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The room-temperature cavity ringdown absorption spectra of 2-cyclopenten-1-one (2CP) and deuterated
derivatives were recorded near 385 nm. The very weak { M~* cm™) band system in this region is due

to the T, — S electronic transition, where; Ts the lowest-energ§(n,z*) state. The origin band was observed

at 25 963.55(7) cmt for the undeuterated molecule and at 25 959.38(7) and 25 956.18(#)fan2CP-5d;

and 2CP-5,5, respectively. For thedy isotopomer, about 50 vibronic transitions have been assigned in a
region from—500 to +500 cn1?! relative to the origin band. Nearly every corresponding assignment was
made in thed, spectrum. Several excited-state fundamentals have been determineddgdilimotopomers,
including ring-twisting {20 = 238.9/227.8 cm?), out-of-plane carbonyl deformation's = 431.8/420.3

cm™Y), and in-plane carbonyl deformation’{y = 346.2/330.2 cm!). The ring-bending i 30) levels for the

T, state were determined to be at 36.5, 118.9, 213.7, 324.5, and 446*4anthe undeuterated molecule.
These drop to 29.7, 101.9, 184.8, 280.5, and 385.6 ¢ar the -d, molecule. A potential-energy function of

the formV = ax* + bx? was fit to the ring-bending levels for each isotopic species. The fitting procedure
utilized a kinetic-energy expansion that was calculated based on the structure obtained for the triplet state
from density functional calculations. The barrier to planarity, determined from the best-fitting potential-
energy functions for thedy, -d;, and €, species, ranges from 42.0 to 43.5¢min the T; state, electron
repulsion resulting from the spin flip favors nonplanarity. TheaBd S states have planar structures that are
stabilized by conjugation.

Introduction o
Molecular triplet states often mediate photochemical events. H \ H

Characterization of triplet potential-energy surfaces is therefore HY

an important goal. This goal has fueled the ongoing effort within H

the quantum chemistry community to develop efficient com- H H
putational techniques for treating excited states (notably triplets)
as accurately as the ground stafeor some small molecules,
the T, state has been characterized via high-resolution spec-Figure 1. 2-Cyclopenten-1-one (2CP) and its deuterated derivatives
troscopy? providing important benchmarks to evaluate com- investigated in this work.
putational techniques. However, spectroscopic data are sparse,
because of the difficulty of measuring spin-forbidden-T S well characterized by infrared spectroscopgnd the $(n7*)
transitions. excited state by absorptidmand by fluorescence excitatidf.
Acrolein (CH,—CHCH=0), the simplest conjugated enone, BY contrast, the lowest-energy triplet surfaces of 2CP have not
has received close attention in computational studies of triplet been investigated spectroscopically, although the triplet states
statesh4 In photochemical dynamics simulations, the twisted have been the subject of several recent computational stud-
3(7,7*) state of acrolein is found to mediate the return to the ies®‘:*2one of which is reported in the paper that follows this
ground staté. The photochemical properties of acrolein have onel®The only reported experimental probe is a solution-phase
in turn stimulated interest in the triplet states of cyclic enones. determination of the lowest triplet energy using photoacoustic
Experimentdl and theoreticélinvestigations of cyclic enones ~ calorimetry’* In this paper, we present the first direct spectro-
have focused on the influence of structural rigidity on triplet- Scopic study of 2CP in its lowest triplet {tt) state. We have
state lifetimes. used the highly sensitive cavity ringdoWwr(CRD) technique
The 2-cyclopenten-1-one molecule (2CP), shown in Figure to record vibronically resolved absorption spectra of 2CP vapor
1 along with its 5¢ and 5,5¢l, isotopomers, is a simple cyclic ~ and its 5,5, derivative near 385 nm. The very wead{x <

enone analogous to acrolein. The ground state of 2CP has beed M~ cm™?) absorption band system in this region is due to a
spin-forbiddenz* < n electronic transition originating in the

