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Formation of Metastable Triplet Acetylene from the A(*A,) State Near the
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The triplet metastable states of acetylene produced by intersystem crossing froiftAbestate have been
detected by a sensitized phosphorescence (SP) method. The phosphorescence was obseryked finom C

the energy region below the barrier to dissociation in thetade suggested by Hashimoto and Suzuki [
Chem. Phys1996 104, 6070]. The lifetimes of the triplet states coupled with thiKVand \*K? levels in

the A(*A,) state were estimated to be 80 and 80 The rotational structures of the laser-induced fluorescence
and SP spectra were similar, except that the enhancement of many weak absorption lines makes the latter
more congested. The feature of the SP spectrum exemplifies the complicated-digjlet mixing at the

V3K level. The SP signal was observed with different phosphors, where benzil was found to be the most
sensitive. The SP spectrum of[; was observed only by using benzil. In addition to SP, the collision of
metastable triplet acetylene with a phosphor surface yielded fluorescence. This is most likely to be fluorescence
from the A*A,) state of acetylene. The lifetime of the triplet states and the threshold energy to dissociation
in C;H, and GD. suggest that tunneling occurs on thetate and that the energy barrier to dissociation is
higher than the previous estimation.

Introduction revealed by Hashimoto and Suzltkiand Ashfold and co-

Acetylene is one of the most important hydrocarbon mol- workers!'2 These works have shown that predissociation
AL 23+ 2
ecules and its photophysics and photochemistry receive exten-2cCUrs from the FA,) state to GH (X °X¥) + H(*S) even

sive attention. In particular, the interaction between the singlet ':jhough tthesg aredr_lott gil)lab?tlctally_ corlrelatt(_ed, 'nlg'cf?r:'ng that
and triplet states has been studied by a number of researchers. >oociation Is mediated by electronic relaxation. Furthermore,

Field and co-workers reported first the long-lived emission systematic investigations qf the transla.tlonal energy release
(r ~ 2 us) and the quantum beat from théKZ level in the revealed that there is an exit energy barrier to dissocidfiéh.

A A, i nere V denotes an -pane rans-bending mode (1 1A 8 Jot xpected fr Assonion o e ground
(v4 in the Xandvs in the A states) and K is the projection of P

i i i * 10 i
angular momentum on tieaxis, Wolfiand zachariasobserved 216750 SRRl M0 IR SRS (N BE 0
biexponential fluorescence decay with lifetimes of several 99 P

hundred nanoseconds and several microseconds for a numbetl"’y Intersystem crossing. Recc_ently,_M_orokuma and _co-worl_<ers
of rovibronic levels in the Astate? Ochi and Tsuchiya studied havg shown the ppsglble predls.somat.lon pathway via t_he triplet
extensively the Zeeman beat and biexponential decay in themamfold by ab initio_calculations, in agreement with the

. 2214
magnetic field From the analysis of the Zeeman beat, they experimental observatiofd: . . .
proposed the direct coupling betweén akd ¢ the indirect The present paper describes direct observation of metastable

coupling between Aand bmediated by the €b interaction? triplet acetylene produced by intersystem crossing (ISC) from
This suggestion was in accord with ab initio calculations by the A(*Au) state by sensitized phosphorescence (SP) spectro-
Lischka and Karpfen that showed the curve crossing betweenSCOPY thereby confirming the proposed dissociation mechanism
the A1A, andc3B, states in the planar geomettyDupreand via the triplet manifold. Prellmmary results have been reported
co-workers measured the Zeeman anticrossing (ZAC) spectraPT@Viously:® More recently, Field, Wodtke and co-workers
and observed enormous density of states, 100 times larger thar'@ve also detected the metastable triplet acetylene by the Auger
the maximum density expected for the~a& triplet states, ~ Method:® The results obtained by the two methods are
interacting with the VK level5~7 Abe and Hayashi observed ~Ccompared.

the quenching of the XK (n = 1—4) levels in the magnetic

field.2 Drabbels et al. performed high-resolution laser-induced Experimental Section

fluorescence (LIF) spectroscopy and suggested thaf #g a
state is coupled with the AA, state® They ascribed the high

state density observed by ZAC to the ground-state levels ) e
interacting with the Astate? Al coldfinger (surface area 18 éncooled to liquid-nitrogen

