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Abstract Geometries, vibrational frequencies, vertical and
adiabatic excitation energies, dipole moments and dipole
polarizabilities of the ground and the three lowest electronic
excited states, S;(n, 7 ), Ty(n, 7 ), and Ta(mr, 7 ) of the 2—
cyclopenten—1—-one molecule (2CP) were calculated at the
CCSD and CCSD(T) levels of approximation. Our results
indicate that two triplets Ty(n, 7 ) and T,(m, 7) are lying
very close each to other, while the singlet S;(n, 7) is well
above them. There are dramatic changes in dipole moments
for (n, ©) excited states in respect to the ground state. On
the other hand the Ty(, 7") state has a similar dipole
moment as the ground state. These changes can be inter-
preted within the MO picture using electrostatic potential
maps and changes in model IR spectra. Our CCSD(T)
dipole moment data for the ground state and almost isoe-
nergetic triplets T (n, 7 ) and Ta(m, 7 ) are 1.469 a.u.,
0.551 a.u., and 1.124 a.u., respectively. Dipole polarizabil-
ities of investigated excited states are much less affected by
electron excitations than dipole moments. These are the first
dipole moment and polarizability data of 2CP in the literature.
The changes of molecular properties upon excitation to S(#,
7') and Ty(n, 7 ) correlate with the experimental data on the
biological activity of 2CP related to the o, [F—unsaturated
carbonyl group.
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Introduction

Electric properties, like dipole moments and polarizabilities
of molecules in excited electronic states are known much
less than excitation energies or relaxed geometries. This
observation applies equally to experimental works and the-
oretical calculations and it is completely valid also in the
case of the 2—cyclopenten—1—one molecule (2CP).

Permanent dipole moments of small molecules in excited
states might be experimentally obtained by high—resolution
laser—induced fluorescence spectroscopy observing Stark
shifts in the presence of static electric fields, see e.g., recent
papers of Steimle et al. [1, 2] and see also reviews on Stark
spectroscopy by Boxer et al. [3, 4].

Dipole moments and polarizabilities of molecules in ex-
cited states are closely related to solvent effects on frequen-
cy shifts in electronic spectra. Changes in dipole moments
of molecules due to electronic excitations have a central role
in frequency shifts. The source of these solvatochromic
shifts is interpreted in terms of electrostatic and dispersion
interactions between the solute and solvent molecules,
which are different in the ground and excited state. Very
recently Pasteka et al. [5] published a theoretical paper on
electric properties of the acetone molecule in electronic
excited states, giving a very good and concise insight into
this topic.

During the past four decades a number of papers appeared
studying the Sy ground and Sy(n, 7), Ty(n, 7 ), and Ta(m, 7)
excited electronic states of 2CP experimentally [6—11], and
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also theoretically [12—16]. These studies were mainly aimed at
excitation energies and vibration frequencies, however, we did
not find any information about dipole moments and polar-
izabilities of 2CP in the literature. Thus, the purpose of this
paper is mainly focused on theoretical calculations of these
properties using highly sophisticated electron correlation
methods.

2CP recently also became a subject of intensive medici-
nal research. Being a highly water soluble small molecule,
2CP could be an ideal candidate to overcome pharmacolog-
ical issues related to drug delivery and penetration. Its
cytotoxic activity was tested on various melanoma and lung
cancer cells. Rossi et al. [17] have reported that 2CP con-
trols the expression of the heat shock proteins, lanaro et al.
[18] have shown that 2CP can have therapeutic relevance
for the prevention of human restenosis and Rosetri et al. [19]
investigated the cytotoxicity against cancer cells of the
model compound 2-cyclopenten-1-one. Several authors also
investigated the synthesis of various derivatives of 2CP with
the aim to produce efficient precursors for pharmaceutical
use [20-22]. One of the key properties of 2CP indicated in
these papers is the presence of the a, J—unsaturated carbon-
yl group which is essential for triggering the heat shock
transcription factor activation [17], in anti—inflammatory
effects [18] or inhibition of nuclear factor kappa—light—
chain—enhancer of activated B cells [22]. Modification of
this bond upon excitation (by e.g., UV radiation) can affect
biological activity of 2CP.

