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The Ti(nzt*) — S transition of 2-cyclopenten-1-one (2CP) was investigated by using phosphorescence
excitation (PE) spectroscopy in a free-jet expansion. The origin band, near 385 nm, is the most intense feature
in the Ty(nr*) — S PE spectrum. A short progression in the ring-bending metlg is also observed. The
effective vibrational temperature in the jet is estimated at 50 K. The spectral simplification arising from jet
cooling helps confirm assignments made previously in the room-temperature cavity ringdown (CRD) absorption
spectrum, which is congested by vibrational hot bands. In addition to the origingragsignments, the
jet-cooled PE spectrum also confirms the; 26=0 out-of-plane wag), 29(C=C twist), and 1§ (C=0
in-plane wag) band assignments that were made in i{resf) — S, room-temperature CRD spectrum. The
temporal decay of the Tstate of 2CP was investigated as a function of vibronic excitation. Phosphorescence
from the ' = 0O level persists the entire time the molecules traverse the emission detection zone. Thus the
phosphorescence lifetime of thé = 0 level is significantly longer than the 2s transit time through the
viewing zone. Higher vibrational levels in thq $tate have shorter phosphorescence lifetimes, on the order
of 2 us or less. The concomitant reduction in emission quantum yield causes the higher vibronic bands (above
200 cn1?) in the PE spectrum to be weak. It is proposed that intersystem crossing to highly vibrationally
excited levels of the ground state is responsible for the faster decay and diminished quantum yield. The jet
cooling affords partial rotational resolution in the(iz*) — S spectrum of 2CP. The rotational structure

of the origin band was simulated by using inertial constants available from a previously reported density
functional (DFT) calculation of the 1{nz*) state, along with spin constants obtained via a fitting procedure.
Intensity parameters were also systematically varied. The optimized intensity factors support a model that
identifies the 9(w,n*) <— S transition in 2CP as the sole source of oscillator strength for thea) — S
transition.

Introduction of triplet and singlet excited states of medium-sized molecules.
In some cases, the accuracy of these excited-state calculations

Triplet excited states often play a central role in molecular is approaching that of the ground state.

photochemistry. Low-energy triplet states may be readily ] . . )
populated in a solution-phase environment, via rapid nonradia-  Vibronically resolved spectra provide a rigorous test of
tive relaxation (intersystem crossing) from an initially photo- COMPuted potential surfaces, via comparison of experimental
excited S state! Once the excited system reaches the triplet V€rsus calculated vibrational frequencies, _electron_lc exmtatloq
surface, it is especially prone to chemical reaction, due to a energies, and geometry changes associated with electronic
diradical electronic structure and slow radiative decay rate. The €xcitation. Comparisons with experiment are critical for refining
return to the ground state typically occurs via-F S surface the computatlonal met_hods useql to treat _excned st_ates. Spec-
hopping that is enhanced in regions where the two states are inffoscopic data are routinely obtained for singlet excited states,
close proximity with one another. Thus thedxcitation energy, but the experimental database for triplet excited states is far
as well as the shape of the triplet potential surface, can stronglyless well developedessentially because singietiplet transi-
influence ground-state product formation. In such cases, char-tions originating from the ground state are nominally spin-
acterization of the triplet potential surface is an important step forbidden. To obtain the crucial experimental benchmarks for
toward understanding or predicting photochemical outcomes. testing triplet-state calculations, we have employed the cavity
The computational chemistry community is making signifi- fingdown (CRD} spectroscopic technique in prior studfes.
cant progress in characterizing excited-state potential surfacesHere we report continued work, this time using phosphorescence
Improved ab initid and density functionaf methods are making ~ €xcitation (PE). Both PE and CRD are very sensitive and permit
it possible to calculate, with increasing accuracy, the properties detection of | — S transitions in the gas phase.
We have recently used CRD spectroscopy to investigate
* To whom correspondence should be addressed. E-mail: druckers@ T(n,7*) < S transitions of simple cyclic enoné$.0ne of these
UW?;-S%‘:J-E Universit compounds, shown in Figure 1, is 2-cyclopenten-1-one (2CP).
v Figure 2 shows a CRD spectrum of 2CP recorded at room
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8 University of Wisconsin-Eau Claire. temperature. This spectrum was obtained previduahd is
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(o] excitation energy of 2CP, as well as several fundamental
z(a) vibrational frequencies in thelTstatg. The vibrational level
structure observed for the ring-bendingd) mode also made
‘ 2 it possible to fit a potential-energy function for this vibration
in the T; state, to complement experimentally determined ring-
x (b) bending potentials previously established for the grétadd
Si(nr*) 13 states. The {n*) excitation energy and vibrational
frequencies have been compared to predictions from several
computational studies of 2CP4

Vibronic assignments in thei{hz*) <— Sy CRD spectrum
were ascertained by comparison with calculategh7z*)* and
experimentally known $n,7*) 13 vibrational frequencies. Known
370 375 380 385 grounql-state.combln'atlon dlffergnéésas well as observed

L . . . ! . ! deuterium shifts provided a consistency check. However, some
uncertainty has remained in the absolute assignments, due to
the possibility that a given vibronic band or entire progression
in the room-temperature spectrum is built upon a vibrationally
excited but unassignable ground-state level. In fact, the large
majority of the observed transitions at room temperature must
be hot bands (those originatingdti > 0), as a consequence of
the several low-frequency and FrareRondon active vibra-
tional modes in 2CP3

\ﬂ T 1'90 T T ‘[ ‘f" Hot-band congestion in the room-temperature CRD spectrum
1

2CP

Figure 1. 2-Cyclopenten-1-one, along with coordinate system used
in the rotational analysis.
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CRD
Absorption —

30 29330, has particularly hampered our efforts to characterize the higher-
frequency vibrational modes in thg(h,7*) state. Starting at a

Q
o
§ - 30; frequency about 500 cm above the T origin, vibronic hot
g ‘é’ bands (shown in the upper trace of Figure 2) associated with
S o . . the S(nr*) — S system appear with intensities greater than
'§§ Si(nm)—S, Ti(nm)—S, those of the T(n*) < S cold bands. The higher-frequency
g region of the CRD spectrum (not shown) is congested wjth S
o l 0! — S hot bands. Near the;Qrigin (+1255 cn1! relative to
°J29} T1), these spin-allowed transitions become increasingly intense
00 02 and preclude observation of any of spin-forbidden<t S
o vibronic bands. In particular, it has not been possible to locate
27000 ' 26500 26000 the triplet G=C or C=0 stretch fundamentals, whose vibronic
bands are predictédo be nearly coincident with the;S— S
Excitation Frequency (cm-) origin band.