The essential role of the interaction between thé&d and temperature was placed 50 mm downstream from the-tgeer

a3B, states in the predissociation process of acetylene has beerdnteraction (egion atan angle of %t the (_:enterline of the jet.
A supersonic jet was formed by expandingHz seeded in He

* Present address: Department of Chemistry, University of Nevada, Reno. OF Ar using a piezoelectric pul;ed val¥®.The typical stagna-
* Corresponding author. electronic mail: suzuki@ims.ac.jp. tion pressure was 1 atm relative to the vacuum. The vacuum
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The basic design of our apparatus, shown in Figure 1, is
similar to those described by Abe etlaland Kume et alé An
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Figure 1. Schematic diagram of sensitized phosphorescence spectro- 400
scopy. @
B 300
chamber was evacuated by a 700 L/s oil diffusion pump S 200
(Edwards, Diffstak). The pressure in the chamber was1D > 8 L 3
Torr when operating the pulsed valve at 10 Hz. The laser beam 1008 o
was the second harmonic of the output of a Nd:YAG pumped k
dye laser (Spectra Physics GCR 170 and Lumonics HD500, 03 o T 3 o 5ho
Stilbene 420, Coumarin 440, and Coumarin 460) generated in Time/us

a 3-BaB,0O, (BBO) crystal. The resolution of the laser was
estimated to be about 0.2 cin the second harmonic. The
laser beam 40 uJ/pulse) was introduced into the chamber
without any focusing lens and crossed with the jet 10 mm
downstream from the nozzle. A PIN photodiode was used as N, trap (—63.5°C). All phosphors (purity>98%) were used
a laser power monitor. without further purification.

LIF was observed with standard collection optics, a color filter
(Corning 7-54), and a photomultiplier tube (PMT) (Hamamatsu, Results
R928). The output signal from the PMT was preamplified, A Sensitized Phosphorescence from BiacetylA typical
averaged for 510 laser shots by a boxcar integrator (Stanford time profile of sensitized phosphorescence is shown in Figure
Research Systems, SR250), and recorded in a computer. 2 The emission was observed through the color filter that

When metastable triplet species produced by ISC from the permits the transmission of the visible light; 500 nm?2 The
optically excited state strikes the phosphor surface, energy signal rises about 40s after the laser pulse and decays slowly
transfer from the metastable triplet molecule to the phosphor with a lifetime of 1.1 ms. It is known that the phosphorescence
brings about phosphorescence; thus ISC is detéétédl.Vari- lifetime of biacetyl on the surface is different from those in the
ous molecules, such as biacetyl and benzil, were employed assolid (2.6 ms) and vapor (1.8 ms) phase%! The variation of
phosphors. The vapor of a liquid phosphor was introduced from the lifetime as a function of the thickness of the biacetyl layer
the second pulsed valve (General Valve, 9, 0.8 mm orifice has been investigated by Alivisatos et al. for biacetylhd-
diameter) located near the surface at the repetition rate of less(111)?® The rise at 4Qss is given by the flight time of acetylene
than 1 Hz, to refresh the surface during the experiment. Solid from the lasermolecular beam interaction region to the surface,
phosphors distilled in alcohol were deposited on the Al surface and it has shifted to 8xs for acetylene seeded in Ar. The
and installed in the vacuum chamber. As the cold solid strong emission just after the laser pulse is the scattered light
phosphor was in the vacuum for 12 h, a uniform phosphor layer of fluorescence.
grew, presumably due to diffusion on the surface and a Figure 3 shows the LIF and SP spectra measured for the V
sublimation-condensation cycle. The emission from the phos- K; (n = 2—4) bands of the AA,—X1Z* transition of
phor surface was detected by collection optics and a thermo-acetylen€>-36 The relative intensities of the LIF and SP spectra
electrically cooled photon-counting PMT (Hamamatsu R928, in the figure are arbitrary. The distinct and confined rotational
C-2761, 2762). A series of color filters (Hoya UV2870) structures indicate that the observed LIF and SP spectra are due
were used in front of the PMT in order to estimate the to jet-cooled GH,. The results clearly show that ISC occurs
wavelength range of emission and later to remove scattered light.from the Astate. The SP signal was not observed for tlﬁe \VJ
The output of the PMT was fed into a gated photon counter K} band, suggesting that the triplet states produced from this
(SRS SR400). The background noise was discriminated to bejevel are short-lived. This is in accord with the speculation by
less than 10 counts/s. The gate width was set individually for Hashimoto and Suzuki that the triplet level coupled to tfi&V
different emission lifetimes of the phosphors. The time gate |evel is located above the dissociation barrier wWE=T) +
of 0.3—6 ms after the laser pulse was adopted for biacetyl. The H.10 The reaction time from the 3% level has been estimated
time profiles of sensitized phosphorescence were recorded byto be less than 70 ns by the pumprobe experimerit/