2CP-d, 2CP-5-d, 2CP-5,5-d,

T Part of the special issue “Charles S. Parmenter Festschrift”. ground state. We designate this transition ah%*) — S.
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photoacoustic calorimetry experimé&ht(see the Discussion Telescope
section) and the computational study presented in the next
paperts
Our identification of the origin-band frequency in the CRD
spectrum offers a precise benchmark for evaluating computed
adiabatic excitation energies of tf(@,7*) state of 2CP. Existing
calculations span substantively different theoretical approaches. Photodiode
Garén-Expaito et al® used the CASSCF procedure to calculate Ringdown Cell /
the minima of theX(n*) and 3(r,7*) states, as well as their [& )
conical intersection. Sunoj et #l.calculated vertical and
adiabatic excitation energies of the two triplet states using both
ab initio (CIS) and density-functional techniques. Froese &t al. L L
applied an integrated molecular orbitalmolecular mechanics
method to calculate triplet-state adiabatic excitation energies
for 2CP and larger cyclic systems. Most recently, Choo &t al.
used a density functional technique to calculate the energy FigL_Jre 2. Schematic diagram of the experimental setup used to record
minima as well as fundamental vibrational frequencies for the €aVity ringdown (CRD) spectra.
3(nr*) and 3(r,m*) states of 2CP. A comparison of calculated i o
and experimental(n,7*) excitation energies is presented by 1€ dye laser output (typically a few mJ/pulse) is directed
Choo et al3 through a focusing telescope in order to reduce the beam
We have assigned about 50 vibronic bands in the CRD o!iameter to about 1 mm. The Iaser_ then enters the _cavity
spectrum in a region from-500 to+500 cnT? relative to the ringdown sample ceII_, which is a stainless ste_eletlem in
T1— S origin. This has permitted determination of fundamen- 1€ngth, bounded by high-reflectivity concave mirrors (VLOC,
tals for several low-frequency vibrational modes in thestte. quotedR = 0.999) with 6-m radii of curvature. The mirrors are
For the lowest-frequency modés (ring-bending, also called vacuum-sealed to the ends of the cell using mirror mounts (Los

ring-puckering), we have determined the first five energy levels Gatos Research) equipped with adjustment micrometers. The
in the T, state. light exiting the cell is detected by a PIN photodiode (Thorlabs

In this paper, we place particular emphasis on the ring- DET 110) that has a 20-ns rise t.in)e. The. photodiode signa! is
bending mode, as its energy-level pattern in thenF*) state sent to the 50-(_)hm input of a dl_gltal oscnlosco_pe (Tektronix
is found to depart significantly from that of a harmonic DS 3054). Aninternal 20-MHz filter removes high-frequency
oscillator. This behavior was seen previously in thé83nd components, and the resulting exponential decay signal is
Si(n.7) 10 states. The ring-bending vibrational mode of 2cp captured by the oscilloscope.
was first investigated in the far-infrared region by Chao and  The decay traces from typically eight laser pulses are averaged
Laane’ who found a series of bands between 94 and 116lcm  and then uploaded to a computer, where the rate constant is
The potential function for this mode was determined and showed determined (along with amplitude and baseline) using a
the molecule to be planar and relatively rigid in the electronic Nonlinear least-squares (Levenbefdarquardt) routine. The
ground state. Cheatham and Laane reanalyzed the far-infrared=RD spectrum is recorded as a plot of the decay rate constant
spectrurd and also investigated the fluorescence excitation K VS wavelength.
spectrum® associated with the;State for the do, -d;, and € Wavelength calibration is accomplished by using the opto-
isotopic species. From the far-infrared data, which included ring- 9alvanic signal from argon in a hollow-cathode lamp. The
bending transitions in the ring-twisting) excited state, both ~ Wavelength accuracy of sharp, unblended features in the CRD
a refined one-dimensional potential function and a two- SPectra is estimated to be0.001 nm (0.07 cmt).
dimensional potential-energy surface were determined. The 2-Cyclopenten-1-one was obtained from Acros and used
fluorescence excitation data allowed the ring-bending potential Without further purification. The 5,8 derivative was prepared
function for the $ state to be calculated. This showed the as described by Chao and Ladriecause this preparation also
molecule to be less rigid in the electronic excited state, resulting yields a few percent of the 8 isotopomer, several of the
from the reduced conjugation. spectroscopic bands for that species could also be observed.