The aim of this paper is threefold:

* to reoptimize the geometries at the B3LYP and MP2
levels and predict their model harmonic IR spectra,
 interpret the importance of the «, (-unsaturated carbonyl
group on molecular level analyzing the spectroscopic

properties of 2CP,

* to provide an extended set of dipole moments and polar-
izabilities for the four lowest electronic states of 2CP
which are reported here for the first time and might be
helpful for developing solvation models related to phar-
macological research.

Finally, we contribute to the (yet unfinished) discussion
on the triplet states ordering, calculating vertical as well as
adiabatic excitation energies.

Computational methods

In the present calculations we used several quantum chem-
ical methods within two program packages, Gaussian(03
[23] and MOLCAS?7 [24]. Gaussian03 was exploited for
geometry optimizations and calculating vibrational frequen-
cies using the B3LYP and MP2 methods. MOLCAS7 was
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exploited for calculating excitation energies and electric
properties using CASSCF [25] and coupled cluster CCSD
and CCSD(T) methods based on restricted open—shell Har-
tree—Fock reference wave function [26, 27]. The open—shell
singlets which cannot be described by a single—determinant
reference wave function were calculated by the two—deter-
minant CCSD method [28]. In this work we have utilized
several basis sets. We performed geometry optimizations
using the 6-311+G** [23] and cc-pVTZ [29] basis sets.
Dipole moments and polarizabilities were calculated using
Sadlej’s Pol [30—-32] and z2Pol [33] basis sets which were
particularly developed for calculations of these properties.
The polarized z2Pol and Pol basis sets were used also for
excitation energies, however, in this case we relied more on
Dunning’s cc-pVTZ and mainly the cc-pVQZ [29] basis set.
Since only the first row atoms are involved in 2CP, relativ-
istic effects were neglected in this study [34].

The evaluation of components of the dipole moment and
the dipole polarizability tensor was accomplished by using a
numerical finite—field perturbation technique [35-37]. Nu-
merical derivatives were obtained using the Romberg
scheme [38, 39]. The external electric field strengths were
set to 0.002, 0.004 and 0.008 a.u. These field strengths were
carefully checked against the dipole moment expectation
values at the CASSCF level.

Results and discussion
Geometries and vibrational frequencies

2-cyclopenten-1-one in its ground electronic state S,, with
conjugated double bonds, has the planar C; symmetry. These
bonds retain the conjugated character also in the excited
singlet state S;(n, 7 ) and consequently, the ring remains
planar and the carbonyl group remains in the plane of the ring
[40]. The excited triplet states T;(n, = ) and To(m, 7 ) lack
planar symmetry. B3LYP/6-311+G** calculations of Choo et
al. [15] provides a tiny ring—puckering barrier of 8 cm ™' for
the Ty(n, Tl'*) state, while for the T»(, 7r*) state the barrier is
999 cm . The experimental barrier to ring—puckering for the
Ty(n, 7) state determined by Pillsbury et al. [10] is 43.5 cm™ .

We have performed a full geometry optimization for all
four electronic states of 2CP at the B3LYP/6-311+G** level
and also using the MP2 method with the 6-311+G** and cc-
pVTZ basis set. The calculated B3LYP/6-311+G** and
MP2/cc-pVTZ geometries are depicted in Fig. 1. The
corresponding rotational constants are presented in Table 1
and MP2/cc-pVTZ model IR spectra are collected in Fig. 2.
For the ground state the matching of experimental [41] and
scaled model IR spectra is very good. Our B3LYP/6-311+G**
geometry data are just reproducing the results of Choo et al.
[15], however, there are tiny differences in rotational
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Fig. 1 Calculated geometries
[A] of 2-cyclopenten-1-one in
its ground and excited states
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constants. A detailed discussion about changes in geometries
of the four electronic states is presented by Choo et al. [15].
The essence of this discussion is an elongation of the C=0
and C=C double bonds in the excited states and losing the
planar symmetry in the case of triplets. The MP2/cc-pVTZ

geometries do not differ much from B3LYP/6-311+G** ones,
except the To(r, 7' ) state where the C=0 bond is shorter by
0.1 A and it is even shorter than for the ground state S,. Thus,
the MP2 C=0 bond length exhibits opposite trend compared
to B3LYP. Comparing the B3LYP/6-311+G** and MP2/cc-
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Table 1 Rotational constants (GHz) of 2-cyclopenten-1-one