Figure 2. Upper trace: room-temperature cavity ringdown (CRD) The general spectral congestion present in the CRD spectrum
spectrum of 2CP vapor (1.6 Torr) containediil meell. The spectrum  hag also made it difficult to analyze the rotational contours of
shows the T-- S origin band near 385 nm, a series of singteiplet the vibronic bands. Such an analysis would be useful for
vibronic bands at higher frequencies, and then the onset of & luating th ’ f tadtati | tants. Th
hot-band transitions near 375 nm. This spectrum was recorded eva ga Ing the accuraCy or compute .a |pna constants. . e
previously and is reproduced from ref 7. Lower trace: jet-cooled rotational contours could also offer insight about the singlet
phosphorescence excitation (PE) spectrum of 2CP. This spectrum is aexcited state or states that contribute oscillator strength to the
composite of several single scans recorded over adjacent wavelengthT;(n,7*) < S, transition.
regions. The vibronic bands to the left of the dotted line were previously ; ; : ; ; ;
assignod to the S(n.7%) — S, system: the bands to the right of the Motlvated b_y the desws to (1) confirm our previous vibronic

: : > o assignments in the{h,7*) — Sy CRD spectrum, (2) locate
dotted line were previously assigried Ti(n7*) — So. . .

the higher-frequency triplet bands submerged bfn 3*) —

reproduced here to facilitate comparison with the jet-cooled PE So hot bands, and (3) characterize the rotational contours of the

spectrum we describe below. The room-temperature spectrumViPronic bands, we undertook to record the<t S, spectrum
in Figure 2 includes the {{n7*) — S origin band at 25956 under supersonic expansion conditions. The cooling obtainable
cmT and spans the region from150 cnr? to +850 cntt in this environment eliminates nearly all the vibronic hot bands,

relative to the origin. and further reduces spectral congestion by narrowing the

Our interest in 2CP stems from a considerable body of com- rotationgl profiles 9f the gbservable cold’(= 0) ba'nds.
putational work on the excited states and photochemistry of the ~ Free-jet expansion, using a pulsed nozzle of circular cross
prototype conjugated enone, acrolein (&#€H—CH=0),° and section, provides a convenient and routine way to effect the
its cyclic analogg? The lowest-energy triplet states of these cooling. However, this experimental arrangement is not ideal
molecules-nz* and zt*—are involved in much of the  for absorption experiments such as CRD, because of a significant
photochemistry. For the cyclic enones, the electron configuration sacrifice (-100x) in path length. We thus turned to phospho-
and geometry of the prepared triplet state strongly influence rescence excitation (PE) spectroscopy. In prior studies of several
the photochemical mechanism and outcome of a given reac-molecules, PE has been used successfully to record jet-cooled
tion.11 spectra of singlettriplet transitions involvingr* < n excita-

The CRD absorption spectrum of 2C#ffered the first direct, ~ tion.*4
experimental structural probe of a cyclic enone triplet state.  Our choice to pursue PE for;Tstudies of 2CP was also
Vibronic analysis of the CRD spectrum provided thgnlz*) motivated by a previous fluorescence excitation (FE) experiment



Phosphorescence Excitation Spectrum of 2-Cyclopenten-1-one J. Phys. Chem. A, Vol. 111, No. 34, 2008359

on the $ state. In 1991 Cheatham and La&heeported the 0.15 V]
jet-cooled FE spectrum of the@,7*) <—— Sy band system. The
signal-to-noise ratio (S/N) in this experiment was excellent
(>1000), despite the characteristically low oscillator strength
(f = 0.0013}* associated with an* < n out-of-plane transition
moment. The high quality of the FE spectrum implies that 2CP ;
has an appreciable quantum yield for emission from tife8)
state. This characteristic is not shared by homologous molecule
such as acroleffi or 2-cyclohexen-1-on¥. Computational
studies indicate that for these conformationally flexible enones
(where twisting about the€C bond is permitted), a very fast
nonradiative decay path is available from a photoexcitest&8e

to highly vibrationally excited levels of 310 This decay path
includes a portion of the T(n?*) surface, and so the flexible
enones might be expected to have negligible phosphorescence  0.00 1— T T T . : ; : .
quantum yield following triplet excitation. For the more rigid 0.5 1.0 1.5 2.0 25
2CP molecule, in which fluorescence is observed from the

Time
Si(n,r*) state, we expected to observe phosphorescence from ) ) (us). . .
the Ty(n.7*) state Figure 3. Oscilloscope traces showing emission decay following laser

Indeed f di limi ¢ t . excitation of 2CP. Traces A and B correspond to excitation of the T
ndeed we found In preliminaryoom-temperaturesxperi- — S 08 and 1% transitions, respectively. Trace C corresponds to

ment; t.hat It was pOSSIb!e to record a<F So PE spectrum in excitation of the $-— S 0 transition, and was recorded using a lower
the origin band region, with comparable S/N to that of the CRD  photomultiplier gain than in A and B. The “spikes” appearing at 0.75
absorption spectrurhTo contend with the spin-forbiddenness us in A and B are electronic artifacts attributable to the increased
of the transition, it was necessary to use relatively high laser photomultiplier gain. The heavy line in C indicates an exponential fit
pulse energies 23 mJ) and high photomultiplier gain. Having  (z = 330 ns) to the §— & fluorescence decay (thin line). The inset
optimized the experimental conditions for observing phospho- shows the oscilloscope traces over a longer time scale; in the case of

: : - . . trace A, this view points out an abrupt loss of emission signal as the
rescence in a roqm temperature static cell, we initiated the jet phosphorescing molecules travel out of the detector viewing region.
cooled PE experiments presented here.

