these were used forionization energy of & (7.61 eV) is higher than that ofsg

prompt generation of theGnolecule on the neutral fragmenta-
tion path. This agrees with our earlier conclusion.

(7.07 eV§© by 0.54 eV, the g dissociation energy from the
Ceo™ ion is lower than that from the neutralsgby 0.54 eV,

Likewise, the fluence dependence of the Swan band intensitiesand we take it to be 10.5 eV in simple calculations. Hence, the

at 468 and 515 nm is shown in Figure 9, parts ¢ and d, which
gives power law exponents of 2.75 and 2.5. Since the minimum
energy required for the Swan emission is 19000 tor 2.4

minimum energy required for generation of @ this mecha-
nism is about (7.6+ 10.5— 4.2) eV= 13.9 eV, including the
ionization energy of 7.6 eV for . Since this energy is only

eV (Figure 5), two or three photons at 266 nm (9.32 or 13.98 marginally smaller than that of three photons at 266 nm and
eV) should be sufficient to overcome the necessary energy,we need another photon to excite the molecule for the Fox-
(11 + 2.4-4.2) eV = 9.2 eV. Two-photon absorption in this  Herzberg or Swan emission, the total number of photons needed
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at 266 nm would be four or larger. These numbers are energy of Gpis 7.6 eV, and the energy of,Gragmentation
significantly larger than the power law exponent we measured, from ionic Gt is ~18 eV. On the contrary, other smaller
2.3—2.75, in Figure 9. It suggests that the ionic pathway is not fragments cannot contribute to the emission because the energy
a very likely mechanism in our experiment to generate the C required for their generation through a further dissociation is
molecule that gives rise to the Swan and Fox-Herzberg bands.much higher than is available. At this stage, we cannot determine

The absence of the sharp emission bands by the 355-nmwhich of the above species is the origin of the bands; rather,
excitation does not necessarily mean that photoexcitgd@s we can only propose that the, and o, bands come from the
not produce € at this wavelength. The fluence dependence e€xcited states of one or more of those species.
shown in Figure 8d indicates that the emission at 390 nm needs It is quite obvious that thg band is distinctly different from
six photons at 355 nm, with a total energy of 20.9 eV. This is theou anda, bands in terms of the decay time and laser fluence
a sufficient energy not only to overcome the neutral fragmenta- dependence, and thus should have a different origin STdend
tion energy barrier for £(~11 eV) but also to reach the Swan- showed a decay time of 35 upon excitation by both the 266-
emitting state (114 2.4 = 13.4 eV). Deng et &' observed nm and 355-nm lights, while the number of photons needed
Csg" ions readily at a fluence of 29 mJ/@msing an unfocused ~ was two at 266 nm and three at 355 nm. It means that the
355-nm light, and argued that the, Gragmentation could  minimum energy required for thg band is 13.5 eV, which
compete with delayed ionization at a high flueneel00 mJ/ yields a vibrational temperature of about 1600 K. This temper-
cm?). Neither Swan nor Fox-Herzberg emission was observed ature is not quite high enough to give the blackbody radiation
in the present study, however, with a fluence of up to 230 mJ/ with a peak at 500 nm of our spectrum. The decay time of 35
cn? for the 355-nm light. Consequently, we suggest that S is also quite shorter than Heszler et alsl00 us?®
although the nonemitting Gnolecule could be readily produced ~ Nevertheless, it is still possible that the band is due to
by the 355-nm photons, creation of electronically excited (or blackbody radiation, considering the breadth of the spectrum
emitting) states of £does not occur efficiently. Nevertheless, and also the difference in the detection system and excitation
it needs to be pointed out that the 355-nm light should produce Scheme between ours and those of Heszler et al. On the other
the emitting-type € molecules at a much higher fluence, hand, following the same argument as before, we estimate the

because the Swan emission has been observed at 532 nm witfninimum energy required for the generation of the emitter of
a fluence of 1.5 J/cAP this band is 9.4 eV because the onset of gfeand is 300 nm