State Method  Basis set A B C ABC
So B3LYP  6-311+G** 7431 3581 2490  66.260
B3LYP®  6-311+G** 7434 3581 2491 66.313
B3LYP  ccpVTZ 7463  3.594 2500  67.055
MP2 cc-pVTZ 7478 3590 2500 67.115
exp.? 7410 3586 2493  66.245
Si(n,7)  B3LYP  6-311+G** 7439 3516 2460 64343
B3LYP*  6-311+G** 7440 3.516 2460 64.351
B3LYP  cc-pVTZ 7479 3528 2470 65173
MP2 cc-pVTZ 7574 3556 2494  67.171
Ty(n, ) B3LYP  6-311+G** 7441 3.524 2469 64.742
B3LYP®  6-311+G** 7442 3524 2469 64.751
B3LYP  cc-pVTZ 7472 3532 2472 65239
MP2 cc-pVTZ 7557 3.564 2497 67.252
To(m, ©)  B3LYP  6-311+G**  7.422 3481 2516 65.003
B3LYP*  6-311+G** 7422 3481 2516 65.003
B3LYP  cc-pVTZ 7455 3493 2523 65.700
MP2 cc-pVTZ 7464 3512 2563  67.185

#From ref. [15]
° From ref. [9]

pVTZ rotational constants data we found almost no change in
the ABC product for the Sy state. In the case of excited states
these changes in the ABC product amounted to 4 %, however,
3 % are due to the method itself and only 1 % due to the basis
set.

For all four investigated electronic states of 2CP we
calculated vibrational frequencies using the MP2 method
and the cc-pVTZ basis set. Ab initio determined vibrational
frequencies are often scaled by empirical factors. Irikura et
al. published a detailed study on ab initio scaling factors for
vibrational frequencies and their recommended factor for
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Fig. 2 Model MP2/cc-pVTZ IR spectra of 2CP scaled frequencies, the
relative intensities of the excited states were shifted by 50, 100, and
150 units. The Sy experimental IR spectrum (dashed line) reproduced
from the NIST data [41]
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MP2/cc-pVTZ data is 0.95954+0.0692 [42]. Based on the
comparison of experimental and our harmonic frequencies
for the S, state we used the scaling factor 0.978, except for
the C—H stretching modes (larger than 3000 cm ') where
0.942 was utilized. This choice is in agreement with the
cited recommendation. Our scaled MP2/cc-pVTZ vibration-
al frequencies are presented in Table 2 together with avail-
able experimental [6, 8] and B3LYP/6-311+G** data [15].
There are two important trends in IR spectra related to C=0
and C=C bonds. The weakening of the C=C bond upon
excitation is clearly visible in IR spectra, the pertinent
modes are 1604 (So), 1353 (S,), 1358 (T,) and 1303 cm '
(T,), respectively. At the same time, the «, [-unsaturated
carbonyl is significantly weakened from 1736 in S, to
1533 em ' (S;) and 1513 cm ' (T,) but enhanced in T,
(2122 cm™ ).

Experimental data for the excited electronic states
remained rather patchy. There are only 13 known frequen-
cies for the S;(n, 7 ) state [8] and the situation for the non—
planar states is even worse. Pillsbury et al. assigned four
low—frequency modes for the T(n, 77*) state [10, 11]. We
did not find any experimental data for the T,(m, ) state.
Agreement of our MP2 values with experimental ones for
the ground state is very reasonable, the root mean square
deviation is 11 cm ', and essentially of similar quality as
B3LYP/6-311+G** data [15] with the root mean square
deviation of 9 cm '. A similar claim may be said about
Si(n, 7) frequencies. Choo et al. [15] calculated vibrational
frequencies of excited triplets in the Cy symmetry, while our
calculations were performed in the puckered geometry of
the C, symmetry, thus the comparison would be more com-
plicated. We do not expect that the accuracy of vibrational
frequencies for the triplets is considerably lower than for the
singlets.