The phosphorescence excitation spectra were recorded by
Experiment Section integrating the emission signal over a user-chosen time window.
The experimental work was carried out at Purdue University, Y& t00k advantage of the long phosphorescence lifetime to
using a free-jet expansion laser-induced fluorescence chambefdiScriminate against scattered light and to minimize interference
that is described in detail elsewhéfeBriefly, helium was  from shorter-lived $excited vibronic states. We typically chose
passed through a reservoir heated to aboutContaining a & time window of duration~1 us, beginning 500 ns after the
liquid sample of 2CP. The vapor pressure of 2CP at this Ia_lser fired _and encompassing the maximum ph_osphorescence
temperature is 2.7 kPa (20 Torr). The sample was purchaseds'gnal- The integrated signal was then plotted against Wave_len_gth
from Acros with a purity of 98% and used without further (or wavenumber) to produce the phosphorescence excitation
purification. A pressure of 6 bar helium was applied behind SPectrum.
the pulsed valve (General Valve, series 9). A nozzle with 0.8
mm orifice diameter was used. The free-jet expansion was
crossed by the frequency-doubled output of a Nd:YAG-pumped  Vibronic Analysis. Figure 2 shows the PE spectrum of 2CP
tuneable dye laser operating at 20 Hz1-1.5 mJ/pulse). recorded under jet-cooled conditions. The origin band of the
Phosphorescence from the sample was collected by two 4 in.Ti(nsr*) — S transition appears at the low-frequency end of
mirrors, which focus the collected light through a small( the spectrum. A system of;T— S vibronic bands appears
cm) hole in one of the mirrors, via a design similar to that of toward higher frequencies, until the(8,7*) — S origin region
Majewski et al*® and Plusquellic et &° The phosphorescence is reached at 1255 cr relative to the triplet origin. The S-
was collimated, directed through a 400-nm long-pass edge filter S, bands are identified by their previously determifdrequen-
(Schott glass), and onto a photomultiplier tube. The photomul- cies. The $— S bands are also much more intense than those

0.10 1

0.05-

Photomultip‘fer Signal (V)

Results and Discussion

tiplier output was sent to a digital oscilloscope. due to the T— S transition; in fact, the intensity of the; S
An oscilloscope trace, reproduced in Figure 3, shows the S origin band exceeds the dynamic range of our detection
photomultiplier output following excitation of the; F- S origin system (as configured for phosphorescence measurements), and

band. At the beginning of the time profile is a large scattered- therefore the singlet origin appears with a distorted band
light spike. The width of this spike is about 10 ns, reflecting a maximum in Figure 2.

convolution of the laser pulse shape with the response function In addition to differences in intensity, the rotational band
of the photomultiplier tube and electronics. The spike is followed contours distinguish T<— S from S < S transitions. The T

by a slow (microsecond-scale) phosphorescence decay, and ther- S bands are narrower, as a consequence of distinctly different
a relatively fast dropoff in signal, which is an artifact attributable rotational selection rules for singlet versus triplet transitions.
to the excellent spatial selectivity of the collection mirrors. The The rotational selection rules and band contours are discussed
molecules are excited at the focal point of the collection optics; further in the final section of this paper.

as the phosphorescing molecules move away from this point, Figure 4 compares the room-temperature CRD spectrum with
the efficiency of light collection drops dramatically. This the jet-cooled PE spectrum in the ¥ S origin region. The
phenomenon caused the emission signal to appear as arndicated assignments in the room-temperature spectrum are
essentially flat “shelf” which lasted roughly before the fast ~ those we ascertained in our previous investigdtieith the aid
dropoff took over. This prevented us from determining the of deuterium substitution as well as known ground-state
phosphorescence lifetime quantitatively. combination differences.
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The vz ring-bending mode of 2CP has significant anharmo-
Room-Temp CRD 0, nicity; this is evident from the nonuniform spacings between
the @, 30}, 30, and 3§ sequence members in the room-
temperature CRD spectrum (Figure 4). In our previous analysis
of that spectrund, the symmetry-allowed 30and 3§ bands
were particularly useful in characterizing the triplet-state ring-
bending potential, as these band positions (together with ground-
state combination differences) established dfe= 1 andwy,

= 3 level energies. In the present jet-cooled investigation,
detection of the 3bband with very low-intensity establishes
definitively that it is a hot band and secures its original CRD
assignment. This adds further confidence to thg energy-
level structure we derived previously for the triplet state, as well
as to the fitted ring-bending potential.

In the absence of vibronic interaction thejzthd 3¢ bands
are symmetry-forbidden, because the vibrational overlap integral
for an out-of-plane modea(’) vanishes ifAv = odd and the
molecule remains planar in the excited state. Thea@ 3¢
bands are indeed weak in the CRD spectrum, and their
assignments are uncertain due to a congested background. Hence
Jet-Cooled PE in our previous analysis, we did not rely on the;2thd 3¢
—— 77T bands to determine theg,, level energies in the {Istate. These

bands are not observed at all in the present jet-cooled spectrum
500 400 300 200 100 0 -100 of the Tu(nr*) — S transition.
Frequency Shift from T, « So Origin (cm'1) Howevgr, several symmetry-.forbid.den vibrpnic pands are
observed in the $n*) — S region (Figure 2), including 1%0
and 3@. These bands had been observed in previous absorp-
tion?! and fluorescence excitatibhstudies of the §n,z*) ~—

As expected, the jet cooling effects a dramatic reduction in S, band system. The 303nd 3@ bands are made partially
spectral congestion. The cold spectrum provides immediate allowed by vibronic mixing of the §n,z*) state, which has
confirmation that the bands originally assigned ésaﬂd 3@ A" symmetry, with an electronic state 8f symmetry—most
(ring-bending excitation) do indeed originate in the zero-point likely Sy(,77*). In that case, the fw,7*) state would carry the
level of the ground state. Both of these bands follow the oscillator strength for the transition.
selection ruleAvso = even. This selection rule is applicable A corresponding vibronic mixing is also plausible between

Figure 4. Comparison of the room-temperature CRD spectrum of 2CP
(recorded previously)with the present jet-cooled PE spectrum.

becausers is an out-of-plane modea( symmetry in theCs the Ty(n7*) and T(r,7*) states, and this would lift thé\vzo
point group), and a geometry change occurs alongifie = even symmetry restriction in they(i,7*) — So spectrum.
coordinaté’ upon excitation to the fstate. However the F(w,7*) state would then need to carry the