Origins of the Broad Background Emissiaive now discuss O 4-1 €V. Both Go" and Gg could be the carrier of the

the origins of the component bands that comprise the broad 8MisSsion, but not & as in the case of the twa bands. At
background emission of Figures 4, 6, and 8. Theand a; this point, we cannot determine whether the origin ofgtEand

bands exhibited nearly identical temporal decay as shown in is blackbody radiation or photoluminescence from the excited

Figure 4 for the 266-nm case and Figure 8 for the 355-nm case. States of " and Gg or both.
Their fluence dependence was also nearly the same (Figures 6 )
and 7). It is likely that they have a common origin, or at least !V Conclusion

a common pathway to reach their emitting state. The genuine photoluminescence spectrum of the gas-phase
As mentioned earlier, radiative cooling by blackbody radiation Cg,was obtained for the first time. It was explicitly shown that
has been proposed as one of the likely cooling processes for ahe origin of the photoluminescence was tBestate of the
super-hot Go molecule? 10122731 Heszler et af. observed  isolated neutral G by the following arguments: (1) the
blackbody radiation from g5 that absorbed three photons (with  measured sublimation enthalpy was nearly identical to the
a power law exponent of 2.8) at 193 nm, and estimated its known value for Gg; (2) the photoluminescence was confirmed
internal temperature to be in the range of 2050 to 2450 K. In to be due to a single photon process from its linear fluence
our experiment, the total photon energy of the four photons at dependence; (3) the photoluminescence spectrum did not depend
266 nm for theo,; anda; bands was comparable at 18.64 eV. on the excitation wavelength; (4) the spectral shape did not
With the initial internal energy of 4.2 eV, a total internal energy change as the delay time was varied; and (5) the temporal decay
of 22.8 eV gives a vibrational temperature of 2400 K from the was almost perfectly single-exponential. Additionally, it was
equation in ref 32, if the entire energy were to be fully converted shown that the emission was neither blackbody radiation nor
into equilibrium vibrational energy in the electronic ground state. phosphorescence. The measured photoluminescence decay time
This temperature is quite close to that of Heszler et al.’s super- of 0.95us was about 1000 times longer than in solution.
hot Gso in their experiment. Oue; anda; bands have peaks at With high-fluence laser pulses at 266 nm, drastically different
much shorter wavelengths, however, than their blackbody emission spectra resulted from multiphoton absorption. The fast-
radiation peak, i.e. 340 and 400 nm vs 500 nm or |0nger. It decaying, Sharp emission bands were assigned as the Fox-
suggests that they and o, bands are not due to blackbody Herzberg (from’' = 1) and SwanAv = 0, +1, and+2) bands
radiation. Another possibility is photoluminescence from a of C, dissociated from super-hot& The long-lived broad band
higher electronically excited state of&but it is unlikely that  \yas deconvoluted into three component bands. Two of them,
its higher electronic state lives as long as@sdbecause a large  ith a peak at around 340 and 400 nm (denoted.gandasy,
molecule like Go should have an extremely fast relaxation rate respectively), originated from four-photon excitation and had a

to the § state. decay time of 3.4 0.5us. The other band at around 500 nm
It is also possible that the two bands are due to emission (denoted ag) required two photons and had a decay time of
from the neutral fragments (& Cse, and so on), the &' ion, 35 + 3 us. Excitation at 355 nm with a high-fluence light led

or the ionic fragments (§&+, Csg", and so on). Energetically,  to a similar broad emission band with the same three component
because the onset energy of tganda, bands is 5.0 eV (250  bands, but no emission from, @as observed. From the analysis
nm), the remaining energy of 17.8 eV is available for fragmen- of the power dependence and decay times, the component
tation, ionization, or both. All three species 0§g"Cso", and emission bands were attributed t@gCCso", and Gg" in the

Csg™ can be emitters of the; anda, bands since the energy case of the twoo bands and to £ and Gyt as well as

of C, fragmentation from neutraldgis ~11 eV, the ionization blackbody radiation in the case of tjfieband.
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