Figure 2. Emission time profile of biacetyl surface at liquid nitrogen
temperature. The emission was observed through a color filter that
passes the visible light > 500 nm.

a multichannel scaler (SRS SR430). The rotational structures of the LIF and SP spectra are
C,H, (Kansai 99.99%) was used without further purification. different, reflecting the fluorescence quantum vyield that de-
C:D, was synthesized from CaGWako, 99.9%) and ED creases with the rotational quantum numiéf-383° Close

(Wako, AR) and used after passing through a chloroform/liquid inspection of the @Ké band shown in Figure 4 reveals that SP
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Figure 4. Expanded view of the LIF and SP spectra of the band
measured for pure £l,.

Shi and Suzuki

B. Lifetime and Yield of Triplet Acetylene. To estimate
the lifetimes of the triplet states produced by ISC, the signal
intensity was measured for different flight times by changing
the carrier gas, where the angular divergence of the molecular
beam was assumed to be the same. When the SP intensities of
acetylene seeded in He and Ar were compared, the lifetimes of
the triplet states produced by ISC from thék\ (J' = 2) and
V4KL (3" = 2) levels were estimated to be 100 and /8§
respectively. The experimental error is estimated to be about
50 us. The lifetimes of the triplet states were the same for
different rotational levels within the experimental error.

Hunziker and co-workers have suggested the lifetime of 30
us for the3B, state ofcis-acetylené’® On the other hand, Lisy
and Klemperer have suggested 1 ms for the trans triplett
From these results, it has been speculated that the cis triplet
has a much shorter lifetime than the trans triplet. According to
ab initio calculationg31442-44 the A state lies higher than the
cis—trans isomerization barrier in theé state so that triplet
acetylene produced by ISC can interconvert freely between the
cis and trans structures. Therefore, the fact that the triplet
acetylene produced by ISC has a lifetime as long as (490
suggests that the lifetime ofs-acetylene at the zero vibrational
level in the state is longer than 33. On the contrary, if this
lifetime is correct, then our assignment of the triplet detected
in the state should be reexamined.

The relative ISC yield®sc, is estimated from the observed
SP intensity and the lifetimes of the triplet states as follows:

Bight

(I)ISC ~ IphoseXF{ T )q)fluollfluo

Here, Ipnos is the intensity of sensitized phosphorescence and
77 is the lifetime of the triplet state produced by ISC. Without
the lifetime correction, the SP intensities at a flight time of 85
us were 1, 0.6, and 0.2 for the?*(J' = 2), V,K1(J' = 2),

and VVKY(J' = 2) levels, respectively. The R(1) lines were
used in all the measurements. Taking into account the lifetimes
of the VBKY(J' = 2), and VVK1(J' = 2) levels of 100 and 80
us, respectively, the ratio @b,sc for these levels is 1:0.41. Thus,
the I1SC yield is estimated to be on the same order for the'V
and VK1 levels. The relative ISC yields at the’K* and \V*K1
levels, shown in Figure 5, do not depend on the rotational states.
(The \BK? level was omitted because of the highly complicated
and congested feature of thK/ band.)

C. Other Phosphors. We observed the SP spectrum with
the phosphors listed in Table 1. Acetone, benzene, and
naphthalene did not provide the SP signal, which is presumably
due to the relatively small phosphorescence quantum yields of
these molecules, 0.03, 0.18, and 0.07 in EPA glass (77 K) for

spectroscopy is more sensitive to the weak absorption lines than@cetone, benzene, and naphthalene, respectivéljie observed
is LIF. Marked difference between the LIF and SP spectra Phosphorescence lifetime was always longer at liquig N

exemplifies the strong variation of the triplet characters among

the rotational states at the®K level, in agreement with the
Zeeman beat, ZAC, and high-resolution LIF spectroscopigs.

The VPK! level has the Fermi interaction with the + 2v,

temperature than at room temperature due to the temperature
dependence of the nonradiative processes 6f1Sand T, —
S1, k =k + kar eXp(—EJKT).