Excitation energies

We performed calculations of excitation energies in four
different bases of atomic functions. We used two polarized
basis sets z2Pol and Pol, which are dedicated to calculations
of dipole moments and polarizabilities, just to illustrate how
accurate excitation energies they may provide. However, in
the case of energy we trust more in the cc-pVTZ and cc-
pVQZ sets. Perhaps, it is worthwhile to mention the total
number of contracted functions for the 2CP molecule. In the
case of the z2Pol and Pol set it is 144 and 198, respectively.
The cc-pVTZ and particularly cc-pVQZ basis is much larger,
264 and 528 functions, respectively. Calculations were carried
out in geometries optimized at the B3LYP/6-311+G** level
and also at the MP2/cc-pVTZ level.

Vertical excitation energies, 7. values, calculated in the
Sy ground state geometry, are presented in Table 3. The
simplest method presented in Table 3, CASSCF, generates
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Table 2 Vibrational frequencies (cm™') of 2-cyclopenten-1-one

Table 3 Vertical excitation energies (eV) of 2-cyclopenten-1-one®

No.* Sy Si(n, ©) Tin, ©) To(m, )
MP2® DFT® exp! MP2® DFT® exp.® MP2° Mp2°
1 3077 3090 3083 3104 3098 3103 3085
2 3037 3051 3067 3080 3080 3078 2994
3 2933 2940 2938 2912 2915 2960 2989
4 2908 2907 2885 2894 2884 2931 2963
5 1736 1750 1748 1533 1472 1418 2911 2909
6 1604 1616 1599 1472 1451 1357 2892 2904
7 1461 1461 1452 1449 1419 1513 2122
8 1425 1430 1418 1353 1368 1472 1465
9 1345 1346 1345 1314 1319 1450 1425
10 1299 1303 1305 1257 1258 1358 1303
11 1228 1239 1232 1243 1222 1317 1281
12 1174 1164 1173 1112 1058 1258 1254
13 1085 1093 1094 1042 1034 1037 1241 1224
14 1006 989 999 980 969 974 1209 1173
15 919 905 912 915 892 906 1137 1134
16 820 812 822 857 810 849 1106 1111
17 741 751 753 742 748 746 1046 1056
18 615 623 630 594 581 587 992 984
19 454 459 464 345 342 348 982 943
20 2985 2977 2980 2958 2948 933 928
21 2947 2928 2927 2929 2900 914 848
22 1220 1214 1208 1210 1189 854 778
23 1138 1142 1138 1137 1111 800 773
24 1003 1012 1007 990 977 740 644
25 968 975 960 934 854 592 563
26 812 815 815" 797 785 768 508 511
27 756 757 750" 478 491 457 456
28 524 534 537 463 416 422 341 377
29 281 291 287" 298 253 274 281 269
30 75 102 94" 18 25 67 35 142

# The number of vibrational mode. In the case of planar geometries of
the S and S(n, 7 ) state, modes 1-19 and 20-30 belong to the a’ and
a" representation, respectively

® Present work, the MP2 frequencies calculated in the cc-pVTZ basis
set were scaled by 0.978, except for the C—H stretching modes (larger
than 3000 cm ') where 0.942 was utilized

¢From ref. [15], B3LYP/6-311+G** frequencies scaled by 0.985,
except for the C—H stretching modes (larger than 3000 cm ') where
0.964 was utilized

9From ref. [6] unless otherwise noted
¢ From ref. [8]
PExperimental frequencies from ref. [7] and reassigning from ref. [15]

reference wave function for coupled cluster calculations. It
represents just HF for the closed—shell ground state, and just
two active electrons in two orbitals for open—shell excited
states. The data of Table 3 indicate that the electron corre-
lation contribution to excitation energies is by no means
negligible, about 0.6 eV which is 15 % of the total value.

