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Cryogenic matrix isolation experiments have allowed the measurement of the UV absorption spectra of the
high-energy non-chelated isomers of acetylacetone, these isomers being produced by UV irradiation of the
stable chelated form. Their identification has been done by coupling selective UV-induced isomerization,
infrared spectroscopy, and harmonic vibrational frequency calculations using density functional theory. The
relative energies of the chelated and non-chelated forms of acetylacetone instia¢eShave been obtained

using density functional theory and coupled-cluster methods. For each isomer of acetylacetone, we have
calculated the UV transition energies and dipole oscillator strengths using the excited-state coupled-cluster
methods, including EOMCCSD (equation-of-motion coupled-cluster method with singles and doubles) and
CR-EOMCCSD(T) (the completely renormalized EOMCC approach with singles, doubles, and non-iterative
triples). For dipole-allowed transition energies, there is a very good agreement between experiment and theory.
In particular, the CR-EOMCCSD(T) approach explains the blue shift in the electronic spectrum due to the
formation of the non-chelated species after the UV irradiation of the chelated form of acetylacetone. Both
experiment and CR-EOMCCSD(T) theory identify two among the seven non-chelated forms to be characterized

by red-shifted UV transitions relative to the remaining five non-chelated isomers.

I. Introduction the high-energy non-chelated forms. Conversely, in gas ghase
or in molecular bearf®-2! dissociation occurs. We have also

Systems with a strong intramolecular hydrogen bond have yoantiy photoisomerized acetylacetone trapped in a nitrogen

given rise to numerous thleoretical and experizggntal studies, matrix using both laser UV and IR irradiatidhto emphasize

especially malonaldehyée!! and apetylaceton‘bl. Indegd.,. the selectivity and to discriminate from broad band irradiation.
these molecules'are among the smplest molecules exhibiting arp;g type of experiment has shown to be a very powerful tool
H-bond along with a proton-tunneling exchange between the ¢, jgentifying the different isomers. It should be noted that

oxygen atoms. Figu_re 1 illustrates the ke_tmol equilibrium trapping in cryogenic matrices has up to now been the only
of acetylacetone which is almost totally shifted toward the enol way to observe and study these isomers.

form in gas phas@ and when isolated in cryogenic matrices. "\ focus here on the characterization of the UV absorption
Figure 1 also shows the eight isomers of the enol forms labeled g crym of the different isomers of acetylacetone isolated in a
XYZ _the three letters being eith€ror T, whereC stands l_‘or nitrogen matrix using, in addition to the standard UV absorption
the cis character antlstands for the trang chargcter relative to spectroscopy, UV-induced reactivity, infrared spectroscopy, and
the G-C, C=C, and C-O bonds, respectively; in this nomen- ;i ational frequency calculations. The complete set of relative
clature, the chelated form, which is the most stable one, iS gnergies of the isomers of acetylacetone in the electronic ground
Iabeled. ccc. ) ) state () has also been calculated using coupled-cluster
Previous theoretical studies have concentrated on pro- methods, including the completely renormalized coupled-cluster
tont3172425 or hydrogefi® transfer and on strength of the  gpproach with singles, doubles, and non-iterative triples or CR-
H-bondi® whereas very few studies have been done on the UV CCSD(T), for shorB2-35 The UV transition energies and dipole
transitions and UV-induced reactivity. In a previous study, we oscillator strengths, which are essential for the analysis of the
have showf'#that broad band UV excitations of acetylacetone gpserved spectrum and spectral shifts, have been calculated at
and malonaldehyde isolated in cryogenic matrices lead to thethe equation-of-motion coupled-cluster (EOMCC) level of
isomerization of the CCC stable form and to the observation of theory, including the recent extension of the ground-state CR-

CCSD(T) approach to excited states via the EOMCC formal-
:Eot:res?qndigﬁ author(ij COIUStSEm??up-ulni\/_-mrS-fr-t,M][jhEi UMR ism333536 The theoretical and experimental UV transition
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6633, Universitede Provence.CNRS. energies are compared and analyzed.
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H H Values for Acetylacetone and Its Isomers, Obtained at the
B3LYP/6-311++G(2d,2p) Level of Theory
H VoH Vc=0 Ve=c Av
o o CH; CH,
I | | | CCC 3022.9 1643.3 1674.2 30.9
C C PN N CTC 3797.4 1734.1 1635.6 98.5
CCT e \c% e, T © ‘|3 o CTT 3826.4 1738.7 1657.4 81.3
| u TCC 3808.6 1707.0 1667.0 40.0
H TCT 3839.2 1704.0 1711.9 7.9
Figure 1. Keto—enol equilibrium; Schematic picture of the chelated TTC 3801.6 1698.2 1671.2 27.0
(CCC) and seven non-chelated forms of the enol iso@estands for CCT 3819.9 1751.0 1668.5 825
the cis character andl stands for the trans character relative to the TTT 3836.0 1694.4 1703.4 9.0

C—C, C=C, and C-O bonds, tively. . L
an onds, respectively of irradiation at 265 nmR ~ 10 mW) are also plotted: the

