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I. Introduction.

The application of laser induced fluorescence spectroscopy to the study
of the dynamice of the excited states of molecules isolated in supersonic mole-
cular jets has been extensive. The technique has facilitated, for example,
determination of the rates of internal conversion and of intramolecular
vibrational redistribution in the excited singlet states of a number of
species.1 For aromatic ketones, however, the technique has generally failed
because of the low fluorescence quantum yields associated with these
molecules.2'5 The presence of low lying triplet nﬂ. and ﬂﬂ. states
results in very fast intersystem crossing rates arising from the enhanced spin
orbit coupling between states of different orbital character.6

The recent development of sensitized phosphorescence spectroscopy in
supersonic jet studies by Ito, et a1.2°4 has provided spectroscopic data con-
cerning the first excited singlet states of acetophenone and other aromatic
ketones, but has provided little informetion as to their dynamics. Determina-
tion of excited state dynamics is further complicated by the propensity for

7,8 As a result, the application of sensi-

these species to photodissociate.
tized phosphorescence spectroscopy will, in general, be limited to phcto-
excitation in the vicinity of the S1 origin for a given molecule for which
photodissociation yields should be tolerably low.

Ve report in this discussion the 82 - So photoexcitation spectrum of
jet cooled acetophenone and discuss the dynamics revealed by the spectrunm.
The eppearance of the spectrum is surprising since, as is the case for many
aromatic ketones, scetophenone 52 excitation is known to result in fast inter-
syster crossing to the triplet manifold followed by photochemical dissociation
with near unit quantur efficiency.a Thus, one expecta to observe no inteneity

by standard fluorescence excitation techniques. The observed apectrum, however,

appears not in spite of these processes, but as a result of them; at least as
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a result of the large intersystem crossing yield from 82 and a small but not
vanishing phosphorescence yield. The results imply that the observed emission
arises from the dissociative triplet state of acetophenone which is populated
by the decay of the prepared 52 state. The dynamics of both the prepared 82
levels and the emitting (and dissociating) triplet levels are discussed.
II. Experimental Procedure.

The molecular jet apparatus and the scheme for obtaining photoexcitation

9,10 The nozzle used in this

spectra have been described in detail elsewhere.
study is & Quanta~Ray PSV-2 pulsed supersonic valve with a8 0.5 mm diameter
orifice. Thermally equilibrated vapor pressures from liquid acetophenone at
temperatures up to 80°C are obtained by placing the sample in & glass vessel
inside the heated valve head assembly. Most of the data recorded are taken at
sample temperatures of 50-60°C, at which temperature the vapor pressure of
acetophenone is ~2 torr. Backing pressures of 20 to 50 psig He are emplpyed.
Acetophenone, which is purchased from Fisher (Certified Grade), is used without
purification.

Photoexcitation spectra normalized to the laser intensity are obtained
by gating a boxcar averager with a 50 ns aperture delayed 30-50 ns aft=r the
laser pulse. In this manner, contributions from scattered laser light and
from fluorescent impurities in the sample are reduced. Reported lifetimes are
obtained from decay curves recorded with a transient digitizer (Tektronix 7912
AD). 3200 laser shots are averaged for each reasurement.

I1I. Results and Discussion.

A portion of the photoexcitation spectrum of acetophenone in the
vicinity of the 82 origin is shown in figure 1(s). The intensity of the weak
spectrum increases monotonically with sample temperature from 15-80°C and
recains unchanged with helium pressures of frozx 1-8 atm, indicating that the

spectrur involves no contributions from hot bande or van der Waale clusters.
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Aside from the Og feature at 35402 em~! several other features in

the spectrum are readily associated with vibronic transitions of acetophenone.

e s DS SNS

The band appearing 193 cxn’1 above the origin band is assigned to the

R, fundamental of the in-plane acetyl-ring bending mode. The vibrational

frequency of this mode in the ground etate11

1

is 225 em™' and has been

3.5 Similarly, the 344 en~! feature in fig. 1(a)
11

\
b is the 6al transition (benzene numbering) with S° and S3 > fre-

reported as 198 cm~ in S

quencies of 369 and 341 cm‘1, respectively. This transition, involving

*
primarily in-plane ring deformation motion, appears often in the lowest wr

o

spectra of substituted benzenes.