State Method z2Pol Pol cc-pVTZ cc-pVQZ
geometry B3LYP/6-311+G**
Si(n, ) CASSCF 3.364 3.628
CCSD 3.816 4.009
Ty(n, 7°) CASSCF 3.091 3.290
CCSD 3.633 3.661
CCSD(T) 3.674 3.693
To(m, ©) CASSCF 3.465 3.500
CCSD 4.108 4.053
CCSD(T) 4.165 4.137
geometry MP2/cc-pVTZ
Si(n, ©) CASSCF 3.320 3.583 3.505 3.500
CCSD 3.790 3.982 3.824 3.835
Ti(n, ©) CASSCF 3.052 3.249 3.238 3.238
CCSD 3.607 3.635 3.618 3.638
CCSD(T) 3.651 3.670 3.672 3.692
To(m, 7) CASSCF 3.441 3.477 3.491 3.487
CCSD 4.080 4.026 4.029 4.028
CCSD(T) 4.137 4.111 4.128 4.129
other data®
Ty(n, ©)  B3LYP 3.38
CIS(D) 3.69
To(m, )  B3LYP 3.84
CIS(D) 4.23
4T, values

° From ref. [13]

The contribution from triple excited configurations is up to
0.1 eV. The S;(n, 7') state, which cannot be described by a
single—determinant wave function, was calculated by the
two—determinant CCSD method implemented in MOL-
CAS7 [24] and this implementation does not have the
CCSD(T) option available.

The sequence of vertical excitation energies of 2CP mol-
ecule is Ty(n, 7), S1(n, 7 ), and the highest one is To(m, 7).
The shifts in energies due to replacing the B3LYP/6-311
+G** geometry by MP2/cc-pVTZ one are very small, up to
0.02 eV. The effect due to increasing size of the basis set is
also rather small here. The polarized Pol basis set provides
values differing by 0.02 eV from much larger cc-pVQZ set,
and even z2Pol data are not much worse. As a reference, we
found only B3LYP and CIS(D) calculations of 2CP vertical
excitation energies for the T;(n, 7') and Ty(m, 7 ) state by
Sunoj et al. [13], and these values are very similar to ours.

Calculated adiabatic excitation energies, 7, and also 7}
values are presented in Table 4. The electron correlation
effect in adiabatic excitation energies is larger than in the
case of vertical ones, amounts up to 0.8 eV which represents
25 % of the total value. Contributions coming from triple
excited configurations into adiabatic and vertical excitation
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Table 4 Adiabatic excitation energies (eV) of 2-cyclopenten-1-one®

State Method z2Pol Pol  ccpVTZ cc-pVQZ
geometry B3LYP/6-311+G**
Si(n, 7)) CASSCF 2529 2.936
CCSD 3.080 3.467
Ty(n, ©) CASSCF 2.479 2.802
CCSD 2.969 3.197
CCSD(T) 3.004 3.232
Ty(m, ) CASSCF 2.438 2527
CCSD 2.941 3.026
CCSD(T) 2.999 3.106
geometry MP2/cc-pVTZ
Si(n, 7) CASSCF 2414 2.832 2.760 2.774
CCSD 3.113 3.485 3.345,3.273% 3.379,3.307°
Ty(n, ©) CASSCF 2374 2.708 2.706 2.721
CCSD 3.006 3.220 3.222 3.261
CCSD(T) 3.061 3.279 3.304,3.232° 3.345,3.273°
Ty(m, ) CASSCF 2.473 2.447 2.498 2.500
CCSD 3.106 3.068 3.183 3.202
CCSD(T) 3.178 3.167 3.302,3.242° 3.325,3.265°
other data
Si(n, ™) B3LYP 3.109°
CIS(D) 3.514
expt. 3.374°, 3.374F
Ty(n, 7)) MP3 3.208
IMOMO CCSD(T):MP2 3.118
CASSCF 325"
B3LYP 3.037¢, 3.02°
expt. 3.218F
Ta(m, ) MP3 3.138
IMOMO CCSD(T):MP2 3.018
CASSCF 3.08"
B3LYP 3.067°, 3.03!
expt. 3.257°

* T, values, if not otherwise noted

® 7, value, ZPE correction at MP2/cc-pVTZ level included
¢ From ref. [15]

d Ty value, from ref. [16]

¢ Ty value, from ref. [8]

7, value, from ref. [11]

& From ref. [12]

" From ref. [14]