Liquid) gas were mixed in a vacuum line using standard band progressively shifts toward 230 nm, no further effect being
manometric techniques. For UV spectroscopy, roughly 0.5 Pa observed for longer irradiation times. The spectrum taken after
m?3 of a 1:5000 mixture was rapidly sprayed onto a Csl window a reverse 15 min irradiation at 230 nm indicates a reverse
maintained at 17 K inside a cryostat using a close-cycled helium conversion to the initial CCC form, with no further changes
cryogenerator (CTI-cryogenics). UV spectra were recorded by after longer irradiation times. The absorption maximum found
transmission through the window held at the deposition tem- for chelated acetylacetone is in agreement with the 266 nm value
perature with a SAFAS 190 DES spectrometéraa2 nm obtained in the cases of molecular bé& and flow cell
resolution. No significant effect was observed when varying experiment$® The full width half-maximum (fwhm) of the
the temperature from 10 to 25 K. For IR spectroscopy, roughly bands centered at 265 and 230 nm is about 30 nm. We have
4 Pa n? of a 1:500 mixture was sprayed onto a Au-plated Cu previously shown that the 230 nm band corresponds to the
cube maintained at 17 K and the sample was then maintainedformation of non-chelated forn?s,these forms being clearly
at 4 K, using a close-cycled helium cryogenerator (Cryomech- characterized using FTIR spectroscopy by the appearance of
PT405). Infrared spectra (FTIR) were recorded with a IFS 66/S free von bands in the 36483560 cnt! region. Note that low
Bruker spectrometer in reflection-transmission mode, at a 0.12 temperatures prevent back-reactions and allow for the observa-
cm~1 resolution. The IR measured frequencies were comparedtion of these high-energy isomers. Figure 2 shows that there is
with the previously calculated harmonic vibrational frequen- no isobestic point for the chelated non-chelated conversion,
cies?’ obtained using the B3LYP/6-3%#H-G(2d,2p) level of which indicates that there are at least three types of species
density functional theory, as implemented in GAUSSIAN®®8.  corresponding to three UV bands. We have fitted UV spectra
The calculated harmonic vibrational frequencies and frequency and obtained a consistent fit with three bands of Gaussian shape,
shifts are summarized in Table 1. centered, respectively, at 26851, 249+ 1, and 230+ 1 nm,

UV irradiation were performed by doubling the signal coming as shown in Figure 3. The corresponding fwhm values are 30,
from an optical parametric oscillator pumped by a Nd:YAG 29, and 27 nm, respectively.
laser at 355 nm (VEGA, BM Industrie, Thalg the pulse We present here another series of experiments for which the
duration being about 6 ns, the repetition rate 10 Hz, and the UV excitation of acetylacetone has been carried out in a similar
resolution about 1 nm. For the sample, the average fluence wasway, and for which the FTIR results are now analyzed. Figure
a few tenths of millijoules and the beam diameter was about 5 4a shows the infrared absorption spectrum recorded immediately
mm. after deposition, and Figure 4b shows the difference spectrum

B. Results. Figure 2 shows the UV absorption spectra after 23 min of irradiation at 265 nmP(~ 8 mW), in the
recorded for acetylacetone isolated in a nitrogen matrix, before stretchingvon andvc=o/vc—=c mode regions. New bands appear
and after various irradiation times. After deposition, a broad after the irradiation in the 3638570 cnt? region, correspond-
band centered at 265 nm is observed, corresponding to the stabléng to free voy modes of non-chelated isomers. To facilitate
chelated CCC form. Spectra taken after 15, 30, 45, and 60 minour analysis, we divide the fre&y bands into the following
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remarked that the IR absorption cross-section is much lower

- . . ° for the LF isomers when compared to the HF isomers. Following
107, this decrease of the LF isomer bands, we have performed the
0.8 UV irradiation at 230 nm. Figure 4d shows that a 18 min
3 0.6 \J irradiation clearly produces a considerable decrease of the HF
£ o4l isomer bands, whereas only a very limited decrease is observed
SR - — — - 3 , , for the LF isomer bands. We have subsequently irradiated our
® 12} cT. d system at a 255 nm intermediate wavelength to excite the LF
Lob 1 ] species, and we have consistently observed again the HF
0‘8y'~.._,. interconversion, similar to that observed in Figure 4c, as seen
in Figure 4e.
0.6) ) We now analyze, in considerable detail, the vibrational spectra
0.4} ‘ ‘ 1. ‘ ‘ ] in both thevoy and thevc—o/vce—c regions to assign the observed
220 240 260 280 300 220 240 260 280 300 bands to different isomers of acetylacetone. Clearly, this is a
wavelength /om highly non-trivial task due to the existence of at least seven

Figure 3. Fits of the UV spectra obtained for acetylacetone isolated non-chelated isomers, as shown in Figure 1. The identification
in a N, matrix to bands of Gaussian shape: before irradiation (a) and of the different isomers can be achieved by the analysis of the
after irradiation at 265 nm for 15 (b), 30 (c), and 60 min (d). spectral correlations obtained by the irradiation-induced inter-
T T : : conversions, combined with the harmonic frequency calcula-
tions, as discussed in a later part of this paper. The vibrational
spectral regions considered in this work cover only a limited
part of the entire infrared spectrum, but the resulting information
is sufficient to distinguish between the different isomers. When
irradiating CCC, three main groups of the spectral bands appear
in theve—o/ve—c region, centered at 1703, 1672, and 161TE§m

as seen in Figure 4b. Figure 4c shows that the two groups at
1703 and 1611 cnt are correlated with the LF and MF isomers
(decreasing bands), whereas the central main band at 1672 cm
is correlated with the HF isomers (increasing bands). Table 1

absorbance

all Eo also shows that the non-chelated isomers can be separated into
L . i . three groups taking into account the calculated valuegof
3650 3600 1700 1600 () CTC, TCC, and TTC, with low @H stretch frequencies
wavenumber / cm (8797-3809 cn1Y), (ii) CTT and CCT, with intermediate ©H