In the present investigation, we were interested in determining TO record a CRD spectrum, the cell was initially filled with
what effect the combination of reduced conjugation and flipping 2CP at its room-temperature vapor pressure of 2 Torr. After a
the electron spin would have on the ring-bending potential few hours, the cell pressure typically dropped to 1.6 Torr due
function and the rigidity of the ring. The CRD data for the to adsorption of 2CP onto the stainless steel cell walls.

Dye Laser

Computer Oscilloscope

Ti(n,*) state help to answer that question. CRD spectra of 2CRp are shown in Figures-36. In these
i ) figures, the CRD spectrum of the evacuated cell has been
Experimental Section subtracted to eliminate the effect of changing mirror reflectivity

Cavity ringdown spectra were recorded using the pulsed laseron the baseline. Because the mirror reflectivity is a very smooth
system at the University of Wisconsiitau Claire. A schematic ~ function of wavelength, it was possible to substitute the recorded
diagram of the experimental setup is shown in Figure 2. A empty-cell spectrum with a noiseless one generated by using a
tuneable dye laser (Lambda Physik ScanMate 2E) is pumpedhigh-order polynomial fit. Subtraction of the empty-cell spec-
by the third harmonic (355 nm) of a Nd:YAG laser (Continuum trum has permitted determination of the fractional photon loss
Surelite 1) operating at 10 Hz. The dyes Exalite 376, 384, and due to molecular absorption. The fractional loss per pass through
392A (Exciton) are used to cover the wavelength region from the cell is Ak)l/c,*> whereAk is the CRD decay constant with
372 to 395 nm. For medium-resolution scans as conducted inempty-cell value subtractetljs the length of the cell, andis
the CRD studies of 2CP, the dye laser is used without its the speed of light. The CRD spectrum in Figure 3 indicates the
intracavity Etalon, resulting in an output bandwidth of ap- fractional photon loss, as well as the molar extinction coefficient
proximately 0.1 crmnt. that follows from application of Beer’s law.
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Figure 3. Room-temperature CRD spectrum of 2CP vapor (1.6 Torr), , , , , , , ,
showing the T— S origin band near 385 nm, as well as the onset of 150 100 50 0 50 -100 -150
S — S transitions near 375 nm. This spectrum is a composite of several
single scans recorded over adjacent wavelength regions. The wavelength Frequency shift, cm”’

increment within a scan was 0.001 nm. The empty-cell spectrum

(simulated by a polynomial fit; see text) has been subtracted. Figure 5. Continuation of the spectrum of Figure 4, showing vibronic

assignments in the region of the; 7~ S origin band. Vertical
Wavelength, nm displacement of upper (expanded) trace is different from that of Figure
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Figure 4. CRD spectrum of 2CP (1.6 Torr), showing vibronic

assignment_s of the;F— So band systemin a regi_on to high wavenL_meer Frequency shift, cm’

of the origin band. This spectrum was obtained by subtracting the _. . . . . . .
simulated empty-cell spectrum from the average of two sample scans, Figure 6. Continuation of the spectrum of Figure 5, showing vibronic

The wavelength increment was 0.001 nm. The upper trace has beer@SSignments in a region to low wavenumber of the-T S, origin
vertically displaced after expansion by a factor of 5. band. Vertical displacements of expanded traces are different from that

of Figure 5.
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The signal-to-noise ratio of the;T— S origin band is

approximately 250. For the weakest detectable assigned absorp(-ax'[endS to abffot 27000 cman.d approaches the §- S origin
tion band (19, see inset of Figure 6), the fractional photon at 27 210 cmt.1? Several relatively intense bands are observed

loss per pass through the CRD cell is about 50 ppm. Off- at the extreme blue end of the CRD spectrum, one of which
resonance noise in the CRD spectra is due predominantly tohas been previously assigiieas the $— S 19,° transition

mode-beating that is evident in the ringdown decay curves. The (7464 cnT* relative to the singlet origin).