From ref. [13]

energies are comparable. Our comments about the used
basis sets and the choice of geometries presented for vertical
excitation energies apply also for adiabatic ones. The zero
point energy (ZPE) corrections to electronic adiabatic exci-
tation energies based on our calculated MP2/cc-pVTZ vi-
bration frequencies, Table 2, are -0.072 eV, -0.072 eV, and -
0.060 eV for the states S;(n, ), Ty(n, @), and Ta(m, 7),
respectively.
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The sequence of adiabatic excitation energies is different
than it is for vertical ones. All our and other calculations
from the literature, as well as all experiments place the S(n,
7T*) state as the highest one. However, order of the triplets is
ambiguous. Let us compare our CCSD(T) energies calculat-
ed in MP2/cc-pVTZ geometries. In the z2Pol basis we got
the T,(r, 7 ) state higher than T (n, ) by more than 0.1 eV,
while for larger Pol basis it is opposite. The polarized basis
sets are certainly not aimed for the energetics and it would
be unwise to draw any firm conclusions based on these data.
In the cc-pVTZ set with the included ZPE correction the
To(m, 7') state is higher by 0.01 eV, while in the cc-pVQZ
set it is lower by less than 0.01 eV. Similar ambiguities may
be found in the literature. Morokuma et al. [12] using the
standard MP3 method and the integrated molecular orbital +
molecular orbital IMOMO CCSD(T):MP2 method placed
Ty(n, ) by 0.01 eV above T,(m, 7). A similar order was
obtained by Garcia—Exposito et al. [14] using the CASSCF
method and the 6-31G* basis set. On the other hand, phos-
phorescence excitation spectroscopy [11], suggested that
Ta(m, 7) is above Ti(n, ©) by 0.04 eV. This order is
supported also by B3LYP calculations of Choo et al. [15]
and Sunoj et al. [13] with the differences of 0.03 eV and
0.02 eV, respectively. To summarize a bit, the difference
between Ty(n, 7 ) and Ty(m, 7 ) is a rather sensitive quan-
tity. Although our CCSD(T)/cc-pVQZ data represent a very
solid level of computational accuracy, we feel that it is still
not possible to resolve which of the triplets is higher. We can
just conclude that the states T;(n, 77*) and T,(m, 77*) are
nearly isoenergetic.

Both the vertical and adiabatic excitation energies refer to
wavelengths on the upper edge of the UV-A radiation (330-
370 nm). According to Pillsbury et al. [11] the most intense
is the S;(n, ™ )«S, transition, followed by weaker T;(n,
7)«S,, while the Ta(m, 7 )«S, is strongly spin—forbid-
den. Our CCSD and CCSD(T) excitation energies (vertical
in Table 3 and adiabatic in Table 4) indicate that the biolog-
ical activity of 2CP can be affected by the common UV—
radiation present in our environment and significantly weak-
ened in the states S;(n, 7 ) and T;(n, 7).

Dipole moments and polarizabilities

Calculated dipole moments are presented in Table 5. They
were calculated in two basis sets particularly designed for
calculations of molecular properties. The ’small’ zZ2Pol [33]
and the ’standard’ Pol set [30-32] provide qualitatively
same values of the dipole moment with differences up to
0.1 a.u. There are very small differences (0.03 a.u.), for the
Si(n, ) and T(n, 7) states between ’vertical’ dipole
moments, calculated in the ground state S, geometry, and
’adiabatic’ ones, calculated in the given excited state geom-
etry. In the case of the T,(r, 7 ) state this difference is larger
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Table 5 Dipole moments (a.u.)
of 2-cyclopenten-1 -one® State Method Basis z2Pol Basis Pol
Hox Hoy M [l e Hy He |1l
*Vertical ®
So CASSCF  -0.122  0.000  -1.797 1801  -0.112  0.000 -1.764  1.767
CCSD -0.085  0.000  -1.509  1.511  -0.084  0.000  -1.494 1496
CCSD(T)  -0.081  0.000  -1.507  1.509  -0.078  0.000  -1467  1.469
Si(n, ™)  CASSCF  -0204  0.000 -0576 0611  -0227  0.000  -0427  0.483
CCSD 0284 0000  -0.695 0751  -0307  0.000  -0.561  0.639
T,(n,©)  CASSCF  -0.196  0.000  -0.532  0.567  -0214  0.000  -0.404 0457
CCSD 0283 0000  -0.592  0.656  -0.300  0.000  -0.479  0.565
CCSD(T)  -0.297  0.000  -0.598  0.667  -0315  0.000  -0.489  0.582
To(m, )  CASSCF  0.055 0.000  -1.652  1.653  0.060 0.000  -1.646  1.647
CCSD 0.064 0.000  -1.430 1431  0.063 0.000  -1418 1419
CCSD(T)  0.060 0.000  -1.405 1406  0.059 0.000  -1377 1378
>Adiabatic’®
Si(m,#)  CASSCF  -0281  0.000 -0529 0599  -0286  0.000 -0439  0.524
CCSD 0264 0000  -0.646  0.698  -0278  0.000  -0.535  0.603
Ty, ©)  CASSCF  -0298  0.015 -0478  0.564  -0301  0.014  -0387  0.490
CCSD 0288 0018  -0.557  0.628  -0295  0.017  -0.454  0.542
*MP2/cc-pVTZ geometries used, CCSD(T)  -0297  0.019  -0.560  0.634  -0302  0.017  -0.461  0.551
l'au. 02.541 746 D To(m,7)  CASSCF  -0.191 0068  -1356 1371  -0.180 0071  -1.334 1348
=8.478353:107° Cm
Geometries of the ground state CCSD -0.189 0036  -1.135 1151  -0.183  0.040  -1.108  1.124
CCSD(T)  -0.193  0.033  -1.116  1.133  -0.188  0.034  -1.107  1.124