Figure 4. IR spectra of successive irradiation of acetylacetone isolated stretch frequencies (3828827 cnt?), and (iii) TCT and TTT

in a N; matrix (concentration, 1/500; temperature, 4 K): spectrum just . . . 1
after deposition (a), difference spectrum between after 23 min irradiation with high O—H stretch frequencies (383@839 cn"). They

at 265 nm (mean power 8 mW) and after deposition (b), difference ¢an also be separated into the alternative three groups taking

spectrum between 104 and 50 min irradiation at 265 nm (c), difference into account the possible values & = |vc—o — vc=c|: (i)

spectrum between 18 min irradiation at 230 nm (mean power 5 mW) CTC, CTT, and CCT, with largév (81—100 cnt?), (ii) TCC

and the end of irradiation at 265 nm (d), and difference spectrum gpg TTC, with intermediaté\v (27—40 cnt?), and (iii) TCT

between 37 min irradiation at 255 nm (mean power 6 mW) and the and TTT, with smallAv (8—9 cnv3). It should be noted that

end of irradiation at 230 nm (e). The peak labeled with the star is due . . ' -

to a water impurity. the three isomers W|th the largest are also the three with the
highestvc—o frequencies. Only one among these three forms,

three groups: the high frequency (HF) modes in the 3630 CTC, corresponds to a low frequenayy isomer, and in
3615 cnt! range, the medium frequency (MF)y modes in consequence, the LF feature can be assigned to this isomer
the 3615-3600 cn1l range, and the low frequency (L';'bH without amblgwty The small band at 3607 Ch(in the MF
modes in the 36003575 cnt! range. Theve—o/ve—c region mode region), which decreases along with the LF bands after a

clearly shows the decrease of the broad peaks corresponding td®rolonged irradiation at 265 nm, also corresponds to a large
the chelated form and the increase of the shifted and narrowAv value, as seen in Figure 4c. In fact, the bands at 1703 and
peaks, in agreement with what is expected for non-chelated 1611 cnt* are multiplets, and experiments show, through their
forms. In fact, the infrared spectrum for the chelated form is behavior after various irradiation periods, that at least two
clearly distinct from the spectra characterizing the non-chelated distinct isomers contribute to these bands. Thus, the MF isomer
forms because of the strength of the hydrogen bond, calctffated could be CTT or CCT, according to theiv and vou
at 12 kcal mot?, which leads to the red-shift and the broadening Ccharacteristics. An additional observation of the changes in the
of infrared lines, especially those related to thg mode or to spectrum after a night of sample irradiation, merely by the
the vibrational modes that strongly interact with the H-bond. spectrometer globar source, has shown a conversion of the MF
The effect of the long time irradiation at 265 nm is shown in isomer to CTC. The infrared-induced interconversion can only
Figure 4c. When the CCC form is almost entirely converted, concern the rotations around single bonds since the energy of
there is an interconversion among the non-chelated speciesthe photon is too low to induce a rotation around a double bond.
namely, the bands corresponding to the LF modes decreaséNe can therefore deduce that the MF isomer is CTT and not
while the bands corresponding to the HF modes increase. ItCCT and that the globar light induces the rotation around the
should be noted that a small band in the MF region (3607%¢m  C—O single bond. Concerning the HF isomers, our vibrational
also decreases. This indicates that the created LF isomers ardrequency calculations show that they are probably TCT or TTT.
now excited (the UV wavelength probably being in the wing This would be consistent with the high-intensity peak at 1672
of their absorption line) and can photoisomerize. It should be cm~! which increases or decreases in correlation withvig
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peaks. When scaling this frequency by the ratio between the triples effects, but presently the applicability of the EOMCCSDT
calculated and experimental mean frequencies of the high-method is limited to molecules which are much smaller than
frequencyvc—o modes (CTC, CTT and CCT), i.e., 1.621741/ acetylacetone due to the prohibitively large costs of the
1703, we obtain an expected calculated value of 1705')cm EOMCCSDT calculations. The CR-EOMCCSD(T) methods
which perfectly fits the calculated mean value for the other four used in this study describe the most important triples effects
isomers (TCC, TCT, TTC, and TTT). Thei—o frequencies via the a posteriori non-iterative corrections to EOMCCSD
are nevertheless all close to this mean value and therefore theyenergies, which are much less expensive than the EOMCCSDT
cannot be further distinguished in this way. The complete calculations.
assignments of all the bands and the full identification of all ~ There are several variants of the CR-EOMCCSD(T) method
the isomers is beyond the scope of this paper and will be done(all based on the extension of the formalism of the method of
in a forthcoming publication, using additional experiments moments of coupled-cluster equatiéh$*36:52 to excited
involving selective IR irradiations. electronic state8:36:53.5§, |n this study, we used the so-called
The results presented above show that the UV absorption§(ID) ando(lID) CR-EOMCCSD(T) approximations, in which
spectrum of acetylacetone and its isomers isolated in a nitrogenthe suitably defined non-iterative corrections due to triply excited
matrix consists of broad bands (fwhm of typically 30 nm) and determinants are directly added to the vertical excitation energies
that the spectra of non-chelated isomers can be analyzed byw&EOMCCSD)obtained in the EOMCCSD calculations. We used
focusing on two distinct bands. This enables us to identify two these two different variants of the CR-EOMCCSD(T) theory,
among the seven non-chelated isomers of acetylacetone, i.e.since thed(ID) approximation usually provides upper bounds
CTC and CTT, for which the absorption is centered at 249 nm. to the calculated excitation energies, whereas &ifgD)
The UV absorption for CCC is centered at 265 nm and that of excitation energies may be somewhat below the exact (meaning,