Scanning to higher energies from 600 cm"1 above the 02 band,

- -
»

! little discernable structure is observed in the apectrum until the region of
1000 cm~' above the O: transition. In this region (figure 1(b)), three
. bands appear in the spectrum. The intensity of the strongest 966 cm'1

feature is about 20% of that of the Og. This band is most likely assigned to

; the 12; transition (999 cw-1 in S° 11) in analogy with spectra of other
i 8imply substituted benzenes.
Beyond -1100 cm". the intensity and structure of the 82 photo=~"
E? excitation spectrunm rapidly decrease with no observable intensity 21300
" ce”! above the S, origin.
K The similarities of the 82 photoexcitation spectrum of acetophenone
. with the gas phase absorption spectrum in this region are strong. The latter
'* apectrume indicates an origin transition near =35450 cm“ with a strong
s progression-forming vidbronic festure ~1000 cm‘1 to the blue. Little
%. intensity is observed in either spectrur in lower energy vibronic bdbands.
i Clearly, the photoexcitation spectruc revealed by fig. ' is readily generated
. froo the reported vapor phase absorption spectrum of acetophenone with the use
¢ of an erission quantum yield function which rapidly decreases with increasing

- - -1‘
L -\“*.‘!rg*.ru'fak‘fof‘,l

(et




a
;} excitation energy. This is confirmed by the emission lifetimes which are
Egi measured for excitation of several vibronic features in the mpectrum (fig. 1).

i Emission lifetimes fall roughly linearly with increasing excitation energy
?g commencing with the Og feature which has a lifetime of 540 + 30 ns. The

EE lifetime measured at 12; excitation is 130 + 50 ns. Since the emission

" quantum yields will vary proportionally with the emission lifetimes, we note
f"’ that the 121 emission quantum yield is approximately one fourth that of the
i' origin level.
‘o'

The most striking aspect of the 52 photoexcitation spectrum of

§i€ acetophenone, aside from the fact that we observe it at all, is the magnitude
ai of the observed linewidths. In fig. 2, we show an expanded view of the Og
ggf photoexcitation band normalized to the laser intensity. The measured
j&i linewidth (FWHM) of the band is I'= 20.5 em! and is independent of helium

.i& pressure (i.e., the degree of rotational cooling and the presence of
- clusters). PFurthermore, the lineshape is clearly Lorentzian (see fig. 2),
ﬁf indicating that the source of the linewidth is natural lifetime broadening of
o 1
5; the 82 origin. This lifetime, T = 9.r. is 260 fs. The bands shown in fig.
'5? 1(b) are broader than the Oz band, indicating 52 vibronic level lifetimes
i} which are atill shorter. '
;:g Since the natural lifetimes of the S, levels which are initially
q : prepared in the photoexcitation process are six orders of magnitude shorter
3}. than the measured lifetimes of the resulting emission, the emitting state is
%? evidently not 82. Apparently, excitation of 52 levels is followed by rapid
N (k 3.85 x 1()"2 aec") decay to isoenergetic levels in the emitting state
i*g wvhich have much longer lifetimes than the originally excited 32 levels. The
3‘ | magnitude of the decay rate from 52 would imply that preparstion of the emit-
ﬁi ting state occurs with near unit quantum efficiency froc all levels of 82.
!

The relative emission lifetimes (and quantum yields) observed are then deter-

W,
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mined by the lifetimes of the levels thus populated in the emitting state.

Perhaps the most likely candidate for the emitting state is 51: in
this case, emission would originete with higher vibronic levels of the S1
manifold. Under this assumption, emission should also be expected by direct
excitation of S1 near the origin region (3%650-3700 R) and the absorption
Franck-Condon maximum region (3100-3400 R): no emission has been observed in
either of these regions. Ito et al.4 have sieilarly failed to observe S1
emission by fluorescence excitation. 1Indeed, under no conditions of phase,
medium, and temperature has fluorescence ever been reported for S1 excitation.
Intersystem crossing12 and internal conversion into the SO vibrational manifold13
appear to be the only channels operative for S1 decay. The emitting state
following 82 excitation is, therefore, probably not 51.