mode-beating could in principle be eliminated by installation ~ The most intense transition in the red end of the CRD

of a spatial-filtering pinhole at the focus of the beam-reducing Spectrum, observed atlydi/dz) 25 963.55(7)/25 959.38(7)/

telescope. 25 956.18(7) cm?, is assigned as the, - S origin band. This

assignment is based in part on a comparison to the band

intensities in the 5— S spectrun?°The § — S origin band

has a large FranekCondon factor, because the molecule
Vibronic Assignments. Figure 3 shows the CRD spectrum remains planar following excitation. (By contrast, nonconjugated

of 2CPdy vapor in a 1000-cmt region that includes the 385-  enones undergo pyramidalization at the carbonyl carbon.) For

nm origin band of the T S system. The region shown 2CP, several recent computational studies predict the lowest

Results and Discussion
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triplet states to be plan@¥ or nearly planat3 Thus, the T— TABLE 1: CRD Transition Frequencies? (cm™) and
S origin band is expected to be most intense, as in the singletAssignments for 2-Cyclopenten-1-oneh and -d;

case. 2CP4dy 2CP4,
, WE assign the upger electronig staie in the CRD spectrum as ~ gpg. cal® obs. calc. assignment
(n,:r. ), thIOIEI%h the 3(n*) a_nd (7r,77%) states of 2CP are ~262.0 ~ 64 ~116.8 ~ a9 190
predicted to be nearly isoenergetic. Our electronic as-  _4039  —4055 3Q°
signment is based on observed vibronic band intensities. For —382.8 —383.1 —369.7 c 29,°30,°
the origin band, the molar extinction coefficient extracted from  —368.9 —369.0 302 ,
the CRD decay constant is 0.59&m™1. This value is typical :ggg'i :Sgg 2 —3454 =347 %%0300
of singlet-triplet transitions involvingz* < n excitation!® The _2882  -2868  -2816  —280.7 290
observedemax is several orders of magnitude greater than that —288.2 —286.6 3Q?
expected for spin-forbidden* — s transitionst® Such transi- —264.0  —264.2 —2675 ¢ 2912301i
tions would lie just at the detectability limit of our experiment :252"11 :igg'i :i%% :%%'g 580300
as itis currently constructed. The vibronic bands assigned below _7575 —157.6 ' ' 30!
are thus assumed to be part of the < n system, but it is —115.8 —118 —116.2 —119 19!
possible that some very weak, unassigned bandsrare- = —100.4  —100 -945 d 28,
transitions —84.6 —84.5 —83.3 —83.1 3Q
. . . . . —75.1 —75.2 —72.7 —72.7 3Q?
Table 1 lists assigned vibronic transitions of the 2d3Rnd —58.3 -57.9 —55.2 —55.2 3Q!
-d, isotopomers. These bands occur in a region freB00 to —48.0 —47.9 29!
+500 cnT?, relative to thedy/d, origin. Expanded views within 0.0 0.0 0.0 00 o
. . A 21.2 19.6 3¢
this region of the CRD spectrum are shown in Figure$4At 370 365 36
wavenumbers greater tharb00 cnt?, hot bands of the S— 44.8 448 53.3 53.2 280,°
S transition cause some ambiguities in the assignment process.  48.2 48.0 19‘3032
This interference is discussed in more detail at the end of this g%-i gi-g ggg%l
section. . 1187 118.9 1018 1019 0
The low-energy region of the CRD spectrum (to the red of 119.4 119.3 100.0 99.9 80
the T, — S origin band), shown in Figures 5 and 6, provides 130.3 130.4 1194-0 1%957-9 20
a starting point for establishing the assignments. This is the least 143.7 1445 14'155 142.9 359010
congested portion of the spectrum, because it contains only hot 1521 152.1 ' ’ 1930,
bands that are associated with low-frequency vibrational modes.  159.8 159.6 2030,°
Low-frequency modes of 2CP argy (ring-bending) 2 (ring- 185.2 183.7 2830
twisti - . 215.6 213.7 186.4 184.8 &0
isting), vz (out-of-plane carbonyl deformation), amg (in- 2302 2301 30
plane carbonyl deformation). The first three of these are'of a 2389 2389 227.6 2278 29
symmetry and are subject to = even selection rule. This 245.0 245.3 1&3012
symmetry restriction further simplifies the spectrum and has . 65,7 245.0 245.7 ggggzlz
facilitated some of the_ aSS|gnments discussed be_Iow. 2782 2781 258.1 2581 2801
Attached to the origin band is&v = 0 sequence imzo. For 3245 3245 280.5 280.5 g0
the dy isotopomer, the 30, 30,2 and 3@® transitions are 337.3 337.4 335.8 3354 280,°
observed at-58.3,—75.1, and-84.6 cntl, respectively. These gg?'é ggg'g 388"9‘ 388'3 %
assignments were established via observation of additional bands 359 5 3601 3358 3358 2802
related to the sequence members by precisely kfowp 431.8 431.8 420.4 420.3 28