The 34 transition also follows the symmetry selection rule oscillator strength, which is implausible because ther;it*)
and is observed in both the CRD and PE spectra. Although the— S, transition is even more strongly spin-forbidden than the
30} transition originates in a vibrationally excited level, the Ti(nm*) < $.22 This argument could explain the absence of
fundamental frequency afsg is only 94 cnt! in the ground Awvso = odd transitions in the triplet region of the PE spectrum.
electronic state, leading to a Boltzmann factor of 0.64 at room  Like v, thev,s (C=0O out-of-plane wag) anthg (C=C twist)
temperature. Thus, the BMand appears with appreciable vibrational modes are @’ symmetry; however, their forbidden
intensity in the room-temperature CRD spectrum. In the ground Ay = 1 transitions do appear in the, = Sy PE and CRD
electronic state, the population of, = 1 diminishes signifi-  spectra. Vibronic interaction between(i,7*) and T(,7*) is
cantly under the vibrational cooling conditions of the jet not likely to facilitate observation of such transitions, as implied
expansion. Accordingly, the 3®and is just barely detectable by the discussion above. It is possible that thg a8d 2¢
in the jet-cooled PE spectrum. Thei&ﬁ 08 intensity ratio is bands gain intensity via vibronic interaction within the singlet
1:30. This ratio depends on the effective vibrational temperature manifold, involving the singlet state or states to whiglinz*)
in the jet expansionTi,) as well as the FranekCondon factors is coupled by spirrorbit interaction. This type of indirect route
(FCFs) of the two transitions: has been discussed by Tomer etdlin their analysis of the
Ti(n*) — S PE spectrum of pyrazine.
1_ |(30D _ FCF(3q) - exp(—Taf KT,1) The appearance of the ?Snd 2% vibronic bands under jet-
30 |(og) FCF((g) 3 ib cooling conditions has helped us to secure their assignments
originally made in the room-temperature; 7 Sy CRD
From the room-temperature CRD spectrum, FCE@O spectrum. Figure 4 shows how the PE spectrum readily picks
FCF(®) ~ 0.5. This value, when substituted along withy out the vyg v5, and vjq (C=0O in-plane wag) triplet-state
into the above expression, leadsTg, ~ 50 K in the present ~ fundamentals amidst a congested background of unassigned hot
jet expansion. This same temperature of 50 K was reported bybands in the room-temperature CRD spectrum.
Cheatham and Laak®in their jet-cooled study of the 2CP; S The vibronic band labeled * (at 311 crhrelative to the
— S transition, using Ar carrier gas at a stagnation pressure of 25 956 cm® origin) in Figure 4 appears in both the CRD and
2 bar (as compared to 6 bar of He used in the present PE spectra but was not previously assigned. This band most
experiment). likely has av'" = 0 lower-level assignment, due to its presence
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in the jet-cooled PE spectrum. However, we know based on . w /
the vibronic analysis above that the unassigned band is neither 30, v rv‘\\km

30!

a fundamental in the 1{n7*) state nor part of a low-frequency
progression within the <— Sy system. As a result, the isolated
cold band is tentatively assigned as a member of the strongly’
forbidden h(w,7*) — Sy band system. In previous computa-
tional studied?¢-23the T, — S band origin was predicted to be
nearly isoenergetic with that of the; T S system. We
therefore tentatively assign the band labeled * at 26 267'cm
to the T, — S origin band.

Emission Lifetimes and Quantum Yields.Because PE relies
on detection of emission, whereas CRD is absorption-based,
the patterns of vibronic band intensity differ in the two spectra.
For example, although both spectra show a reducédaaﬁd
intensity compared to the origin (reflecting a decreased Franck
Condon factor), the intensity reduction off;i@ more severe in 500 9TAER  2TANM  OT2EN 97200 977
the PE spectrum. The other assigned bands in the PE spectrum, 27500 27450 27400 27350 27300 27250
at higher frequency, also show a much larger intensity reduction Excitation Frequency (cm")
(compared to the origin) than would be predicted from the CRD
absorption spectrum. These. observations sggggst that th?(C=O stretch) and 33(C=C stretch) vibronic bands are expected for
phosphorescence quantum yield decreases with increased Vig,q T, — S transition. This region includes tha S~ S band system
brational excitation in the state. near its origin (27211 cn) and contains several relatively intense

This conclusion is also supported by direct observations of singlet bands. The arrow points to a particularly sharp band, at 1499
phosphorescence lifetime. As indicated in the Experimental ¢M *above the T~ S, origin, that is tentatively assigned as the triplet
section and shown in Figure 3, the lifetime of thezEro-point 55 or 60_transmon. The inset shows an expanded view of t_he spectrum
level significa_ntly_ exceeds the molecule’® us transit time _ 3\2‘% e?g:g;] 2?; pasiic:?h ::] itmhzh;rgi nbgggctrricn?-rded using a smaller
through the viewing region of the phosphorescence detection
system. However, the lifetimes of the &xcited vibronic states g, bands in this region indicates a dramatically decreased
are significantly shorter than this. The assigned bands in the phosphorescence quantum yield for thgafid 6 transitions
200-500 cnr* region of Figure 4 exhibit phosphorescence (compared to the origin), and suggests thatthe 1 andvy =
decay that is nearly complete by the time the molecules have states are particularly susceptible to a nonradiative decay
traversed the detection viewing region. An example is ﬂﬂp 19 process.
band; its phosphorescence decay trace is shown in Figure 3. We do observe a very weak but comparatively sharp feature
Quantitative lifetimes are difficult to extract from such data, at 27 455 cm? (or 1499 cm! above the T— S origin), shown
because the decay of the excited state is convoluted with drop-jn Figure 5. This feature was not reported in the jet-cooled
off in detection efficiency as the molecules travel past the fluorescence excitation spectrum of theS Sy band system?3
collection optics. However an upper limit for the lifetimeg (  If the fluorescence excitation study employed a lower scanning
of these higher-frequency triplet vibronic states is approximately resolution than we used here, this sharp feature might not have
2 ps, the transit time through the viewing window. This is  heen detected previously. It is tentatively assigned as }ioe 5
shorter than the typical radiative lifetime for¥en 7*) state2* 6 band of the T— S system.
Thus it is plausible that, over the upper range of excitation OComputationaI results of GAeExpito et all® can help