The elimination of S1 as the emitting state is further supported by
the intensity of the 82 photoexcitation spectrum. The absorption spectrum of
acetophenone vapor8 indicates an oscillator strength for the S1<- s° system

S

of =1 x 1077, The radiative lifetime of S1,1 !

rad’ is therefore roughly 2

us. If 52 origin excitation results in S1 emission with the measured ~ 540

ns lifetime, then the quantum yield for the emission is thus ~0.3: a number

in stark contrast to the observed emiasion intensity quoted above. The observed
82 emission quantum yield for 82 Oz excitation is estimated to be in the

range 107> to 1074

. That is, the intensity of the 82 spectrum is much too
weak to involve solely 81 enission.

This discrepancy is conceivably a result of complexation of
acetophenone in the jet (resulting in lowver than expected emission yielde) or
of a less than unit efficiency in the internal conversion from 52 to 81;

1

hovever, fluorescence with & 540 ns lifetime originating ~8100 cm”  into the

51 manifold seems highly unlikely in view of the fast nonradiative decay

rates known to occur at the 81 origin.

o mmmmﬁ



In the sbsence of any other acceasible singlet states, one is forced
to conclude, with trepidation, thaet the emitting state is a triplet state of

acetophenone. The dominant decay channel from 52 is, then, intersystem

1 -
crossing with kISC = 3,85 x 1( 2 sec ! from the 82 origin. The measured

emission lifetimes are those of levels in the traiplet manifold. We note that
T
rad

following 82 og excitation with a 540 nsec lifetime would reflect an emission

8 ..
1.2 ms ~, emission

if the emitting state is T1, which has a known T

quantum yield of =5 x 10-4 which is within our estimated yield. The absence
of observed phosphorescence from S1 excitation is likely the result of a lower
intersystem crossing yield arising from the known faster internal conversion
rate S1-->So relative to 82 -*SO, S1.13

Although the emission from 82 excitation is too weak to obtain a dis-
persed emission spectrum, the bulk of the emission is centered in the region
near 4000 2: this represents a substantial Stokes shift. The phosphorescence
of acetophenone12 (including vibrationally excited triplet levels14) is
centered in this region as well. The observed lifetimes of the emitting
triplet state can be correlated with the rates of photodissociation previously
measured for acetophenone. Excitation into the 82 state of acetophenone
results in photodissociation, presumably from a dissociative triplet state,
with 8 near unit quantum efficiency in the room temperature vapor &t low

8,12,15,16

pressure. Values for the lifetime of the dissociative state of

from 20 ns to 380 ns are inferred fron the measured dissociation rates. Such

lifetimes are entirely consistent with our observed emission lifetimes following

1
82 excitstion in the jet. Furthermore, the results of Rennert and Steel 5

and of Hirata and Lim16 indicate that the rate of dissociation following 82

12l excitation is 4-5 times faster than that following S2 Og excitation.

Again, this is consistent with our observed emission lifetimea. Therefore, the

emission reported herein following 52 excitation probadbly originates from the
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dissociative triplet state of acetophenone; the observed emission lifetimes
probably reflect the rate of dissociation from that state.

Since the endothermicity for the lowest energy dissociation
process17 is B0.7 kcal/mole (or ~28200 cm°1). excitation into the S2
origin of acetophenone (<~35400 cm'1) leaves only ~7200 cm°1 for excitation
of the dissociation products. The observed emission from 82 excitation is
centered at ~4000 £ (~25,000 cm-1), and clearly must not arise from excita-

tion of the photofragments.

ACKNOWLEDGEMENT

We wish to thank Professor D.W. Pratt for showing us some of his

S1 « So data for acetophenone and for useful diccuasion of the behavior of

acetophenone.