grround-state ComblnatI(l)n dlfferences. For examkple, S_tartlrag with Frequencies are relative to the electronic origin at 25 963.55 and
the band at-75.1 cm* assigned as 38 and knowing the 55 956 18 cmi, respectively, for 2CRl and 2CP-5,5b. b Calculated

energy separation (194.1 c®) betweens” = 0 andv" = 2, from other observed grouhdnd excited-state vibrational frequencies
one expects the 3Dtransition to occur at-75.1+ 194.1= and the assignments in this wofkThe ground-state vibrational
+119.0 cntl. The expected transition is observed4at18.7 frequency was not previously determinédhe 28! transition fre-
cmL, corroborating thes’ = 2 energy. The 30 and 3@3 quency (-94.5 cnl), taken together with the 3Bfrequency (observed

sequence members likewise successfully predict additional ]‘?t 420.4 cm’), implies a ground-stateys fundamental of 514.9 cnt
transitions having’ = 1 and 3. Although the 30 sequence or 2CP+,. The vz fundamental frequency for this isotopomer was
; - not available in previodsinfrared studies.
member is not detectable, three other bands hawvirg 4 are
observed. Fors’ = 5, the only assigned band is the;30  near the d; origin band. As in the case of thegisotopomer,
transition. The inferred’ = 5 energy is in accord with the ring-  these transitions predict additional bands having the same value
bending potential-energy function (see next section) determinedof »'30. The '3y energy levels determined for the,-species
from the other four levels. are listed in Table 2. These levels show isotope shifts that are
The ' = 1-5 level energies, determined from the bands consistent withvsg level shifts observed in both the grodnd
involving v'3q, are listed in Table 2. Typically, all observed and S1° states.
bands with a given value af'3p were used to determine the In the -d, spectrum, the origin as well as thgy sequence
best-fitting energy of that level. In a few cases of broad or bands are accompanied by weak satellites or shoulders attribut-
overlapped bands, the uncertainty in the position of the able to d; isotopic contamination. To confirm the assignment
maximum significantly exceeded the wavelength uncertainty of of -d; bands, we prepared some deuterated samples of 2CP with
the laser system. Such bands were excluded from the #gef up to 10% HO added to the reaction mixtures. These modified
level energies. products contain appreciable percentages of dC@enfirmed
Further support for the'sp band assignments comes from by nmr) in addition to €,. The CRD spectra of the modified
our observation of thAvzy = 0 sequence in the CRD spectrum products are plotted in Figure 7 along with the original 2d;P-
of 2CP+,. Figure 7 shows these sequence members in a regionspectrum. The shoulders evident in the original spectrum appear
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TABLE 2: Observed and Calculated Ty(n,#z*) Energy Levels for the Ring-Bending Vibrational Mode of 2-Cyclopenten-1-one

Isotopomers
2CP4d 2CP4; 2CP4,
ring-bending level{'so) obs? calc.p calc. IP obs. calc. | calc. Il obs. calc. | calc. Il
1 36.5 35.7 35.7 32.8 325 324 29.7 29.5 29.5
2 118.9 119.6 119.6 109.2 110.5 110.5 101.9 102.7 102.7
3 213.7 214.4 214.4 199.1 198.4 198.4 184.8 184.7 184.7
4 3245 324.3 324.4 280.5 280.1 280.2
5 446.4 4457 445.7 385.6 385.7 385.7

a Determined from the set of observed transitions terminating 4p ° Calc. I: rocking parameteR = 0; Calc. Il: rocking parameteéR = 1.1.