the other forms is centered at 230 nm. full Cl) values in a given basis set. The corresponding vertical
excitation energieax = wk(X), whereX = §(ID), 6(IID), are
lIl. Theory calculated as follows (cf., e.g., ref 35):

A. Method. To understand the shifts in the UV spectra that
are obtained after irradiating acetylacetone with light tuned at ¥k =
265 nm, we performed highly accurate ab initio calculations of BIIK(X)|(Diajll?CD”"[/gkbc(K)/AK(X)' (1)
the UV transition energies and dipole oscillator strengths i<j<&z<b<cC
corresponding to a few lowest-energy singlet states of each of
the eight forms of acetylacetone (optimized at the B3LYP/6- Here,i, ], k (a, b, ¢) are the occupied (unoccupied) spiorbitals
311++G(2d,2p)level of theory) shown in Figure 1. In the best and |®Tare the triply excited determinants relative to the
calculations we could afford, we used the state-of-the-art CR- RHF reference. The// ¥ (K) coefficients in eq 1 represent the
EOMCCSD(T) method®353¢This high-level method had to  generalized moments of the EOMCCSD equations obtained by
be employed to get a reliable description of the observed UV projecting these equations on triply excited determinahits.
transitions. The CR-EOMCCSD(T) approach is based on the They can be easily calculated using the aforementioned CCSD
EOMCC extensioff3? of the ground-state coupled-cluster and EOMCCSD cluster and excitation operatdf§csP) and
theory*®=44 to excited electronic states. We also used the basic R§<CCSD), respectively. We can write
EOMCC singles and doubles (EOMCCSD) appro#cl.We
now briefly describe the most essential details of the EOMCCSD //glg (K) = E‘I)ﬁfc| H(CCSD)R&CCS% o0 @)
and CR-EOMCCSD(T) calculations, relevant for this study.

In the EOMCCSD method, one represents excited electronic whereH(CCSD) s the similarity transformed Hamiltonian of the
states| Wby applying the linear excitation operatgf-“s" CCSD theory. The\k(X) denominators in eq 1 are defined as
=Ry + R; + R (R, is ann-body orn-triply excited component
of RESP) to the ground statéWo= exp(T(CCSP)|dOresult- A(X) = W, (X)] RESPlexp(©CSP) @[ ©)
ing from the standard CCSD (coupled-cluster singles and
doubled>48) calculations. Here, we use a notation in which where
T(CCSD)= T, + T, is the cluster operator obtained in the CCSD
calculationsT; and T are the one- and two-body components | Wk(O(ID))0= (P + Q; + Q, +
of T(CSP) and |®Uis the reference determinant (we used the Q) (RECSD) 4 R)e"CCD) ] (4)

restricted HartreeFock (RHF) determinant as a reference in
SD)

EOMCCSD,
w& )4

our calculations). The EOMCCSD excitation opera
and the corresponding vertical excitation energidg™<csP) N
are obtained by diagonalizing the similarity transformed Hamil- | Wx(6(IID))= (P + Q, +
tonian H(CCSD) = exp(— TCCSD) H exp(T" (CCSD))_m a space of Q,)RECSOETCESD) g1 R 1) (5)
singly and doubly excited determinants relative @]

The low-lying states of acetylacetone are dominated by one- i
electron transitions. The EOMCCSD approximation is known
to provide reasonable results for such states (the resulting errors R,|®= |_,///iik (K) /D?bC(K)] |¢,§bcD (6)
in excitation energies should not exceed-8035 eV), but if 3 ab ik ik
we want to improve the accuracies te-8.1 eV level and obtain
a better balance between different excited states, we have torepresenting the perturbative estimate of the triply excited
include the essential effects due to triple excitations (cf., e.g., component of the excitation operatBk that defines excited
refs 33, 35, and 36 and references therein). Ideally, one wouldstates in the EOMCC theory. The operatBrandQ;, Q,, and
like to use the full EOMCCSDT (equation-of-motion coupled- Qs represent the projection operators on the manifolds spanned
cluster method with singles, doubles, and trifi&S} to describe by the reference determinapbCand the singly, doubly, and