‘Geometries of the given state

(0.25 a.u.) due to a larger geometrical distortion from the
planar symmetry. The (1, 7) excitation caused a dramatic
decrease of the dipole moment, up to one third of the ground
state value, both for the singlet and triplet state. Excitation
of the oxygen lone pair electron to the ring effectively
shortened the dipole and that is the explanation of the dipole
moment decrease. On the other hand, the (, 7°) excitation
brings much smaller reduction of the dipole moment. We
found previously for H,O and H,S [43] similar large
changes of the dipole moment of excited states. The fact
that two nearly isoenergetic triplets have radically different
dipole moments is very striking.

The differences in dipole moments can be alternative-
ly interpreted in terms of isodensity surfaces colorcoded
with the electrostatic potential (ESP) in Fig. 3. The

Fig. 3 Maps of the MP2/cc-
pVTZ isodensity surface of 2-
cyclopenten-1-one in its ground
and excited states colorcoded
with the electrostatic potential
(ESP) and CCSD/Pol dipole
moments

\

lte] = 1496 au.

ESP scale (an.):

-0.06

states with intact polar carbonyl group, negative ESP
in Sy and To(m, 7 ), have large dipole moments. As
soon as the (n,m ) excitation redistributes the electron
density from the CO group to the ring, enhancing the 7-
system at the double C=C bond, the dipole moments in
Si(n, ©) and Ty(n, ) states drop significantly. This
interpretation is also supported by the comparison of the
IR spectra of all four states of 2CP displayed in Fig. 2.
For the sake of clarity the relative intensities of the
excited states were shifted by 50, 100, and 150 units.
The pattern visible for Sy and T,(m, 7') states distinc-
tively differs from that of T\(n, 7) and Si(n, 7)
illustrating the presence of the double CO bond in the
former pair and only partial double CO bond in the
latter pair of states. The most intense IR peak for the

&6&&

Sy(n,m")
lte] =0.603 au.

T,(mn") T,(n.7m")
le|=1.124au |u|=0 542 au

-0.03 0.0 0.03
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Table 6 Dipole polarizabilities