energies in this experiment, a radiationless decay process isy, rationalize the diminished phosphorescence quantum yields
populating a manifold of non-emitting (such ag Background i, this excitation region. The calculations were aimed at
states. predicting the photophysical fate of conjugated enones following
A relatively rapid nonradiative decay could explain our S, excitation, but the results do bear on the photophysics of
difficulties in identifying the triplet-state €0 (vs) or C=C isoenergetic triplet states. The States were found to have a
stretch () vibronic band in the PE spectrum. Thg &nd 6 propensity for decaying nonradiatively through Tt), and
bands are both predictedt about 1450 crt relative to the  T(x,7*) intermediates, ultimately reaching highly vibrationally
Ti(n,r*) < S origin. They are also expected to have Franck  excited 3 levels. The fastest decay rates were predi€éend
Condon factors much larger than that of the origin band, basedare observed in solution pha&dpr the more flexible molecules
on geometry changes involved in at < n transition, as well in the series, such as acrolein or 2-cyclohexen-1-one. These two
as intensities observed in the(87*) — S absorption  flexible molecules are also found experimentally to have
spectrun?! Nonetheless, we see little evidence of triplet essentially zero quantum yield for Buorescence in a colli-
excitation in the PE spectrum at frequencies greater than 26 750sionless environmen§:26
cm™%, or about 800 cm! above the T— & origin. Figure 2 The more rigid 2CP molecule has a measurable fluorescence
shows the higher-frequency region. We do observe the intensefrom its § zero-point level (see Figure 3) and phosphorescence
S; — S origin band, as well as weaker fundamentals and hot from its T; zero-point level, so nonradiative processes may be
bands attached to it that involve the lowest-frequency vibrational slower in 2CP than in the more flexible enones. Nonetheless
modes. These;S— S vibronic bands congest the PE spectrum, the T; vibrationally excited levels are short-lived, particularly
but to a far lesser extent than in the same region of the room-in the vicinity of the S origin. Thus the nonradiative path S
temperature absorption spectrum. Therefore we would expect— T(nz*) — T(x,n*) — So, proposed by GafatExpito et
to observe thef;‘:and (% bands of the T— S system in the PE al.%¢ may be at least partially applicable to 2CP. The observed
spectrum, unless by coincidence they are submerged by thelifetime of the § zero-point level (Figure 3) is approximately
(relatively sparse) S— S bands. The absence of intense<f 330 ns, shorter than the radiative lifetime of abouslextracted

ty

nsi

27460 27450 cm’
302

S, S,
assignments

ission Inte

291300

Em

Tota

Figure 5. Region of the jet-cooled spectrum of 2CP in which tlﬁe 5
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Figure 6. Upper panel: jet-cooled spectrum of the 2GPT, origin

band, recorded using the highest-resolution scanning increment (0.03

cm 1) permitted with the dye laser system. Lower panel: simulated
and observed spectra of the ¥ S origin band. The simulation
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allowed for singlet-triplet vibronic bands. (ThéN quantum
number represents total angular momentum excluding electron
spin, in a coupling scheme analogous to Hund’s case (b) for
linear molecules.)

In order to analyze the rotational contour in further detalil,
we rely on a significant body of previous work on singtet
triplet transitions. Part of this work has focused on rotational
selection rules. Hougen, in a seminal treatment, derived the
selection rules for rovibronic singletriplet transitions of a near-
symmetric top?® Hougen treated the case Bby, molecules
explicitly, and through correlation techniques provided a guide
for specifying rotational selection rules for molecules of lower
symmetry. Spangler, Pratt, and Birss (SPB) carefully sum-
marized Hougen'’s results and used them to analyze rotational
structure in the jet-cooledF— Sy phosphorescence excitation
spectrum of glyoxat®

The present T— S spectrum of 2CP was recorded under
conditions similar to that of the glyoxal experiment of SPB. In
discussing rotational selection rules as well as line intensities
in the present work, we will rely on several conclusions of SPB,
with a few modifications to account for the difference in
symmetry between glyoxalCg,) and 2CP Cy).

Another prior contribution to the interpretation of singtet
triplet spectra takes the form of computer code written by one
of us (R.H.J3° and others, notably the unpublished work of F.
Birss. The former prograff was written originally for the
purposes of predicting and fitting singtetriplet spectra of
orthorhombic Cz,, D2, or Dap) asymmetric-top molecules,
including cases of large multiplet splittings. For the present
work, the program was modifi€® to include molecules such

represented by the red trace was conducted using parameter values listedS 2CP that are of lower symmetry than orthorhombic.

in Table 1, as well a3, = 30 K andux = 0. The blue trace represents
the same simulation, but with spiispin and spin-rotation constants
excluded.

from the integrated absorption strendg®iThis observation is

The rotational structure in any; 7= S transition ultimately
derives from the selection rules between the ground state and
the singlet excited-state or states that provide the oscillator
strength for the transition. Such singlet states are those having

consistent with a nonradiative decay process contributing to the (1) orbitally allowed transitions from the ground state, (2)
measured lifetime. Further studies to elucidate the photophysicsSignificant spin-orbit interaction with the Tstate, and (3) close

following S; or Ty excitation of 2CP would be valuable.
Rotational Analysis. Figure 6 shows the ;F— S origin band

energy proximity to T. For the f(nz*) — S transition of
2CP, the most significant contributor of oscillator strength is

recorded under jet-cooled conditions, using the highest-resolu-likely to be the $(z.7*) state. Although the &n.7*) state is

tion scanning increment (0.03 ci) permitted with our

closer to T(n,7*), the S(,7*) state has a much stronger spin

frequency-doubled dye laser system. The spectral bandwidthOrbit interaction with '[(n,n_*_).31 Moreover, the local symmetry
(fwhm) of the doubled output (near 385 nm) is estimated to be ©f the S(n7*) — S transition represents a rotation of charge

0.15-0.20 cnt,
The spectrum in Figure 6 shows three main structuees

from the n to ther* orbital, and so the oscillator strength of
this spin-allowed transition is itself very low. Thus thgrgr*)

narrow, intense central peak flanked by two broad and much Staté can be eliminated as a potential contributor of oscillator
weaker wings. Each wing contains an extended series of Strength for the J(n,7*) — S transition of 2CP.
resolved features whose maxima are separated by roughly These considerations also apply to the case of glyoxal, and

constant £0.4 cnT?) intervals. Although full rotational resolu-

the rotational structure in its;F— Sp spectrum was successfully

tion is not available under the present experimental conditions, modeled by SPB under the simplifying assumption that
the observed contour and pattern of resolved features broadlySx(7r,7*) is the only radiatively active state coupled te(if,7*).

indicate the underlying rotational branch structure of this
Ti(nr*) <— S transition. In the discussion below, we outline a

A primary goal of the present analysis is to demonstrate the
extent to which this same assumption is applicable to the

model for interpreting the contour and discerning the rotational T1(n7*) <— S origin band of 2CP.

structure.