Wavelength, nm

385.5 386.0 386.5
Il 1 1
0
30;
c
S
B
o
7]
2
<
d12
d-12
0 -20 -40 -60 -80

Frequency shift, cm”

Figure 7. CRD spectra of deuterated samples of 2CP. Upper trace:
sample prepared usingO and SO, according to the procedure of
Chao and LaanéThis yields predominantly 2CB. Middle and lower
traces: samples prepared with 2% and 10%9@ Hespectively, added

to the reaction mixture. Transitions due to 26ecome distinguish-
able in the middle and lower spectra.

in the modified product spectra as distinguishable peaks,
assignable to 2CH;. For the d; isotopomer, the 30, 30,2,

and 3@2 bands are observed a66.2,—73.7, and—-81.4 cnt?,
respectively, relative to thed: origin. These band positions,
together with known ground-state combination differefides
2CP4;, were used to determine theo energies listed in Table

2. The isotope shifts are consistent with those found for dae -
isotopomer.

In the CRD spectrum of 2CByg, the 3Q° band is expected
at —94.4 cn1!, based on the known ground-state fundamental
frequency ofvse. The 3Q° band is not observed, nor are some
others in whichAwsg is odd. The FranckCondon factors for
such transitions vanish because of tHesgmmetry of the ring-
bending mode. In the ;1S— S (A" — A’) absorption band
system, some of the transitions witlvzo = odd (including 3¢°
and 3Q') are made weakly allowed by vibronic interaction
involving singlet states of Asymmetry. Thé(nz*) state, with
a possibility of both A and A' spin—orbital symmetries,
apparently does not undergo the required vibronic interaction
as extensively as th¥n*) state does.

Another low-frequency out-of-plane’(rmode isvyg, ring-
twisting. Several symmetry-allowed transitions involving are
observed in the CRD spectra. One is;%8!, at (dy/dy)
—250.4/-251.1 cnml. The expected position of this band is
—250.7-251.0 cntl, based on the precisely knowri'g
fundamental frequendycombined with thev'sy fundamental
derived from the observed gOtransition. The very good

agreement between the observed and expecté3@®@9 band
position adds support for the assignment of the 2@d origin
bands.

In addition to thev'sy level energies, the fundamental
frequencies’zq, v'25, andv'1g have been established in this work.
The frequencies were determined through observation of both
the No! andN;! bands folN = 29, 28, and 19. These bands are
listed in Table 1 for thedy isotopomer. The assignments are
verified via calculation of thég*—N;* combination differences,
which should predict ground-state fundamental frequencies. The
combination differences are 238:9 (—48.0) = 286.9 cm'%;
431.8— (—100.4)= 532.2 cnTl; 346.2— (—115.8)= 462.0
cmL; respectively, forog, 25, andvie. These values agree well
with the measured ground-state fundamentals 28632 and
464 cnrl’

Forvig the measured ground-state fundamental (from infrared
studies) is slightly greater than the value inferred from thg 19
and 19! CRD band positions. However, support for the19
and 19! assignments comes from our observation of a band at
—462.0 cnTt, which we assign as 19 This assignment implies
a vi9 fundamental that agrees precisely with the,'499,!
combination difference. The disagreement with the infrared
value of 464 cm! may be traced to rotational branch structure.
In the room-temperature infrared spectrumand R branch
heads are observed at 458 and 471 tmespectively. The
464 cnr! value is that reported for the band center. Rotational
branch structure is likely different in the ¥ Sy CRD spectrum.
Moreover, we report band maxima observed in the CRD
spectrum rather than centers. Hence, a 2%cdiscrepancy in
frequency is not unreasonable. A discrepancy of the same
magnitude and direction occurs for thd isotopomer.

