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Density functional calculations have been carried out on &8 ,7*), and Ty(n,7*) states of 2-cyclopenten-
1-one (2CP) to complement the experimental study of the triplet state using cavity ringdown spectroscopy

described in the previous paper. Structures and vibrational frequencies were calculated for each state at both

the B3LYP/6-31-G(d,p) and B3LYP/6-31+G(d,p) levels. The structural information was used to obtain
the kinetic energy part of the ring-bending Hamiltonian, for the analysis of triplet-state spectral data. The
density functional calculations show the molecule in i(saSd S states to be planar, but to have a small
barrier to planarity in the 1{nz*) triplet state. This is in line with potential-energy fits to the experimental
ring-bending levels for each state. The calculated barrier for e, ) state is 999 cm?. This provides
further confirmation that the cavity ringdown data, from which a 43-tbarrier was determined, correspond

to the Ty(nr*) state. The calculated vibrational frequencies are in excellent agreement with the experimental
data for the $state and also for the most part for theg®d T, states. Notably, the frequency calculated for

the very anharmonic ring-bending vibration cannot be expected to be very accurate.

Introduction frequencies, they also determined the one-dimensional ring-
puckering potential-energy function for tdg 5-d;, and 5,56,
isotopomers. This potential function showed that the molecule
remains planar in its fn7*) state but has become considerably
less rigid. The lowest puckering level lies 67 thabove the
vibrational ground state.

The 2CP molecule has been the subject of previous theoretical
studies. The CASSCF procedure was used to calculate the
energy minima for the lowest(nr*) and 3(w,7*) states?

In the preceding papérthe cavity ringdown (CRD) spectra
of 2-cyclopenten-1-one (2CP) and two deuterated isotopomers
were reported and analyzed. A number of vibrations in the
Ti(nr*) state were assigned, and the potential-energy function
for the ring-bending vibration was fit to observed transition
frequencies. The fitting procedure in that study required the
molecular structure of the {Tstate in order to calculate the

kinetic-energy (reciprocal reduced mass) expansion for the ring- ] . . .
bending Hamiltonian. The molecular structure was obtained wherea_s bOt.h CIS gnc_i DFT technlques_lnvestlgated the vertical
and adiabatic excitation energieShe integrated molecular

from density functional (DFT) calculations that we describe in bital and molecul hanics (IMOMM h |
this paper. We also present the calculated vibrational frequenciesor ital and molecular mechanics ( ) approach was also

for not only the T(n,7*) state but also for the Sand S(n,7*) usgd ttr? StUd?' th? ad;\?batlc ft{;]plet e?ctljt_athn lendergles Olf ZICtI'D
states for which experimental data are also availatflein a][] .% ?_r molefcu es. None OH ese studies m;:hu € a_cacu|a|l(()n
addition, the results of calculations for the electronic excitation of vibra !onat rlegutenfle?h owe:/er:[ %'Ve.? elgreVItorl]Js ac
energies as well as for the barrier to planarity of thénFr*) of expenmental data for e .r*) state, | would not have
% : been possible to evaluate the accuracy of either calculated

and T(w,7*) states will be presented. f . itati ies. The CRD dat red |

The infrared and Raman spectra of 2CP were previously t;}eqfuenme_s or exgl ation en%rg|es. e tal ata rep_or(fa n
reported by Chao and LaaAend these are characteristic of a € foregoing papemow provide experimental frequencies for

planar, conjugated molecule. The ring-bending (ring-puckering) several low-frequency modes of the State. This provides a

vibration was found to be governed by a relatively stiff potential test of some of the calculated frquenues rgported In 'ghe present
function with a single minimum, confirming that the molecule study, as well as the calculated ring-bending potential-energy

is planar in its $ electronic ground state? This gives rise to fun_ctlon. The .CRD.data f""s‘? permit an expenmentally based
seven observed far-infrared bands in the-320 cnT* region. estimate of adiabatic excitation energy, which may be used to

Band satellites along with hot bands in the ring-twisting region €5t _corr_eespondlng predictions of the present as well as
(285-295 cml) also allowed a two-dimensional potential- previous™® computational studies.

energy surface in terms of the puckering and twisting to be
determined. The S(n*) state was investigated by Cheatham
and Laané using jet-cooled fluorescence excitation spectros- ~ All calculations were performed using the Gaussian 98
copy. In addition to assigning 13 of the fundamental vibrational program? The geometries of 2CP in itsoSS;, Ti, and T
electronic states were fully optimized using the B3LYP method