We found that benzil providea 1 order of magnitude stronger
SP signal than does biacetyl. The SP spectrum,8f,Could

level!® Drabbels et al. have shown the upper state attributed be observed only by using benzil as a phosphor, as shown in

to thev, + 2v,4 level exhibits a much smaller interaction with
the triplet state§. In accordance with this earlier report, the
simultaneous measurement of LIF and SP revealed that;the
+ 2v, levels exhibit a larger LIF/SP intensity ratio than do the
V3 levels. The smaller singletriplet interaction at the, +
2v4 level has been attributed to the unfavorable Frar@@iandon
overlap with the cis triplet3g,) state>°

Figure 6. However, the low signal level did not allow us to
determine the lifetimes of the triplet states ofDG. The SP
signal was observed up to thg2dVaK; band. Fujii and co-
workers have reported that the fluorescence quantum yield of
C.D; falls off between 320V2KJ (47 427 cml) and FVeKp

(47 505 cml) bands. The SP intensity diminished in the same
region.
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Figure 5. Rotational state dependence of the ISC yield at tR&'V = 500 !.ﬁ
and VVK! levels. R branch was used. b4 ; 1‘,
TABLE 1: List of Phosphors Used % %
sensitized o % 50 100 150 200
sample Er/eva phosphorescente  obsd lifetime/ms
time (us)
benzene 3.6 -
acetone 3.4 -
acetophenone 3.2 + 1.6 (77K) .
benzophenone 3.0 + 2.0 (77 K) 400 : (d) Pyrene @liq. N; temp.
thioxanthene-9-one 2.8 + 0.15 (300 K), 0.3 (77 K) .
anthraquinone 2.7 + 0.25 (300 K), 2.2 (77 K) . &
naphthalene 2.6 - 2000 ¢ g
2-acetonaphthone 2.6 + 2.3 (77K) %Uf %
biacetyl 2.4 + 1.1 (77K) 3
benzil 2.3 + 0.12 (300 K) 2.0 (77 K) o#&w
pyrene 21 _ () 50 100 150 200
. time (us)
a2 Energy of the lowest triplet staté + and— mean whether or not
the SP signal was observed. Figure 7. Emission time profiles of (a) biacetyl surface at liquid N
temperature, (b) Al surface at room temperature, (c) pyrene surface at
6] 2K, room temperature, and (d) pyrene surface at liquidtéimperature.
N Emission was observed without any color filter.
_ 15V, K, 1520 Vo Ky
5 . .
s Therefore, the fluorescence is most likely from acetylene due
= - . . . .
B to the collision-induced 7 S ISC. The fluorescence lifetime
£ of acetylene is less thani and the emission wavelength is in
the 250-450 nnfé range that is in accord with the observation.
Nevertheless, an impurity on the surface cannot be completely
47000 47200 47400 47600 ruled out as the source of the fluorescence. Dispersed emission
Wavenumber (cm™) . . .
_ _ _ spectroscopy will elucidate it.
Figure 6. LIF and SP spectra of D, measured simultaneously. Benzil Figure 8 shows the 3Ké band observed by LIF and

at the liquid nitrogen temperature was used as a sensitizer. collision-induced fluorescence (CIF). The spectral feature of

CIF is in agreement with the SP spectrum shown in Figure 3,

D. Collision-Induced Emission. When sensitized phos- L ;
kmdlcatlng that both methods monitor the same metastable

phorescence was observed without a color filter, a sharp peal
appeared in the time profile, as shown in Figure 7a. The peak SPECIES:

position, 37us, corresponded to the arrival time of metastable 1 ne CIF was also examined for-a X direct absorption of
acetylene at the surface. Close inspection reveals that the pea@!y0xal- By excitation of glyoxal to the zero vibrational level
shape is symmetric and triangular. This shape is only possible the astate, CIF was observed using the Al surface at room
for an emission lifetime less than 2u5. Such a short-lived temperature. The eneggy dllfference pgtween tandastates
emission must be fluorescence. By use of different color filters, N 9lyoxalis 2774.8 cm', while the collision energy of glyoxal
the emission wavelength was estimated to be shorter than 500""”_‘ _the_surface was more _than 6000 cmallowing the
nm. (That is why the peak was not seen in Figure 2.) collision-induced ISC energetically.