(a.u.) of 2-cyclopenten-1 -one® State Method Basis z2Pol Basis Pol
Ol Qy Qz a Oy Qy o o
*Vertical”®
So CASSCF 5543 4128 7511 5727 5679 4220 7524 5808
CCsD S8.12 4230 7444 5829 59.66 4280 7593 59.46
CCSD(T) 5914 4275 7512 5900 6073 4320 7655  60.16
Sin, ™) CASSCF 5856 74.09 61.23 77.22
ccsD 62.45 78.07 64.77 81.62
Tyn,n)  CASSCF 5791 4302 7374 5822 6018 4440 7615  60.24
CCsD 6237 4500 7928 6221 6431 4546 8197 6391
CCSD(T) 6379 4559  80.84 6341 6580 4594 8355  65.10
To(m, 7))  CASSCF 5683 4102 6604 5463 5790 4189 6786 5588
ccsp 6212 4370 7396 5993 6287 4399 7551  60.79
CCSD(T) 6311 4409 7545  60.88 6416 4402 7751  61.90
’Adiabatic™®
Sy, 7)  CASSCF  59.87 67.36 61.13 69.37
CCsD 60.80 74.39 62.54 76.66
Tyn,7")  CASSCF 5947 4283 6945 5725  60.83 4400 7134 5873
cCsD 60.63 4478 7644 6062 6238 4522 7848 6203
CCSD(T) 6161 4532 7793 6162 6327 4578 8033  63.13
‘MP2/ccpVTZ geometries used, 1, %) CASSCF  53.62 4430 6212 5335 5502 4531 6327 5457
lau =1.648777.10* C?m?y
“Geometris of the ground state ccsD 5856 4749 6911 5838  59.66 4798  69.56  59.07
CCSD(T) 5975 4829 7137 5980 6096 4892 7125 6038

‘Geometries of the given state

Tao(m, 7) state (~2120 cm™ ') indicates even the short-
ened (stronger) double CO bond.

Calculated dipole polarizabilities are presented in Table 6.
We were unable to calculate the «,, component of the polar-
izability for the S;(n, 7'), due to the CASSCF convergence
problem with the second singlet root in the C; symmetry.
Differences between z2Pol and Pol polarizabilities are even
smaller than for dipole moments. Differences between *verti-
cal’ and adiabatic’ polarizabilities for S;(n, 7 ) and Ty(n, 70)
states are similar to differences for dipole moments, however,
the difference for the T,(rr, ) state is much smaller. All three
excited states have only slightly larger polarizabilities
than the ground states, these changes are considerably
smaller than they were for dipole moments. Certainly,
the molecule is substantially larger than H,O or H,S,
where changes in polarizabilities for excited states were
much larger [43]. Nevertheless, similar to dipole moments, we
can divide the four investigated states into two classes.
The first one, Sy and T,(mw, 7 ), have slightly lower
values of the polarizability than the second one with
(n, ™) excitations.

Conclusion

A detailed study of rotational constants, vibrational fre-
quencies, excitation energies, dipole moments and

@ Springer

dipole polarizabilities of the four low-lying electronic
states of 2—cyclopenten—1—one has been presented. Elec-
tron correlation effects which are essential in the case of
accurate calculations were accounted for by CCSD and
CCSD(T) methods.

It has been shown that vertical excitation energies are
in the order Ty(n, 7 ), Si(n, =) and Ty(m, 7). The
order of adiabatic excitation energies is different. Trip-
lets Ty(n, 7') and T(w, 7 ) are very close to each other
and it is impossible for us to give a definite answer to
the order question. In the cc-pVTZ basis we got the
Ty(n, 7) state lower than T,(w, 7 ), while in larger cc-
pVQZ it is just opposite. The singlet Si(n, ) is well
above both triplets.

The (n, 7 ) excitations lead to a significant reduction of
the dipole moment, while the (, ') excitation reduced it
much less. Interestingly, dipole moments of almost isoener-
getic triplets T;(n, ©') and Ty(m, 7 ) at the CCSD(T)/Pol
level are 0.551 au. and 1.124 a.u., respectively. This is
caused by striking differences in valence electron densities
as demonstrated in Fig. 3.

Dipole polarizabilities of higher states of 2CP are much
less affected by electron excitations than dipole moments.
However, we can notice certain similarities in behavior of
dipole moments and polarizabilities. Values for S;(n, 7")
and T,(n, 7 ) are closer each to other and the same applies
for Sg and To(m, 7).
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All the properties calculated in this study show sound
trends: lower dipole moments, higher polarizabilities and
the weakening of the «,(-unsaturated carbonyl bond indi-
cate the lowering of the biological activity of 2CP in the
Si(n, 7) and Ty(n, ) states. In this context, the activity of
2CP in the To(m, 7 ) state seems to be marginal because the
Ta(n, ©)«S, transition is strongly spin—forbidden.
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