Computational Methods

" Part of the special issue “Charles S. Parmenter Festschrift”. with the 6-3H4G(d,p) and 6-311G(d,p) basis sets. Both singlet
:Egr:’)‘g‘r’]g Ggi’\r/‘;f;?;‘dence should be addressed. and triplet states of 2CP were generated by selecting the
s University of Wisconsin-Eau Claire. appropriate orbital occupancies as an initial guess. By examining
'Texas A&M University. the vibrational frequencies, all equilibrium geometries of the

10.1021/jp030444s CCC: $25.00 © 2003 American Chemical Society
Published on Web 10/11/2003



10656 J. Phys. Chem. A, Vol. 107, No. 49, 2003 Choo et al.

So 1.092 Mo
1.541
1.095
1249{ C -
: ’ Q:4_7‘“11
1.087 1.098‘: 106.1 1.085 1_095’.‘ 106.1
Hs 1, Hs M
06 06
H;_1.08
*
Sl(n)TE )

1.096%7106.5
Hj,

1.099%7106.5
I, g

1.083

1.080

%THH

1.081 1.098<7106.7

1.564

Ca~

Ty,

1093 109337107.8
iy H{

1.09177107.9
Hypp

1.091

B3LYP/6-31+G(d,p) B3LYP/6-311+G(d,p)

Figure 1. Calculated geometries of 2-cyclopenten-1-one in its ground and excited states.

ground and excited states were confirmed to be local minima. in separate calculations with different basis sets, to investigate

The calculated vibrational frequencies of each state were Scaled the conformational dynamics and spectral properties of 2CP in

by 0.985, except for the €H stretching modes where 0.964 its &, S;, and T electronic states. The ring-bending barriers

was utilized. and vibrational frequencies of 2CP in each electronic state were
Previous computational studies of enone excited states havedetermined for comparison to spectroscopic data.

used both CIS and DFT methods. In a study of enone

photochemistry, Uppili et & utilized the CIS(D) method,  Results and Discussion

which includes a size-consistent doubles corrections to the

previously reported CIS methdd12 Sunoj et af performed Figure 1 shows the calculated geometrical parameters for the

CIS and DFT calculations to illustrate the influence of lithium Sy, Si(n7*), T1(n,7*), and Tx(w,7*) states based on both the

cation complexation on vertical excitation energies of enones. B3LYP/6-3HG(d,p) and B3LYP/6-31+G(d,p) basis sets. The

In the present work, we also performed DFT (B3LYP) studies, calculated (B3LYP/6-311G(d,p)) ground-state structure gives



2-Cyclopenten-1-one in Its Various States

TABLE 1: Calculated and Experimental Rotational
Constants (GHz) of 2-Cyclopenten-1-one

A B C

7.434 3.581 2491
7.440 3.516 2.460
7.442 2.469
7.434 2.462
7.422 2.516
7.524 3. 2421
7.410 3.586 2.493

B3LYP/6-311G(d,p) S
Si(nz*)
T1(n,7*) (puckered)
T1(n,*) (planar)
To(r,*) (puckered)
To(r,*) (planar)
experimentdl

a Reference 13.

TABLE 2: Calculated Excitation Energy and
Ring-Puckering Barrier of 2-Cyclopenent-I-one

excitation energy (cm') barrier (cnT?)
Si(na*) Tana*) To(m,w*) Tang*) Tolw,m*)

B3LYP/6-31+G(d,p) 24937 24362 24462 14 977
B3LYP/6—311+G(d,p) 25073 24497 24740 8 999
experimental 28130 26 83@ 43

aDerived from observed electronic band origin and observed
(ground-state) and calculated (excited-state) zero-point energies.

rise to rotational constants @ = 0.2480 cm’, B = 0.1194
cm™1, andC = 0.0831 cnt?, which may be compared to the

experimental microwave values of 0.2472, 0.1196, and 0.0832

cm™1, respectivelyt3 This excellent agreement helps one to
confirm that the calculatedoStructure is very accurate. Table

1 presents the calculated rotational constants (GHz) for each of
the three electronic states. A previous MOPAC-AM1 computa-

tion!3 reported bond lengths which generally differ by less than
+0.02 A from those of our B3LYP/6-311G(d,p) calculation.
However, the G—C3—C, and G—C,—Cs angles differ by more
than £ each.