and

i<j<ka<b=<c
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TABLE 2: Ground-State Energies of the Isomers of TABLE 3: Vertical Excitation Energies (in eV)
Acetylacetone (in kcal moil) (a) Relative to the CCC Corresponding to the Three Lowest Energy Excited States of
Chelated Form and (b) Relative to the CTC Nonchelated Each Isomer of Acetylacetone, Obtained with the
Form, As Obtained by the B3LYP/6-311+G(2d,2p) and the CR-EOMCCSD(T) 4(ID) (Denoted 4(ID)) and
CR-CCSD(T)/6-31++G(d,p) Methods? CR-EOMCCSD(T) 4(lID) (Denoted 4(1ID)) Methods?
(B3LYP/6-31H+G(2d,2p)) (CR-CCSD(T)/6-3¥+G(d,p)) dipole oscillator
isomer parta partb parta partb EOMCCSD o(ID) o(1ID) strengths
CCC 4.565 4.396 3.994 0.5963107°3
ccc 0.0 0.0
CTT 118 0.7 11 11 6.089 5940  5.751 0.9272 102
Tce 12.7 17 121 21 CTC 4.347 4.184  3.788 0.269110°3
TCT 13.6 25 12.0 2.0 5.787 5.636 5.449 0.332610°2
TTC 14.3 3.2 13.3 3.3 5.872 5.603 5.356 0.4164
cCT 15.6 45 14.7 4.7 CTT 4.327 4.163 3.765 0.228810°3
TTT 16.6 5.5 16.0 6.0 5.849 5.577 5.328 0.4170
) ] ) 5.911 5.753 5.539 0.1295 104
aVariant 11D of the CR-CCSD(T) method, as defined in ref 35, TCcC 4.401 4.236 3.875 0.225910-3
has been used. 6.096 5.825 5.545 0.4324
6.132 5.968 5.774 0.3326 1072
triply excited determinants, respectively. Finally, tB§’{K) TCT gggg g-égg gggcl) 8%8;2 igi
denominators entering eq 6 are defined as 6.256 6.105 5663 03139
TTC 4.412 4.251 3.880 0.157%110°3
DPYK) = EEOMCCSD)— [@arg H(CCSD) pab 7) 5.963 5.806 5.624 0.2094 102
I I U 6.171 5.902 5.643 0.5116
CCT 4.192 4.031 3.653 0.273410°3
whereEEOMCCSP)is the EOMCCSD energy of stak i.e., we 5.790 5.635  5.425 0.6097 10°3
use the diagonal part of the triples-triples block of matrix - i-ggg i-ggg g-ggi 8-‘1“1‘22 105
indq(ccsb abg . : : :
representingH( )to calculateDF(K). _ 5857 5708 5481 01223 10-3
The EOMCCSD and CR-EOMCCSD(T) calculations and the 6.152 5.894 5.618 0.5013

corresponding ground-state CCSD and CR-CCSE(? cal-
culations were performed using the system of CC and EOMCC
computer prograni§>®>56 that are the integral part of the
GAMESS packagé’ To determine which of the calculated groups. In the case of CCC and CCT, they are staggered, while
excited states represent the dipole-allowed transitions, wein the cases of CTC, CTT, TCC, TCT, they are eclipsed.
calculated the corresponding oscillator strengths at the EOM-  Although the CR-CCSD(T)IID/6-31+G(d,p) energies are
CCSD level of theory, also using the EOMCC computer cefdles expected to be more reliable than the corresponding density
that are part of GAMESSY. In all CC and EOMCC calculations,  functional theory data, it is interesting to note that the consider-
we used the 6-3t+G(d,p) basis s€€ 60 and the lowest seven  ably less expensive B3LYP method gives very similar relative
orbitals correlating with the 1s orbitals of the carbon and oxygen energies and almost the same isomer energy ordering. The only
atoms were kept frozen. In the following, we focus on the three exceptions, where the CR-CCSD(T) and B3LYP energy order-
lowest-energy excited states for each isomer of acetylacetoneings differ, are the TCC and TCT isomers. These two isomers

aDipole oscillator strengths were obtained with the EOMCCSD
method.

discussed in this study. are rather close in energy, so it is not entirely surprising that
B. Results. The ground-state ¢ energies obtained by the their ordering in different calculations can be different.
standard B3LYP/6-31t+G(2d,2p) and CR-CCSD(T)/6-3H-G- Table 3 shows the vertical excitation energies of the three

(d,p) levels of theory (the latter using variant 11D of CR-CCSD- lowest-energy excited states of acetylacetone and its non-
(T)%%) are summarized in Table 2. The chelated CCC form is chelated isomers, calculated by the EOMCCSD and CR-
most stable, by more than 10 kcal mblin both calculations. EOMCCSD(T) methods. It can be noted that the CR-EOMCCSD-
Among the non-chelated forms, CTC is most stable and the (T) methods lower the EOMCCSD excitation energies for the
highest-energy TTT isomer is less stable than CTC by about 6 lowest-energy dipole-allowed electronic transitionsb§.1—