For spin-allowed (e.g., singlesinglet) vibronic bands, the

The spacing of resolved peaks within the wings ranges from components of the transition dipole moment dictate the rotational

0.33 to 0.41 cm!. We may interpret this observation with the

selection rules and line strengths and hence determine the type

aid of calculated inertial constants available from a DFT study of rotational contour. These same dipole moment components

of 2CP in its Ty(n,7*) state? The calculation yielded B = (B
+ C)/2 value of 0.0999 cm' in the T state. In the ground
state, the experimental vaRfdfor B is 0.101 cnl. Thus the

sensitively influence the contour of any singtétiplet transition
that borrows substantial oscillator strength. So to analyze the
Ti(nr*) — S origin-band contour in 2CP, a starting point is a

resolved rotational features in the spectrum are separated bydiscussion of the fr,7*) < S transition dipole moment

approximately 8. A spacing of this magnitude corresponds to
the AN = +2 (S and O-form branch) transitions that are

specifically its components in a molecule-fixed coordinate
system.



Phosphorescence Excitation Spectrum of 2-Cyclopenten-1-one J. Phys. Chem. A, Vol. 111, No. 34, 2008363

Our choice of coordinate system is shown in Figure 1. The TABLE 1: Molecular Constants (cm~?) Used to Simulate the
z-axis lies in the plane of the molecule and coincides with the T1 — S Origin-Band Contour of 2-Cyclopenten-1-one

a principal axis. (The latter nearly lies nearly along the@ ground-state inertial constants

bond.) Thex-axis, also in the plane of the molecule, is identified A’ 0.24718

with the b principal axis. They-axis is perpendicular to the (B: 8-3;2;323

molecular plane and identified with This labeling of axes is ) o '

the same as othéfs!3have used for 2CP and corresponds to a  excited-state inertial constahts

type I representation for asymmetric rotors. This representation g, 8‘%‘11%‘51

is compatible with the existing computer c88or simulating c 0.082357

the r_otat|onal structure in singletriplet transitions of asym- spin-rotation constartts

metric rotors. 3 0.037
The S(w,7*) — S (A" — A') transition dipole moment is a 0.039

associated with the conjugated=C—C=C moiety. The spin-spin constants

conjugated bond system is oriented approximately in zhe a —0.25

direction, but the cyclic geometry of 2CP causes ther$*) p —0.25

— S transition dipole moment to have batlindx components. band origiri

They (out-of-plane) component, which transformsAis is zero Vo 25956.29

for the A" — A’ transition. a Experimental values from ref 27 Calculated values from ref 4.

In principle, the two dipole moment components of the ¢ Determined from the optimization procedure described in text.
Sy(m,m*) — S transition & and 2) could impart intensity to

each of three spin sublevel[ |y5) and |z of the Ty(n ) tions, we used experimentahnd previously calculatédhertial
state. This leads to the possibility that six separate intensity constants for the ground and triplet excited states, respectively.
parameters would be needed to model the TS, spectrum. We also used the least-squares fitting feature of the singlet

However we consider only thelspin sublevel to be coupled  triplet simulation program, although the spectroscopic data set
to Sy, ), based on arguments of SPBand of Chan and  for the 2CP origin band does not permit determination of
Waltor?2 pertaining to spir-orbit interaction in the analogous ~ 9enuinely optimized molecular constants. This is because the
glyoxal molecule. To model the;7— S, origin-band contour ~ SPectrum was not recorded at high enough resolution to permit
of 2CP, we employ two intensity parametezsanduy. These ~ assignment of individualK, AN, AJ rotational transitions.

represent the transition dipole integrals that connect the groundNonetheless, we did compile a list of the resolved maxima in
state to thezOsublevel of the triplet state. the wings of the origin band and nominally assigned these to

the O- and Sform rotational transitions expected to be most
intense. This enabled us to obtain, through a combination of
automated fitting and manual adjustment, sensible estimates of
spin constantsap, a = spin-molecular rotation interaction
constants%@34anda, 8 = spin—spin interaction constan#§}-34
representations iD,y,, the singlet-triplet transition moment i and a band_ ongm. Thes_e parameters were _f|xed durlng

P 2y 9 piet transition moment1s subsequent simulations, while we investigated various possibili-
zero.) ) ) ties for intensity parameter valuegy(and u;). During this

In the Cs point group (pertinent to 2CP), the four sets of process the inertial constants were held fixed as noted above.
Se|eCti0n rUIeS Coalesce intO two SetS, one for eaCh irreducibleThe imprecision Of the rotational assignments prevented us from
representationX andA”) in the group?® For the Ty(n*) state determining meaningful centrifugal distortion constants, so none

of 2CP @"), two groups of transitions are allowed, distinguished \yere included in the simulations. Molecular constants used in
by their AK selection rule AK = 0, 2 or AK = £1). When the simulations are listed in Table 1.