As can be seen in Figure 1, the=© bond length increases
from 1.212 A in the ground state (B3LYP/6-31G(d,p)
calculation) to 1.296 A in §n7*) and 1.293 in T(n7*). Sunoj
et al® (B3LYP/6-31+G(d) calculation) report 1.21 A for the
ground state and 1.30 A for the triplet. The=C bond length
increases from 1.339 A (Bto 1.396 A (S) and 1.392 A (D)
resulting from the excitation to the antibonding orbital. Sunoj
et al. give 1.34 A (§ and 1.39 A (T). The G—C, bond
between the &0 and C=C bonds decreases from 1.481 A)S
to 1.389 A (S) and 1.393 A (1), reflecting that this bond has
strengthened to be on par with-€Cs. Very little difference
can be seen in the geometrical parameters betweem® T,
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TABLE 3: Observed and Calculated Frequencies (cm?) for
2-Cyclopenten-1-one in the gn,x*), T\(nx*), and T,(x, %)
States

S Si(n,*) Tinga*) T o(mw,7*)
mode expt 6-31P exp¢ 6-31P 6-31P 6-31P
a 1 3083 3090 3098 3096 3079
2 3067 3051 3080 3079 2980
3 2938 2940 2915 2899 2905
4 2885 2907 2884 2874 2877
5 1748 1750 1418 1472 1469 1540
6 1599 1616 1357 1451 1450 1461
7 1452 1461 1419 1415 1441
8 1418 1430 1368 1370 1292
9 1345 1346 1319 1322 1279
10 1305 1303 1258 1260 1259
11 1232 1239 1222 1234 1242
12 1173 1164 1058 1058 1153
13 1094 1093 1037 1034 1036 1039
14 999 989 974 969 967 919
15 912 905 906 892 895 903
16 822 812 810 821 789
17 753 751 746 748 734 665
18 630 623 587 581 579 576
19 464 459 348 342 340 445
a' 20 2980 2977 2948 2958 2975
21 2927 2928 2900 2915 2960
22 1208 1214 1189 1179 1183
23 1138 1142 1111 1110 1111
24 1007 1012 977 977 965
25 960 975 849 854 848 859
26 (815% 815 768 785 785 726
27 750 757 491 504 533
28 532 534 422 416 407 454
29 287 291 274 253 226 219
30 94 102 67 25 86 156

aReference 2° B3LYP/6-311+ G** basis set’ Reference 49 849
cm was previously assigned tgs. ¢ Estimated! The 750-cm? band
was previously assigned tos.

has a diradical electronic structureHE-CH—CH=0. The
terminal CH group twists 90 out of the molecular plane,
thereby minimizing repulsion between lone electrons in adjacent
p-like orbitals. This type of conformational change preferentially
stabilizes thé(rr,n*) state so that it is lower in energy than the
3(nr*) state in acrolein and analogous flexible enotfds.2CP,
the conformational mobility is not so extreme, due to the
geometrical constraints of the ring, and the two triplet states
are seen in the present work (Table 2) to be nearly isoenergetic.
Nonetheless, the ;{r,7*) state of 2CP shows a dramatic
effect of having antibonding character localized within the ring.
As seen in Table 2, the calculated barrier to planarity for the

except that the molecule is calculated to be slightly puckered T,(z,7*) state is 999 cm?. By contrast, the f(nz*) state is

in the triplet state, in line with the experimental observatibns.
The calculation indicates a dihedral angle of puckering of10.2
as compared to the experimental value of.12

Figure 1 also shows that the geometry of thérr*) state

predicted to have a tiny barrier to planarity (14 or 8 ém
depending on basis set), in line with the experimental Vabfie
43 cntl. In the Ty(n*) state, the conjugation has been reduced
from that of the ground or $n*) state, whereas in the

is very different from the other two excited states shown, as T(t,7*) state, the conjugation has been almost totally removed,

well as the ground state. The=®© bond distance of 1.233 A is

and 2CP now resembles cyclopentanone, a ketone with a

much closer to that of the ground state (1.212 A) rather than saturated five-membered ring. The barrier to plan#ityf

those of $(nx*) and Ti(n,7*), where the bond has become

cyclopentanone is 1408 crh

elongated. This indicates that the antibonding character for the Because a full vibrational assignment for 2CP has been made

To(r,1*) state is primarily in the &C bond rather than the
C=0 bond. Its G=C distance of 1.485 A is also much larger

for the ground stafeand because a number of assignments are
now available for the §n,7*) and Ty(n*) statest it is of

than those for the other three states shown, thus supporting thisnterest to compare the calculated frequencies from our DFT

interpretation. The increased=C distance is also consistent
with the reduction in bond order to be expected whem a

study to the experimental values. Table 3 presents the calculated
vibrational frequencies for all four states along with the

(bonding), rather than a nonbonding electron, is promoted to a experimental data for they8nd 3(n,z*) states. Table 4 presents

ar* orbital.