kcal molL. The five most stable non-chelated forGTC, 0.6 eV. This is rather typical for such calculations: the
CTT, TCC, TCT, and TT€E lie between 10 and 14 kcal mdl EOMCCSD excitation energies are expected to be located above
above CCC, whereas the two least stable isomers, CCT andthe exact energy values, while the CR-EOMCCSD(T) ap-
TTT, are at 5-6 kcal mol* above CTC. The instability of CCT ~ proaches lower the EOMCCSD energies, bringing them closer
is due to hindering between the?smd s electron pairs located  to the exact excitation energies in a given basis set. Table 3
on each oxygen atom while that of TTC and TTT is due to shows that the first strongly dipole-allowed transitian-¢ 7*
steric hindering between the two methyl groups. TTC is more excitation) occurs betweerp 8nd $ for CCC, CTT, and TCC,
stable than TTT because of the long-range electrostatic interac-and between Sand S for CTC, TCT, TTC, CCT and TTT,
tion between the Sgenolic oxygen electron pair and the methyl  but not between gand S (n— z* excitation). The numbering
group, as described recently by Kank Jensen ét ahd this is of the states is here relative to the vertical relative energies. A
in agreement with the increase in Mulliken’s charges of the two more careful analysis of the nature of excited states of
methyl groups, from—0.058 e for TTT t0—0.084 e for TTC acetylacetone, based on the one-electron reduced density
according to our B3LYP calculations. Note that, as expected, matrices obtained with the EOMCCSD and CR-EOMCCSD-
when the methyl groups are Byn1,3 interaction (TTC and  (T) approaches, may be required to provide further insights.
TTT isomers), their relative configuration is staggered. For the We plan to perform such studies in the future work. We will
other isomers, the small interactions, either attractive with the also examine the effect of the basis set: typically, the use of
O lone pair orbitals, or repulsive with the H atom of the OH larger basis sets lowers the excitation energies, making them
group, determine the relative configurations of the methyl closer to experiment, but we do not expect this effect to change
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TABLE 4: Vertical Excitation Wavelengths (in nm) for the harmonic frequency calculations. Thus, we have to be careful
Lowest Energy Allowed Electronic Transition of the Isomers in drawing final conclusions, because several factors can affect
gRA-\E%)IOI%:gtSOB?IL)Oé%%;‘?S gg}'é?eﬁg?fgg:i?]a our interpretation of experiment, such as (i) the limited accuracy
CR-EOMCCSD(T) 8(IID) (Denoted &(11D)) Methods® of the vibrational frequency calculations, (ii) the proximity of

the three experimental frequency domains (especially for the

dipole oscillator LF and MF domains), and (iii) the possible blurring of the

EOMCCSD o(ID) o(1ID) strengths . . .

frequency assignment due to site effects. In fact, it is well-known
ccc 224 237 250 0.35 that matrix environment can induce multiple and shifted
CTC 211 221 231 0.42 f ies f inale vibrational mode. shifts bei icall
cTT 212 292 233 0.42 requencies for a single vibrational mode, shifts being typically
TCC 203 213 224 0.43 on the order of a few wavenumbers. Therefore, we have taken
TCT 198 203 219 0.31 great care to distinguish the site effects from the isomer effects
EEC% ggé %ig %%g g-ié by analyzing both the temperature and irradiation effects. In
T 201 210 1 0.50 addition, the consistency of our assignments is based on the

correlations between different spectral domains and changes in
2 Dipole oscillator strengths were obtained with the EOMCCSD the infrared absorption observed after UV irradiation, which

method. we observed in a large number of experiments.

The two non-chelated forms (CTC and CTT) absorbing at a

the excitation energy shifts between the chelated and the non- d-shifted UV | h 410 the ofh helated
chelated forms significantly, since we expect a similar amount red-shitte wavelength compared to the other non-chelate

of lowering for all isomers. For the sake of clarity, the isomers differ only by a rotation around the single @ bond,

wavelengths of the dipole-allowed transitions (nonzero oscillator _and the G=0 and G=C bonds are in a cis configuration in both

strength) are also gathered in Table 4. According to the CR- isomers. This would suggest the existence of a larger degree of

EOMCCSD(T)4(lID) calculations (column c in Table 4), we conjugation in the CTC an.d.CTT Isomers C°mp‘?“eo' to other
can roughly divide the isomers of acetylacetone into the non-chelated forms, explaining the observed shift of the UV

following three groups: (i) CCC, for which the transition transition relative to CCC, which is smaller compared to other
wavelength is 250 nm. (if) CTC’ and CTT. for which the non-chelated forms, as well as the large values ofAhend

transition wavelengths are around 230 nm (mean value 232 nm),”c© frequgncy values. Calculajtiqns S.hOW that the CCT’ CTC
and (i) TCC, TCT, TTC, CCT, and TTT, for which the and CTT isomers have very similar infrared characteristics in

transition wavelengths are around 220 (mean value 221 nm).the veo/vee domain, in agreement with an equally high level
of conjugation in these three isomers. On the other hand, our

calculations show that the CCT isomer is much higher in energy

compared to the CTC and CTT forms. This can be explored by

The gas-phase value of the UV absorption wavelength for the repulsive interaction between thé spd s groups of the
the basic enol form of acetylacetone is 266 nm and the value tyo oxygen atoms.

