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Abstract

The geometry and vibrational spectrum of the gas-phase acetylacetonate anion (8¢&€0),CH ] are predicted using
ab initio molecular orbital theory. At the MP2/6-31G**//HF/6-31+G* level there are three stable conformers. In order of
increasing energy, they aré)(a C structure with the carbonyl groups in anti conformation, 2) a C, structure with the
carbonyls pointe@xo(about 21 kJ mol* higher thanl), and @) a C.,, structure with the carbonyksndo(about 27 kJ mot*
higher thanl). The third, least stable conformation corresponds to the geometry found inFtbketonate coordination
complexes. These three conformations are separated by barriers of about 60 kJThelinfrared spectra dfand2 are quite
similar, but that of thendostructure3 features two strong peaks instead of only one in the 1400—1708 oegion. The enol
(4) and di-enol §) isomers are 60 kJ mol and 230 kJ mol?, respectively, less stable than structuke Vertical
photodetachment of acaccan produce neutral acac in a few low-lying electronic states. At the spin-restricted B3LYP/6-
31+G*//HF/6-31+G* level, the lowest vertical detachment energies are predicted to be 2.9, 2.9, 2.9, 2.1, and 1.2-&y for
respectively, with an estimated uncertainty 2 0.2 eV. The corresponding adiabatic detachment energieg @ é predicted
tobe 2.8,2.8,2.8,2.1,and 1.2 eV. The vibrational spectra of the neutral radicals are also predicted and the vibrational structu
on the photodetachment spectra is discussed. (Int J Mass Spectrom 185/186/187 (1999) 577-587)
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1. Introduction strengths have been frustrated by the lack of reliable
thermodynamic information for the free ligands
Acetylacetonate (diacetyl methyl anion; acaor [4—6]. The most reliable data currently available