Similar changes in bonding are predictétb occur in the
prototypical enone acrolein (GHCH—CH=0). Ab initio
calculation* show that the lowest(r,7*) state of acrolein

vibrational descriptions for the low-frequency modes, along with
calculated and (where available) experimental frequencies for
the four states. As can be seen in Table 3, the agreement between
the observed and calculated values is remarkably good. In fact,
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TABLE 4: Low-Frequency Fundamentals (cnT?) of 2-Cyclopenten-l-one

S Si(n, ) T 1(n,*) T o7, %)
approximate description exp. calcP exp’ calcP expd calcP calc?
a v1g ring-bending 630 623 587 581 579 576
15 C=0 wag (in-plane) 464 458 348 342 346 338 445
a’' v27 f-CH; rocking 750 757 491 504 533
v25 C=0 wag (out-of plane) 532 534 422 416 432 407 454
V29 C=C twisting 287 291 274 253 239 226 219
V30 ring-puckering 94 102 67 25 37 86 156

aReferences 2 and 8B3LYP/6-311-G(d,p) basis set with scaling factor 0.98%Reference 49 Reference 1.
it is so consistently good that we felt it reasonable to reassign -IE—ABLE. ot Calculated and Experimental Adiabatic
. - . - xcitation Energy of the T,(n,#z*) State of
several frequencies, and these are indicated in Table 3. With a>_cyclopenten-1-one
scaling factor of 0.985 for all of the vibrations other than the
C—H stretches, the calculated frequencies agree on average with

excitation energy

the experimental values to better tha@ cn 2. method eV 1000 cmt
For the g(n,*) state, the anharmonic ring-bending vibration CASSCEa 3.25 26.2
(v30) at 67 cnl is fit poorly, as are the coupled=€0 and W:':,OMC/)(; a1 Gl g-gg 37-2
C=C stretches at 1418 and 1357 ©m The other eleven B3YLP/6-31+G(dy : 4.4
: . B3YLP/6-31+G(d,p) 3.02 24.4
observed frequencies agree with the calculated values on average B3YLP/6-31H-G(d,py 3.04 24.5
better thant-8 cnL. For the T(n,7*) state the DFT calculation experimertt 3.326 26.83

cannot be expected to provide the correct transition frequency
for the double-minimum potential function, so the disagreement ;
for vzp is not unanticipated. The other three observed T

H ' 1 . . . .
frequencges, tﬁwevelr,f ar(; fit reas%nabl¥ weltlp cnm ' Provide more accurate excitation energies than DFT approaches.
compared tat-11 cni* for the same three frequencies if). It should be noted, of course, that correlated ab initio calculations

Table 2 includes adiabatic excitation energi#s Yalues)  are computationally more expensive than DFT and are prohibi-
predicted for the excited states, as well as the correspondingtjyely so for large ¢20 atom) molecules.

values derived from observed spectroscopic band origins. The
latter were obtained by removing the contributions due to Conclusions
ground- and excited-state zero-point energies from the observed The density functional calculations reported in this paper very
origin band frequenciesT§ values). For the ground state, the nicely complement the experimental results in the previous
zero-point energy was determined directly from the experimen- papert as well as in the earlier ground stateand S(n7*)*
tal>3 fundamental frequencies, regarding all 30 vibrations as excited-state investigations. The(ff,7*) state is calculated to
harmonic. For the §n7*) and Ti(n,7*) states, the zero-point e slightly lower in energy than the,(fr,7*) state and has only
energies forv; throughvye were estimated by using experi-  atiny barrier to planarity as compared to a high one (999%m
mentat# harmonic frequencies where available, supplemented in the T,(z,7*) state. Thus, the CRD data, which establish a
by values calculated in the present DFT study. For the ring- 43-cnt? barrier, clearly arise from transitions tq(fi,z*). The
bending modes(zo), the zero-point energy was determined from calculated vibrational frequencies for the State compare
the potential fits reported previoush. In the S(n*) and extremely well with the observed valugdwhereas those for
Ta(n*) zero-point energy determinations, the uncertainty in the §(ngs*) and Tiy(n,7*) states are quite satisfactory. This
each calculated fundamental frequency was conservatively takeroutcome appears to be typical for DFT calculations of excited
to be £15 cnt! (see the discussion above). This yielded states. Our results advocate the further use of DFT as a technique
experimentally based adiabatic excitation energies of 2648830  that is comparable in cost to CIS but superior in its ability to
80 cni! for Ty(n,7*) and 28 130+ 60 cnt? for S(n,7*). characterize the shapes of excited-state potential-energy surfaces.
Table 2 shows that the present DFT calculation underesti-

mates the adiabatic excitation energy for both th@$*) and ' Acknowledgment. J.L. thanks th.e National Sgience Founda-
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