We turn next to the singlettriplet rotational selection rules.
Hougen derived four sets of selection rules along with intensity
expressions for al\K,33 AN, AJ allowed transitions. Each set
of selection rules applies to a different triplet-state orbital
symmetry in theDy, point group. (For four of the eight

only the |zOtriplet sublevel is considered, the first group of In our investigation we experimented with the relative
transitions is narrowed tdAK = 0 and involves the dipole magnitudes ofu, and u; in order to maximize agreement
moment operator, whereas the oth&K(= +1) involves thex between simulated and observed spectra. (We also coarsely
dipole componert® Both groups have allowedN = 0, +1, varied the effective rotational temperature in the jet, in incre-
+2 andAJ = 0, +1 transitions. ments of 5 K, until we obtained optimal agreementat= 30

The selection rules and intensity considerations outlined aboveK.) Below we show how the chosem/u, ratio affects the
are incorporated into a computer program we have used tosimulated band contour and how the optimal choice provides
simulate the rotational contour of the 2CP<F S origin band. insight about the source of oscillator strength in the<t S
An earlier version of the program has been described previously origin-band transition.
in detail3%@ That version is applicable to triplet upper states of ~ We first consider the limiting case gf, = 0. This case would
given symmetry in an orthorhombicC{,, Dy, or Dy,) point hold true if thesr-conjugated chromophore in 2CP were aligned
group. The program calculates asymmetric-rotor energy levels, exactly with thea inertial axis. It is a reasonable starting
including spin-spin and spin-rotation contributions. It then approximation, considering that the carbonyl moiety is es-
simulates the singlettriplet spectrum by using the one set of sentially coincident with the-axis, and the alkenyl fragment
selection rules and line strengths (out of four) that is appropriate has a significant component in that direction. Figure 6 (red trace)
for the given triplet-state vibronic symmetry. The present version shows the simulated contour in the = 0 limit, using Tyt =
of the prograr®®® deals with molecules ofs symmetry (such 30 K.
as 2CP) by calculating the energy levels under the higher, The use of a single intensity factonj means that the
orthorhombic symmetry constraints and then superposing two simulated spectrum contains omiK = 0 subbands, under the
groups of allowed rotational branchesi = 0, +2 andAK = model of intensity borrowing outlined earlier in this section.
+1). To determine the rotational energy levels for our simula- Among these subbands, the maximum intensity buildup occurs
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for the AN = 0 (Q-form) transitions that comprise that sharp
central spike in both the observed and simulated spectra.

Also seen in the simulated spectrum is a secondary maximum
on the high-frequency side of the central spike. This appears as
a shoulder in the observed spectrum. (The differing intensities
of the secondary maximum in the observed vs simulated
spectrum can be brought into closer agreement via the
intensity factor, to be discussed below.) The secondary maxi- o,
mum is due to overlappingK = 0, AN = 0, AJ = 0 transitions
at largeK (>5). Itis displaced from the band maximum because
of the combined effect of twd-dependences among these
Q-form branches: (1) the frequency shifts due to sfEpin
and spin-rotation interactioffsare proportional t&2, and (2)
the rotational line strengtAsare proportional td2. The blue
trace in Figure 6 supports this interpretation; it shows a
simulation with the same parameters as in the red trace, except

0.50

the spin-spin and spin-rotation constants are set to zero. In the 25050 25955 25960 25965
blue trace, the secondary maximum disappears becauadthe - 4
=0, AN =0, AJ = 0 branches are not subject to spin splittings. Excitation Frequency (cm')

In the red trace, where the secondary maximum does occur, itsFigure 7. Simulated and observed spectra of the- TS, origin band.
positions in the observed and simulated spectra agree very well.Simulations were conducted using parameter values listed in Table 1,
This agreement supports our choices for spin parameters listedn conjunction with the indicatedu. ratios andTr; = 30 K.

in Table 1.

The red trace in Figure 6 also shows reasonable agreemen
of the maxima that extend into the high- and low-frequency
wings. These features are th& = 0, AN = +2 (Sform) and
AK = 0, AN = -2 (O-form) branches, respectively. The
agreement seen within the branches adds confidence to the DFT
calculated values of inertial constants, as well as the spin
constants obtained in the optimization procedure described
above. The poorer agreement of the blue trace in the wings
indicates both the significance of the spin splittings and the
reasonably high accuracy with which they have been simulated
by the chosen parameters. The level of agreement in both trace
diminishes with increasinly’, likely attributable to the exclusion
of centrifugal distortion constants in the simulation. In a higher

anifested similarly in botiAK = 0 andAK = +1 subbands.

owever, when the maximupyu, of 1.5 is used (which affords
the best agreement in the central region), the intensities in the
wings become unrealistically large. Moreover, a large, ratio
(>1) in 2CP should be rejected on physical grounds: the
Sy(,m*) — S transition (which presumably supplies the
oscillator strength) has a conjugated chromophore that lies more
nearly along thea(z) axis than alond(x).

An improved simulation of the origin band would (1) lower
intensities in thé- andS-form branches (2) preserve the shape
of the contour in the central region of the band, and (3) rely
?‘ninimally on auy intensity factor. As discussed above, thi&
= +1 subbands (stemming froma intensity factor) appear
. . : . ) - to be necessary in the simulation for reproducing the relative
rgsolutlon expgrlment, It \.NOUId Ilkely. be p0§S|bIg to obtain a intensities of the central spike and its shoulder. However, it is
simultaneous fit of both spin and centrifugal distortion constants. possible to retain these subbands without ugipgxclusively.

Thus the spin constants in Table 1 are better regarded 8570 do this we relax a constraint imposed earlier in the discussion
reasonable starting estimates for such a fit, rather than quantita- intensity borrowing. In that discussion, we assumed that only