that we have obtained (265 nm) from the Matrix isolation
study is very similar. The UV absorption is not expected to be , Conclusions
strongly modified by interactions with inert matrices, like rare
gas or nitrogen matrices, and our experiment confirms this. The  The primary objective of this study was to calculate the UV
CR-EOMCCSD(T) methods, particularly CR-EOMCCSD(F) transition energies of the different isomers of acetylacetone and
(IID), succeed in reproducing the most essential experimental to compare them to the experimental results. The cryogenic
features of the UV absorption for the acetylacetone isomers. matrix isolation allowed us to create and observe the high-energy
The excitation wavelength of 250 nm obtained for CCC is not non-chelated isomers of acetylacetone by excitingrits 7*
too far removed from the experimental value of 265 nm. Perhaps transition at 265 nm. We subsequently used the UV spectroscopy
more importantly, the blue-shift 029 nm obtained for the  to determine the photoabsorption spectra of various isomers of
TCC, TCT, TTC, CCT, and TTT isomers fits well the acetylacetone and we also reversely excited the> x*
experimental shift of 35 nm between the non-chelated forms, transitions of the non-chelated forms produced after the initial
which absorb around 230 nm, and the chelated form, which UV irradiation. All of these UV excitations, combined with the
absorbs around 265 nm. In addition, the theoretical evidence standard B3LYP frequency calculations and FTIR spectroscopy,
for the existence of two isomers of acetylacetone which absorb allowed us to provide a strong evidence for the identification
at the intermediate mean wavelength of 232 nm (the theoreticalof the non-chelated isomers of acetylacetone which can be
blue-shift relative to CCC of 18 nm) is also in complete obtained by irradiating the chelated CCC isomer with the UV
agreement with our assignment of the intermediate UV absorp-light. To support our experimental findings, the ground and
tion found around 249 nm to CTC and CTT (the experimental excited states of various forms of acetylacetone were examined
blue-shift is 16 nm). with the high-level ab initio methods based on the EOMCC
The experimental assignment can be done here thanks to theheory. The most accurate CR-EOMCCSD(T) calculations
UV excitation effects (5§ — S, or § — S3), followed by confirmed the assignment of they S> S; dipole forbidden
relaxation that leads to isomerization. It should be noted though transition to the transition to az* state while $ or &
that the electronic states,Sare assigned here using the correspond to ther* state involved in the dipole-allowed
theoretical energy ordering calculated for the vertical transitions. transition of both chelated and non-chelated forms. The transi-
The actual potential energy surfaces of the ground and excitedtion energy values obtained with the CR-EOMCCSD(T) method
states are far from being well understood, and it is possible thatare in very good agreement with those found experimentally.
the UV relaxation involves curve-crossing phenomena, as shownBecause of the loss of conjugation, there is a large blue-shift in
earlier for malonaldehydé. the UV photoabsorption characterizing the non-chelated isomers
The experimental assignment is partly based on separatingand the CR-EOMCCSD(T) calculations confirm this. The
the isomers into three groups according to theis frequencies experimental and CR-EOMCCSD(T) values of this shift are 35
and on comparing the resulting groups with the results of and 29 nm, respectively, if we focus on the TCC, TCT, TTC,

V. Discussion
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CCT, and TTT isomers, and 16 and 18 nm, respectively, if we

Coussan et al.

(27) Coussan, S.; Manca, C.; Ferro, Y.; RoubinORem. Phys. Lett.

focus on the CTC and CTT isomers. The theoretical and 2003 370,118.

(28) Srinivasan, R.; Feenstra, J. S.; Park, S. T.; Xu, S.; Zewalil, A. H.

experimental results also agree with regard to the identification o"chem. S0©004 126, 2266.

of two non-chelated isomers of acetylacetone (CTC and CTT),
which absorb to the red compared to the remaining five non-

chelated isomers.

Acknowledgment. The authors would like to thank Dr. B.
Talin, A. Totin and P. Genesio from the PIIM laboratory,
University of Provence, for their useful technical support. All
CCSD/EOMCCSD and CR-CCSD(T)/CR-EOMCCSD(T) cal-

culations reported in this paper were supported by the Chemical

(29) Xu, S.; Park, S. T.; Feenstra, J. S.; Srinivasan, R.; Zewalil, A. H.
Phys. Chem. 2004 108, 6650.

(30) Matanivic I.; Dodi¢, N. J. Phys. Chem. 2005 109, 4185.

(31) Temprado, M.; Roux, M. V.; Umnahanant, P.; Zhao, H.; Chickos,
J. S.J. Phys. Chem. B005 109, 12590.

(32) Kowalski, K.; Piecuch, PJ. Chem. Phys200Q 113, 18.

(33) Piecuch, P.; Kowalski, K.; Pimienta, I. S. O.; McGuire, Mint.
Rev. Phys. Chem2002 21, 527.

(34) Piecuch, P.; Kowalski, K.; Fan, P.-D.; Pimienta, I. S. O. In
Advanced Topics in Theoretical Chemical Physikiruani, J., Lefebvre,
R., Brandas, E., Eds.; Progress in Theoretical Chemistry and Physics 12;

Sciences, Geosciences and Biosciences Division, Office of BasicKluwer: Dordrecht, The Netherlands 2003; pp +2906.

Energy Sciences, Office of Science, U.S. Department of Energy
(Grant No. DE-FG02-01ER15228) and by the Alfred P. Sloan

Foundation (awards provided to P.P.).

References and Notes

(1) Chiavassa, T.; Roubin, P.; Pizzala, L.; Verlaque, P.; Allouche, A,;
Marinelli, F. J. Phys. Chem1992 96, 10659.
(2) Chiavassa, T.; Verlaque, P.; Pizzala, L.; Allouche, A.; Roubin, P.
J. Phys. Cheml1993 97, 5917.
(3) Bauer, S. H.; Wilcox, C. FChem. Phys. Lettl997 279,122.
(4) Chong, D. P.; Hu, C.-Hl. Electron Spectrosc. Relat. Phendrf98
94,181.
(5) Sobolewski, A. L.; Domcke, WI. Phys. Chem. A999 103,4494.
(6) Sobolewski, A. L.; Domcke, WChem. Phys. Letl999 300,533.
(7) Alparone, A.; Millefiori, S.Chem. Phys2002 290, 15.
(8) Meyer, R.; Ha, T. KMol. Phys.2003 101, 3263.
(9) Hayashi, T.; Mukamel, Sl. Phys. Chem. 2003 107,9113.
(10) Kovacevic, G.; Hrenar, T.; Doslic, Chem. Phys2003 293,41.
(11) Coe, J. D.; Martinez, T. J. Am. Chem. So2005 127, 4560.
(12) lijima, K.; Ohnogi, A.; Shibata, Sl. Mol. Struct.1987, 156,111.
(13) Rios, M. A.; Rodmuez, J.J. Mol. Struct. (THEOCHEM)99Q
204,63.