A e T R e e




REFERENCES

1. See, for example, S.M. Beck, J.B. Hopkins, D.E. Powers, and R.E. Smalley,
J. Chem. Phys. 74, 43 (1981).

2. H. Abe, S. Kamei, N. Mikami, and M. Ito, Chem. Phys. Lett. 109, 217 (1984).
3. S. Kamei, H. Abe, N. Mikami, and M. Ito, J. Phys. Chem. 89, 3636 (1985).

4. S. Kamei, K. Okuyama, H. Abe, N. Mikami, and M. Ito, J. Phys. Chem. 90, 93
(1986).

5. D.G. Leopold, R.J. Hemley, V. Vaida, and J.L. Roebber, J. Chem. Phys. 75, 4758 5
(1981). |

6. M.A. El-Sayed, Acc. Chem. Res. 1, 8 (1968).

7. M. Berger, I.L. Goldblatt, and C. Steel, J. Amer. Chem. Soc. 95, 1717 (1973).
8. M. Berger and C. Steel, J. Amer. Chem. Soc. 97, 4817 (1975).

9. E.R. Bernstein, K. law, and M. Schauer, J. Chem. Phys. 80, 207 (1984).

10. E.R. Bernstein, K. Law, and M. Schauer, J. Chem. Phys. 80, 634 (1984).

11. G. Varsanyi, "Assignments for Vibrational Spectra of Seven Hundred Benzene
Derivatives”, Wiley & Sons (New York) 1974.

12. T. Itoh, H. Baba, and T. Takemura, Bull. Chem. Soc. Jpn. 51, 2841 (1978).
13. M.B. Robin and N.A. Kuebler, J. Amer. Chem. Soc. 97, 4822 (1975).

14. A. Inoue, M. Ushiyama, and N. Ebara, Chem. Phys. Lett. 117, 18 (1985).
15. A.R. Rennert and C. Steel, Chem. Phys. Lett. 78, 36 (1981).

16. Y. Hirata and F.C. Lim, Chem. Phys. Lett. 71, 167 (1980).

17. J.D. Cox and G. Pilcher, "Thermochemistry of Organic and Organometallic
Compounds”, Academic Press (London) 1970.

LWL € gt s ; -~ e

IO KT i A K [ ) . " aa . PRI ; . . :
) OO . o LA "y Y% O T AR 1Y o¥ 1% L O SN
O G R OGRS N e&'f‘ DALALE DDAt & "‘ AL A Lot . ‘h"*‘ KoR! ) ', N o W 'Y he

P



R e o B a8 - e Ba. “ogae 0 L2 Bl
ISl As Al et Aek ok Sak S - ASA A A A A:8 Bt At A\s oon Ste b Bbe 2 by |

. FIGURE CAPTIONS
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. Figure 1 S2'+ S0 Photoexcitation Spectrum of Acetophenone. The spectra
§
"}{ are normalized to the laser intensity. Intensity scales in (a)
N
55&# and (b) are different. In (b), the 12; band is shown trun-
i cated at ~85% of its true peak intensity which is ~20% of the
e
~fh' Og intensity. Vibronic band positions are indicated relative
e
l. i -
ﬁ:* to the 35402 cm ! Og transition. Assignments are given in
" the figure for some of the features and selected lifetimes are
W shown in parentheses (in ns). The reported lifetimes are
" - .
) measured in emission by single vibronic level excitation of the
v
;;1 vibronic bands indicated. Several vweak features appear in the
-:iQ spectrum with narrow (2-3 cm-1) linevidths and are assigned
- e
-..':\‘ P
Ao to impurities in the sample.
A -
t -
SO
:j-; Figure 2 Expanded View of the Acetophenone 82 02 Band observed in
L. 2
N Photoexcitation. The spectrum is normalized to the laser
7
‘};3 intensity and displayed relative to the center-line wavenumber
o
2 of 35402 cm 1. The open circles in the lower left portion of
{ i' the band are fit to a Lorentzian lineshape with T = 20.5 cm'1.
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