short) is the parent member of titediketonate class  appear to be the thermodynamic electron affinity,
of chelating ligands [1,2]. Many-diketonate com- EA(acac)= 2.52 + 0.22 eV = 243+ 21 kJ mol %,
plexes are volatile, and they are technologically useful determined by electron transfer bracketing [7], and
for chemical vapor deposition [3]. There have been the gas-phase acidity recommendatibH$,,(Hacac
several calorimetric studies oB-diketonate com- — acac + H') = 1438+ 8 kJ mol * [8]. These
plexes, but attempts to derive metal-ligand bond quantities were combined to derive thermochemistry
for the neutral acac radical [7]. The experimental
studies involved speculative estimations of the spec-
Dedicated to Professor Michael T. Bowers on the occasion of troscopic data required for the calculation of entro-
his 60th birthday. pies, and the authors noted that better spectroscopic
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information was needed. In particular, vibrational coordinate calculations [16] to connect the desired
frequencies and barriers for methyl torsions are un- structures. Approximate rate constants for isomeriza-
known [8], and it was assumed explicitly that acac  tion were computed using transition-state theory and
has only a single gas-phase structure in the 300—600the rigid rotor/harmonic oscillator (RRHO) model
K temperature range [7]. These issues are addressed17]. Although the RRHO model is poor for the
in the present study. Moreover, information relevant methyl rotations, the methyl groups are merely spec-
to the photodetachment spectroscopy of acas tators in the isomerization reactions, so errors in their
provided to encourage its measurement [9,10], which partition functions will cancel in the rate calculation.
might provide a very accurate value for the electron The contribution of tunneling was estimated using the
affinity. Wigner approximation to be=3% at 300 K and so
This article presents ab initio calculations of the was neglected.
structure and spectroscopy of a common ionic ligand;  Several levels of theory were considered for com-
| should note at least a topical connection to Mike puting vertical detachment energies (VDES). Theories
Bowers’ work. lon mobility chromatography, which  were tested against a set of carbon-, hydrogen-, and
was developed in his group, has proved to be a oxygen-containing molecules (Table 1). Since the
powerful and general technique for obtaining struc- calculated VDE is blind to the location of vibrational
tural information about gas-phase ions [11,12]. He has levels, it represents a classical approximation to the
made many contributions to the chemistry of transi- experimental VDE. Thus, for comparison with theory,
tion metal ions, both with and without ligands the “experimental” VDE values were not always
[11,13,14]. Finally, he has a long record of using taken from the most intense peak in the anion photo-
theory, ranging from the pencil-and-paper type [15] to electron spectra. Instead, sometimes the three stron-
more computationally intensive types [11-14], to gest peaks were fitted to a parabola to estimate the
enhance the value of experimental results. appropriate classical value for the VDE. Such inter-
polation was done for methyl (CH, allyl
(CH,CHCH;), and vinoxyl (CHCHO™) anions. For
2. Methods methoxyl anion (CHO™), the vibrational origin is the
strongest peak and was accepted as the VDE. Based
Anion geometries for all isomers of interest were upon the testing summarized in Table 1, spin-re-
calculated at the Hartree—Fock (HF) level using stricted (prefix “RO”) density functional theory using
6-31+G* basis sets. Harmonic vibrational frequen- the hybrid B3LYP functional [18,19] was chosen for
cies were computed analytically and scaled by a VDE calculations on acac isomers. Again based
multiplicative factor of 0.8929 to predict vibrational upon Table 1, an empirical correction of 0.07 eV was
spectra and vibrational zero-point energies (ZPEs). subtracted from all such VDE values and the residual
Relative energies of acadsomers were computed at  (standard) uncertainty estimated conservatively as
the frozen-core MP2 level. Polarization functions o = 0.1 eV (1 eV= 96.485 kJ mol?). To summa-
were added on the hydrogen atoms to describe hydro-rize, the procedure used was VDBEROB3LYP
gen bonding better. Thus, isomerization energies were (radical)/6-3% G*//HF(anion)/6-3%G* — B3LYP
computed asAE = E(isomer #2)— E(isomer #1), (anion)//HF/6-3%+G* — 0.07 eV = 0.2 eV ().
where E = MP2/6-31+G**//[HF/6-31+G* + ZPE The procedure described above was used to com-
(scaled HF/6-31 G*). Likewise, transition states for  pute VDEs to the lowest state of each irreducible
isomerization among the keto isomers-8§) were representation of the point group of the neutral acac
located on the HF/6-3LG* potential energy surface  isomer. Other excited states cannot be computed
and their energies evaluated at the MP2/6-&k* using simple SCF methods. Instead, radical excitation
level. The transition states were characterized by energies among states of the same symmetry were
vibrational analysis and verified by intrinsic-reaction computed using a multireference, first-order configu-
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Table 1
Experimental vertical detachment energies (VDEs) and errors in computed VDEs obtained using th&*6basis sets and HF/6-
31+G* anion geometries. Units are eV (1 e¥ 96.485 kJ mol?)

RMS Max
C CH; Allyl O CH;0 Vinoxyl error error
Experimental 1.263 0.264 0.504 1.461 1.570 1.837 — —
reference [27] [28] [29] [27] [30] [31]
Differences between calculated and experimental values
ROHF —-0.73 —-1.43 —-1.06 —-1.97 —1.69 —1.04 1.39 —-1.97
ROMP2 —-0.29 —0.43 -0.54 -0.37 -0.15 -0.27 0.36 -0.54
ROCCSD —0.38 -0.54 —0.65 —0.54 -0.57 —0.46 0.53 —0.65
ROCCSD(T) —0.35 —0.47 —0.60 —0.47 —0.50 —-0.40 0.47 —0.60
ROB3LYP 0.11 0.04 0.00 0.18 -0.10 0.09 0.10 0.18
ROBHandHLYP -0.21 —0.30 -0.22 -0.35 -0.44 —-0.10 0.29 -0.44
ROBLYP 0.08 0.03 -0.11 0.22 -0.17 —0.04 0.13 0.22
UHF -0.79 —-1.50 -1.73 —-2.01 -1.83 —-1.55 1.61 —-2.01
UMP2 —0.28 —0.43 -0.22 -0.37 -0.15 0.14 0.29 -0.43
UCCSD —0.38 —0.54 —0.68 —0.54 —0.57 —0.49 0.54 —0.68
UCCSD(T) -0.35 —0.47 —0.59 —0.48 —0.50 -0.40 0.47 —0.59
UB3LYP 0.10 0.02 -0.11 0.16 -0.14 0.00 0.11 0.16
UBHandHLYP —-0.24 —-0.33 —0.44 —0.37 —0.51 —0.29 0.38 —0.51
UBLYP 0.07 0.01 —-0.16 0.26 -0.20 —-0.08 0.16 0.26
OVGF [32,33] —0.09 -0.44 —0.64 0.21 0.21 -0.35 0.37 -0.64