(14) Roubin, P.; Chiavassa, T.; Verlaque, P.; Pizzala, L.; Bodot, H.
Chem. Phys. Lett199Q 175, 655.

(15) Chiavassa, T.; Verlaque, P.; Pizzala, L.; RoubinSpectrochim.
Acta, Part A1994 50, 343.

(16) Dannenberg, J. J.; Rios, R.Phys. Chem1994 98, 6714.

(17) Hinsen, K.; Roux, BJ. Chem. Phys1997, 106, 3567.

(18) Boese, R.; Antipin, M. Y.; Biser, D.; Lyssenko, K. AJ. Phys.
Chem. B1998 102, 8654.

(19) Ishida, T.; Hirata, F.; Kato, S.. Chem. Phys1999 110, 3938.

(20) Yoon, M.-C.; Choi, Y. S.; Kim, S. KJ. Chem. Phys1999 110,
11850.

(21) Yoon, M.-C.; Choi, Y. S.; Kim, S. KChem. Phys. Leti.999 300,
207.

(22) Tayyari, S. F.; Milani-Nejad, FSpectrochim. Acta, Part 200Q
56, 2679.

(23) Nagashima, N.; Kudoh, S.; Takayanagi, M.; Nakata, JMPhys.
Chem. A2001, 105,10832.

(24) Mauvri, J.; Grdadolnik, JJ. Phys. Chem. 2001, 105, 2039.

(25) Mauvri, J.; Grdadolnik, JJ. Phys. Chem. 2001, 105, 2045.

(26) Upadhyaya, H. P.; Kumar, A.; Naik, P. D. Chem. Phys2003
118,2590.

(35) Piecuch, P.; Kowalski, KI. Chem. Phys2004 120, 1715.

(36) Piecuch, P.; Kowalski, K.; Pimienta, I. S. O.; Fan, P.-D.; Lodriguito,
M.; McGuire, M. J.; Kucharski, S. A.; KysT.; Musiat, M. Theor. Chem.
Acc.2004 112,249.

(37) Frisch, M. J.; et al. Gaussian98, Rev. A.2. Gaussian Inc.: Pittsburgh,
PA, 1998.

(38) Geertsen, J.; Rittby, M.; Bartlett, R. Chem. Phys. Lett1989
164,57.

(39) Stanton, J. F.; Bartlett, R. J. Chem. Phys1993 98, 7029.

(40) Coester, FNucl. Phys.1958 7, 421.

(41) Coester, F.; Kmmel, H.Nucl. Phys.196Q 17, 477.

(42) Gzek, J.J. Chem. Phys1966 45, 4256.

(43) CGzek, J.Adv. Chem. Phys1969 14, 35.

(44) Cizek, J.; Paldus, Jnt. J. Quantum Chenil971 5, 359.

(45) Purvis, G. D., lll; Bartlett, R. JJ. Chem. Phys1982 76, 1910.

(46) Scuseria, G. E.; Scheiner, A. C.; Lee, T. J.; Rice, J. E.; Schaefer,
H. F., lll. J. Chem. Phys1987 86, 2881.

(47) Lee, T. J.; Rice, J. E2hem. Phys. Lett1988 150, 406.

(48) Piecuch, P.; Paldus, lt. J. Quantum Cheni989 36, 429.

(49) Kowalski, K.; Piecuch, PJ. Chem. Phys2001, 115, 643.

(50) Kowalski, K.; Piecuch, PChem. Phys. LetR001, 347,237.

(51) Kucharski, S. A.; Wioch, M.; Musial, M.; Bartlett, R. J. Chem.
Phys.2001, 115, 8263.

(52) Kowalski, K.; Piecuch, PComputational Chemistry: Ré&ews of
Currents TrendsLeszczyiski, J., World Scientific: Singapore, 2000; Vol.
5, pp 1-104.

(53) Kowalski, K.; Piecuch, PJ. Chem. Phys2001, 115, 2966.

(54) Kowalski, K.; Piecuch, PJ. Chem. Phys2002 116, 7411.

(55) Piecuch, P.; Kucharski, S. A.; Kowalski, K.; Musiat, KBomput.
Phys. Commurn2002 149, 71.

(56) Wioch, M.; Gour, J. R.; Kowalski, K.; Piecuch, .Chem. Phys.
2005 122,214107.

(57) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
Gordon, M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A;;
Su, S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J.JAComput. Chem.
1993 14, 1347.

(58) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; von, R. Schleyer,
P.J. Comput. Cheml983 4, 294.

(59) Hehre, W. J.; Ditchfield, R.; Pople, J. A.Chem. Physl972 56,
2257.

(60) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.

(61) Jensen, S. J. K.; Tang, T.-H.; Csizmadia, 1.JGPhys. Chem. A
2003 107,8975.