The region of the CRD spectrum greater thaB00 cnt?!
shows further band structure, but superimposed on a steeply
sloped baseline. This is seen in Figure 3. The baseline behavior
at high wavenumber is likely due to (1) the increasing density
of triplet vibrational states and (2) the onset of hot bands
associated with the;S— S transition. The 1 transition of
the singlet system is observed near 375%@ther features in
the 375-nm region are not assigned in the present work because
they could be either :5— S hot-band or T — S cold-band
transitions. In particular, it is not possible to determine tthe
(carbonyl stretch) on's (C=C stretch) fundamentals of the
triplet state, because thg'mnd 6! bands would be submerged
by tremendously intense (by comparison)<S S bands near
the 368-nm singlet origin.

Ring-Bending Potential-Energy Function. We have used
the ring-bending i'3p) energy levels obtained from the CRD
spectra to determine a one-dimensional potential-energy function
for this vibrational mode. As in the previous one-dimensional
studies on the grourid and S excited-stat®¥ state potential-
energy functions, the vibrational Hamiltonian for the ring
bending was selected to have the form



Ti(nr*) — Sp CRD Spectrum of 2-Cyclopenten-1-one J. Phys. Chem. A, Vol. 107, No. 49, 20080653

— (— K2 TABLE 3: Reduced Masses (a.u.) and Kinetic-Energy
H(9 = (= A72) dldk gug(x) dickk + V(X) (1) Coefficientst for the T,(n,x*) Ring-Bending Vibrational

Mode of 2-Cyclopenten-1-one Isotopomers

where x is the ring-bending coordinaté,’” gs4(x) is the - R — n 5 o

coordinate-dependent kinetic-energy (reciprocal reduced mass) CaI€”  #  Gu”  Gaa? 9ad® Qad¥  Gu¥  Gu®  Qud

expansion, and/(x) is the potential energy given by 2CPdo
[

247 4.048 0.0 6.403 0.0-7252 0.0 —96.19
V(X) = ax + by ) I 272 3.681 00 5312 00 -6281 00 -74.29
2CP4d;

The kinetic-energy expansion was calculated based on vectorial'
methods previously describEdusing the bond distances and 2CPd,
angles calculated in the paper that follows by Choo &tBbth I 287 3.479 00 3775 00 —-5824 00 —70.69
the standard bisector model and a model allowing rocking of 1 331 3.020 0.0 2.591 0.0 -45.33 0.0 —52.50

the CH, group adjacent to the carbonyl group were utilized. A 2 The form of the kinetic-energy expansiongis(x) = 3°_, guxt

rocking pgrame_té? O_f 1.1 was found to_ pre_diCt befSt the The subscripts = 1—3 for g; are reserved for the molecular rotations.
observed isotopic shifts for the bending vibration. This corre- The given coefficients are multiplied by 1 units ofz~ A=, ® Calc.

sponds to a rocking angle of approximatefw#en the dihedral I: rocking parameteR = 0; Calc. II: rocking parameteR = 1.1.
angle of bending is 12 For the $ and S states, a rocking

269 3.723 0.0 4959 0.0-65.01 0.0 —79.60
303 3.297 0.0 3.795 0.0 —-53.38 0.0 —59.03

parameter of 0.67 best fits the isotopic data. Table 3 lists the ~ °%7]

reduced masses and kinetic-energy coefficients for both the no 400 i

rocking R = 0) and rocking R = 1.1) models for all three ] 446 - T

isotopic species of interest. s00d T 386
Table 2 and Figure 8 show the ring-bending energy levels T, ; 325 2811 B

determined from the spectra for the(it,7*) states of the dp, 200 T —_—

-d;, and €, isotopomers of 2CP. These data were used to 1 214 199 11;5

determine the potential-energy parameteendb in eq 2 for - 1007 s 3109 A

each isotope and for both tie= 0 and 1.1 models. The results & | —3— — o

are shown in Tables 2 and 4. The agreement between observed®.