ration interaction method (FOCI). The reference was the excitation energies to be reliable to about 2000
a state-averaged, complete-active-space self-consiscm™*, the uncertainty for these higher VDEs was
tent field (CASSCF) wavefunction including either taken to be @ = 0.3 eV.

the highest seven or eight occupied orbitals, For selected states of the neutral radicals, adiabatic
CASSCF(13/7) or CASSCF(15/8). This active space electron affinities (E4) were computed assuming no
includes the three occupiedl orbitals and the four  isomerization. Spin-restricted Hartree—Fock calcula-
lone pairs on the oxygen atoms for the keto isomers tions (ROHF/6-3% G*) were used to compute radical
and an additional valence pair for the enol and di-enol geometries and harmonic vibrational frequencies. The
isomers. Since photodetachment from an anion is vibrational frequencies were computed analytically
expected to excite only the electron that is removed, and scaled by 0.8929. As was done for the VDEsgy EA
no virtual orbitals were included in the active space. values were computed at the B3LYP level and the
The FOCI involves all single excitations from the empirical correction of~-0.07 eV was applied. Thus,
CASSCF reference. In the FOCI calculations, 20 the procedure was EA= ROB3LYP(radical)/
occupied and 20 virtual orbitals were frozen for keto ROHF(radical)/6-3+G* — B3LYP(anion)//HF(an-
isomers. Nineteen occupied and 19 virtual orbitals ion)/6-31+G* + ZPE(radical)— ZPE(anion)— 0.07
were frozen for the enol and di-enol calculations. The eV + 0.2 eV (). For direct comparison with
resulting vertical excitation energies for higher states (vibrationless) VDESs, vibrationless adiabatic detach-
were added to the previously computed VDESs for the ment energies EA were computed similarly but
lowest state to obtain VDESs to these higher states. To without the ZPEs, EA= EA, — ZPE(radical)+
summarize, for states that are not the lowest of their ZPE(anion). As for the anions, relative energies of
symmetry, the procedure was VDE(state)#= different neutral structures were computed at the
FOCl(state #1) — FOClI(state #1)+ VDE(state #1). ROMP2/6-31G**//[ROHF/6-31+G* level (includ-
Since experimental benchmarks are scarce, no cali-ing scaled ZPE). &ussiaN 94 [20] and GwEess [21]
bration study was done for this procedure. Assuming were used for all calculations [22].
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Vibrational activity in the photoelectrum spectrum
was approximated by superimposing the anion geom-
etry upon the optimized geometry of the neutral
product so as to annihilate all components of their
mass-weighted difference along rigid-body translation
and rotation coordinates. The residual mass-weighted
difference was then decomposed along the Cartesian
normal modes of the neutral product. Displacements
were converted to energies using the harmonic oscil-
lator model and then converted to approximate num-
bers of vibrational quanta by dividing by the corre-
sponding scaled harmonic frequencies. Large
guantum numbers indicate modes that will be excited
by photodetachment. This linear procedure fails for
large, curved displacements, e.g. large torsional dis-
placements for methyl groups. Thus, displacements
along methyl torsions were approximately annihilated
by hand prior to the projection procedure.