As seen in Figure 7bd, the fluorescence was observed for
all the phosphors used and even without any phosphor on the
surface. The fluorescence quantum yields of the phosphors are A. Character of the Metastable State. The singlet state
too low to be responsible for the observed fluorescence. with the emission lifetime of Zs decays by 1@ and 1018in

Discussion
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coupled to th€” astate as evidenced by the large triplet-level
density interacting with the Atate observed by the Zeeman
beat and LIF spectroscopies. Thus, acetylene is most likely in
theastate in collision with the surface but is partially converted
to the A and/or cstates. Therefore, it is speculated that both
the SP and Auger methods are sensitive to all the triplet states.

There is a difference between the spectra obtained by the SP

and the Auger methods. The spectrum observed by the Auger

kA method shows a broad background, while the SP spectrum does

WM N not, even though the SP spectrum is more congested than the
LIF. The origin of this discrepancy is not understood yet.

B. Tunneling Through the Barrier. The lifetime of the
triplet metastable state produced from théKV level was
estimated to be 8@s. The result implies that the tunneling
through the barrier in the state is negligible at this eneEgy{ss
=220 cnTl). We estimated the tunneling probabil¢E) by
assuming an asymmetric Eckart barrier for which analytical
: forms of P(E) are availablé’#8 For the reverse reaction barrier

0 T 1 T T of 560 cnt! (ref 10) and the imaginary frequency of 1114
e L citation Wa‘féfé‘ﬁ’gth (lf,]f)-” cm 14 theP(E) at 340 cnt! below the barrier (corresponding
i to the \V*K1 level) is calculated to be as large as 0.11. For the
Ziuggrgiugwa:sdi_‘gdspec”a of the band. A bare Al surface atroom 4 prier height of 1000 crt, the P(E) is 0.004. The results
' suggest that the potential barrier is higher and/or thicker than

the flight times of 40 and 8Qus, respectively. Therefore, the Eckart barrier assumed.
sensitized phosphorescence must arise from a long-lived triplet ~ Fujii and co-workers have reported that fluorescence sharply
state. The estimated lifetime of 10& is in accord with this  falls off between the ¥K? and 2V3K° levels in GH, and
expectation. Field, Wodtke, and co-workers have detected between the 2'V2K! and BVIK! levels in GD».383% Their
metastable species by the Auger method using gple (5.1 results were reproduced in the present work. Furthermore,
eV).16 The lifetimes estimated by the SP and Auger methods Sensitized phosphorescence diminished in the same region. This
are in excellent agreement, suggesting that the two methodssuggests that broadening of the triplet states by dissociation
monitor the same species. They claimed that the Auger methodcauses the falloff of fluorescence. The falloff region is
using gold is only sensitive to the state (and the Astate), ~ energetically higher in gD, than in GH. by about 960 cm,
since it is located above 5.1 eV. On the other hand, the SPWhich is close to the difference of the zero-point vibrational
method is sensitive to all the triplet states of acetylene, since €nergy in the ground state, 1156 thn However, this is not
the triplet state of biacetyl is lower than any of the triplet states uUnderstood by a classical model. From the zero-point energy
of acetylene. difference between CCH and CCD, 527 ¢if° the zero-point
The agreement of the lifetime measured by the two methods energy difference betweern, and GD, at the transition state
may suggest that both observe thstate. However, this is not  for dissociation is estimated to be about 6000 cntl. When
the unique explanation. For instance, when a metastable specie$his value is taken into account, the difference of ¢hessical
strikes the surface, collision-induced processes may scrambleenergy barrier to dissociation betweenHg and GD: is
the electronic state. If this occurs, the electronic state of the €xpected to be about 550 (1260 650 = 550) cnt®. The
metastable state cannot be assigned easily. CIF given by theobserved energy difference960 cntt is larger than this
collision of triplet molecules with the surface may point to this €Xpectation, indicating that the threshold is effectively lower
possibility. The"€B,) and I?A,) states are the RenneFeller for C;H; because of the tunneling effect.
pairs of the’A state, and nonadiabatic transition occurs between As shown in Figure 9, weak emission was observed from
them in the linear geometry. Furthermore, these states arethe 2VIK! level (Eexcess= 752 cnt?l) in CoD,. Therefore, the
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Figure 9. Fluorescence decay curves from (&Y XK?, (b) 12ViK?, and 2V3K! levels of jet-cooled gD,.
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