and calculated frequencies can be seen to be excellent, as th@

average deviation is less than 0.6 ¢miThe calculated barriers @ 25 364 25 959 25956

to planarity for the six calculations range from 42.0 to 43.5 W 3q9 T -

cm1, so the value can safely be taken to be#Bcnt 2. Figure 104 o T 1
9 shows the Tpotential-energy function and energy separations 200 ——p—t—or- __,'_l_ _ 82

for the R = 1.1 calculation for thedy isotopomer. The energy S, 1?0 % 90
minima are atx = +0.055 A, which correspond to dihedral 100 T . —

angles of+12°. o 94 89 85

Figure 10 compares the one-dimensional ring-bending po-
tential functions for the & S;, and T, electronic states. As

expected, the electronic excitation to an antibonding orbital - : . A
b g assignments (triplet state) and previbfar-infrared results (ground

reduces the conjugation and results in a less rigid ring. _The state), for the ring-bending vibrational mode of 2692CP4;, and
molecule in the $ state becomes more floppy but remains >cpg,

planar. However, in the triplet state, the molecule bends into a

puckered structure with energy minima#at2°. This observa-  TABLE 4: Potential-Energy Parameters® for the

tion is consistent with the general proclivity for “loosenégs”  Ring-Bending Vibrational Mode of 2-Cyclopenten-1-one
exhibited by triplet states due to repulsion between electronsls'o'[OIOOImGIrS in the Ty(n.*) Electronic State

2CP-d, 2CP-d, 2CP-d,
Figure 8. Energy-level diagram, determined from the present vibronic

that are required to be in separate orbitals. calc? a,cmtA b, cmt A2 barrier, cnrt
Ordering of (n,7*) and (&,7*) Triplet States. The present 2CP4,
work, combined with the results of a photoacoustic calorimetry | 4.695x 10° —2.858x 10* 435
(PAC) experiment/ addresses the question of the ordering of gCPdl 5.693x 1¢° —3.149x 1¢¢ 435
the two lowest triplet states. The PAC experiment involved | 4.507 x 10 —2.761x 10/ 423
excitation of 2CP at 355 nm (an energy above that of the S I 5.764 x 10° -3.129x 10* 425
origin) in cyclohexane solution, followed by measurement of |20sz 4296 10° 688 10" 420
acoustic waves generated by the 2CP in its “relaxed” triplet |, 5718 x 10P —3103% 10¢ 421

state. The relaxed triplet state in solution presumably corre-
sponds to the lowest vibronic level in the triplet manifold. The

relaxed triplet state would be reached by the molecule after
undergoing $~~ triplet intersystem crossing and then solvent- somewhat in this comparison, because the cyclohexane solvent

aThe potential-energy function i¥(x) = ax* + b2 P Calc. I:
rocking parameteR = 0; Calc. Il: rocking parameteR = 1.1.

induced vibrational relaxation. would very likely shift the g-triplet energy gap from its vapor-
The PAC experiment established the energy of the relaxed phase value. We conclude that the present CRD measurements
triplet state of 2CP in cyclohexane solution to be 7&1.1 are entirely consistent with the relaxed triplet state having an

kcal/mol!* This value may be compared with the excitation (n,z*) electronic label; viz. thél(nz*) state is lower than the
energy of the3(nr*) state determined in the present vapor- 3(z,7*) state.

phase CRD work. The origin-band wavenumber of 25 964'cm If the ordering were the other way around, then the origin of
corresponds to 74.23 kcal/mol. This value is just at the upper the tripletz* — x transition would have to be located in the
uncertainty limit of the PAC measurement of the relaxed triplet region between 25 964 and about 25 200 &t be consistent
energy. Of course, the stated uncertainty limits are blurred with the PAC measurement of the relaxed triplet energy. We
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Figure 9. Ring-bending potential-energy function for thg7*) state
of 2CP. This function was fit to the observed ring-bending levels of
the dy isotopomer, using a rocking parameter of 1.1.
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Figure 10. Comparison of experimentally determined ring-bending
potential-energy functions for the,ST1(n7*), and S(n7*) states of
2CP.

regard this scenario as unlikely, considering we detected no
transitions at wavenumber lower than 25 400-¢épand nearly

Pillsbury et al.

planarity as a consequence of the reduced conjugation. The
effect is more pronounced for;;Twhich is observed to have a
slightly puckered equilibrium geometry. The slight difference
observed between they(,7*) and Ti(n7*) ring-puckering
potentials may plausibly be traced to configuration mixing
within distinctly different manifolds of excited spirorbital
states.
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