tive determinations on their own. the |zOtriplet sublevel is coupled to the radiatively active
Next we incorporate they intensity factor and thereby add  s,(7,7*) state. We now put this assumption aside and allow
AK = +1 subbands to the simulated spectrum. Figure 7 shows the |xsublevel to couple to SThe resulting mixed spin-orbital
the effect of increasing the/u. ratio from 0 to 1.5. A prominent  state is connected to the ground state byteansition dipole
change occurs within the centralll = 0, Q-form) feature of  component® thereby satisfying criterion (3) above. In addition,
the simulated spectrum. As/u increases, the intensity of the  the orbital symmetry required of the triplet state in this case
secondary maximum decreases and agrees better with that Obives risé® to the AK = +1 subbands that are apparently
the shoulder in observed spectrum. This is duadoumulation required for criterion (2) above.
of additional intensity in the main, most central Spike, relative Therefore as a final Step in the Simu|ati0n, we incorporate
to the secondary maximum. The additional intensity comes from gn additional intensity parameter, which we namBs), to
AK = £1, AN = 0 transitions at lowK"” (<5). Higher-K" augment ther, andy; intensity factors we have been using up
transitions in theQ-form branch are spread out into the wings  to this point. The latter two are renamedi@B1y) anduy(B1g),
and have little effect on the high-frequency shoulder of the respectively. The labels in parentheses stem from Hougen’s
central maximum. original derivation of the rotational line strengths and refer to
Thus incorporating th\K = +1, AN = 0 transitions can the spin symmetry of the triplet sublevel in tBe, point group.
bring the central region of the simulated spectrum into good In our application to 2CP und€}; symmetry, the three intensity
agreement with the observed. BecauseAKe= +1 subbands  factorsu,(Bsg), ux(B1g), andu(Big) give rise toAK = +1, AK
also contairS-andO-form (AN = 42) branches, itis important = 41, andAK = 0 subbands, respectively.
also to examine high- and low-frequency wings where the  Figure 8 shows the simulated origin-band contour, with the
partially resolvedAN = £2 structure is observed. As seen in ratio of intensity factorg(Bsg):ux(B1g):uAB1g) chosen as 0.5 :
Figure 7, increasing thAK = +£1/AK = 0 intensity ratio in 0.5: 1. In this simulation, the presence®™X = +1, AN=0
the simulations (by increasingyu; does not significantly subbands leads to good agreement in the central region, as was
change the maxima positions within tAN = 42 branches. seen earlier (Figure f/u, = 1.5) when theu,(Bsg) intensity
That is, the pattern formed by th quantum number is  factor was not considered. However, with th#B3g) parameter
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Figure 8. Simulated and observed spectra of the TS, origin band.

Simulations were conducted using parameter values listed in Table 1,

with the ratio of intensity factorsBsg):ux(B1g):1A(B1g) chosen as 0.5:
0.5:1 andTot = 30 K.

included as indicated above, tke= +1, AN = £2 intensities
are reduced to zero because the line strefigttales asd(Bsg)

— ux(B1g)].2 This affords better agreement between simulated
and observed intensities in the wings.

By using theu,(Bsg) intensity parameter, we consider tfx&l
sublevel of T(n,7*) to couple to the Hx,7*) state. The
magnitude of this spin-orbital interaction is expected to be small
but finite for the 2CP molecule. The interaction comes about
because the n orbital has a small amount of oxygemaracter,
and so gxp, spin-orbital function of T(nz*) can couple to
the v orbital of S(r,7*). In the limit of Cyp, symmetry, the n
molecular orbital would transform exactly as oxygen #nd
the spin-orbital interaction with ;§z,77*) would involve only
the |zOspin function of the T(n7*) state.

To summarize the rotational analysis, we have shown that it
is possible to simulate the;h7*) < S origin-band contour
of 2CP with reasonably good accuracy by using a model in
which the spin-allowed $n,7*) — S transition is the sole
contributor of oscillator strength. In the future, this model can
be used to analyze the origin band further if it is recorded at
full rotational resolution. The roughly optimized molecular
constants obtained in the present simulation (including-spin

spin and spin-rotation parameters) can be used as starting points

for a fully determined least-squares fit, once rotational assign-

ment of individualAK, AN, AJ rotational transitions is achieved.
In the present simulation, we fixed the triplet-state inertial

constants at values obtained from a DFT calculatidrhe

agreement between observed and simulated origin-band contour

(Figure 8) adds confidence to the DFT calculated results.
Improved agreement of features in thél = +2 wings would
presumably be realized by incorporation of centrifugal distortion

constants and by calculating the rotational energy levels under

non-orthorhombic (e.g.Cs*%) symmetry constraints. We will
undertake such modifications if a fully rotationally resolved
spectrum becomes available in the future.

Conclusions

The 2CP molecule is a prototype for understanding the rich
photochemistry and photophysics of the cyclic enones. Much
of the enone photochemistry is mediated by the lowest-lying
triplet states T(m7*) and T(r,*), and the roles of these states

S
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have been probed extensively in prior computational investiga-
tions1! In our spectroscopic studies of 2CP we are aiming to
acquire benchmark structural and dynamical information on the
triplet states that can be used to test the accuracy of computa-
tional predictions and refine the techniques.

In the present work we have used jet cooling to simplify the
vibronically resolved spectrum of the(h7*) < S transition.

This has enabled us to confirm the vibrational assignments made
previously in the room-temperature CRD spectrifine added
confidence in these assignments is important because several
of the vibrational fundamentals in the(h7*) state, as well as

the fitted ring-bending potential, differ markedly from those of
the S(n7*) state? The differences indicate that the ring is less
rigid in the triplet state than in the singlet. As we pointed out
in our previous CRD study, this suggests that in the triplet state,
the ng* chromophore is more delocalized to include the
conjugated ring atoms than in the singlet state. The present work,
in confirming the triplet vibronic assignments, adds further
support to that conclusion.

We have also investigated the lifetimes of the(nlz*)
vibronic states. We observe a pronounced shortening of the
phosphorescence lifetime at higher vibrational energy, particu-
larly around 1200 cmt, the region of the §n7*) <— S, origin.

We attribute the faster decay in this region to nonradiative
relaxation to the ground state. This nonradiative decay has been
invoked in previous computatiortfland solution-phase experi-
mentaf® investigations of enone photochemistry. The present
work constitutes the first state-resolved investigation of this
decay. Our findings set the stage for a jet-cooled CRD
absorption study that could characterize the lifetimes more
precisely via measurements of homogeneous line broadening.

Finally, the jet cooling has enabled us to record th@*)

— S origin-band rotational profile without congestion from
high-J" states or interference from vibrational hot bands. We
were able to simulate the rotational contour by using a model
in which the $(w,m*) <— S transition provides the oscillator
strength. This modeling process is an important step toward a
comprehensive spectroscopic characterization of #{e,#*)
state. The next step is to record thgnz*) <— Sy spectrum at
high resolution, so that the triplet-state molecular constants can
be determined quantitatively by least-squares fitting. This goal
has been achieved for just a handful of medium-sized organic
molecules (notably glyox&P acetaldehydéi* and pyrazine}#cd

The 2CP molecule, with its cyclic enone functionality, would
be a uniquely valuable addition to this list.
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