3. Results

The optimized geometries for the acaanion are
illustrated in Fig. 1 for the keto isomer§, (2, and3)
and in Fig. 2 for the enol4) and di-enol isomers5j.
The symmetry point groups of the structures &g
for 1, C, for 2, C,, for 3, Cq for 4, and C; (no
symmetry) for5. Structure2 deviates fromC,, to
relieve steric repulsion between the methyl groups.
Similarly, structure5 deviates fromC, to reduce
repulsion between the H-acceptor hydroxyl group and
the eclipsing methylene group. At the frozen-core
MP2/6-31+G**//HF/6-31+G* level the respective
relative energies for structurds5 are 0, 21, 27, 63,
and 226 kJ mal?, including the ZPE.

Transition structures betwedrand2 and between
1 and 3 lie 90 and 81 kJ mol* (including ZPE),
respectively, abovel. The computed barriers and
entropies correspond to half-lives (at 300 K) of about
120 ms for theexostructure 2 — 1) and 0.70 ms for
the endo structure 8 — 1). Only a second-order
saddle point at high energy (226 kJ mblabove?2,
including ZPE) could be located along the HF/6-
31+G* path of C, symmetry connecting (idealized,
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Fig. 1. Structures for the aca@nion optimized at the HF/6-31G*
level. From the top they are thenti (1), exo (2), and endo (3)
conformations.

C,,) structures2 and 3. Interconversion betweef
and 3 probably occurs vid.
Barrier heights for soft torsions are important for
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Fig. 2. Structures for the enol#f{ and di-enol §) isomers of the
acac anion, optimized at the HF/6-31G* level.
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Table 2
Scaled RHF/6-3+G* vibrational frequencies;, in cm™* for acac in its anti (1), exo(2), andendo(3) geometries. Dipole intensities, in
km mol~?%, are in parentheses

Mode anti (1) exo(2) endo(3)
i Symm. v (1) Symm. v (1) Symm. v (1)
1 A 2980 (44.2) A 2980 (31.7) A, 2975 (53.9)
2 A 2926 (45.7) A 2939 (1.9) A, 2902 (86.6)
3 A 2909 (52.5) A 2911 (9.5) A, 2846 (14.6)
4 A 2864 (44.8) A 2861 (49.9) A, 1661 (730)
5 A’ 2846 (54.3) A 1581 (151) A, 1445 (19.0)
6 A 1603 (264) A 1461 (4.4) A, 1359 (6.6)
7 A 1535 (1240) A 1445 (6.2) A, 1172 (32.9)
8 A 1450 (82.1) A 1369 (60.6) A, 980 (1.0)
9 A 1423 (247) A 1272 (139) A, 892 (0.7)
10 A 1415 (199) A 1013 (0.6) A, 601 (0.1)
11 A 1376 (25.2) A 1006 (0.08) A, 335(3.2)
12 A 1358 (3.09) A 738 (0.6) A, 163 (2.0)
13 A 1256 (352) A 587 (2.8) A, 2892 (0)
14 A 1158 (40.2) A 567 (8.4) A, 1445 (0)
15 A 992 (198) A 427 (9.8) A, 1024 (0)
16 A 977 (12.3) A 239 (5.1) A, 569 (0)
17 A 927 (17.6) A 122 (0.03) A, 89 (0)
18 A 790 (1.3) A 49 (0.09) A, 74 (0)
19 A 593 (14.6) B 2935 (90.9) B, 2892 (95.1)
20 A 520 (23.4) B 2918 (81.0) B, 1445 (3.0)
21 A 383 (1.2) B 2855 (7.6) B, 1010 (14.8)
22 A 339 (0.5) B 1520 (1740) B, 676 (18.6)
23 A 193 (17.0) B 1467 (12.5) B, 638 (68.9)
24 A 2928 (26.7) B 1431 (142) B, 158 (1.8)
25 A 2890 (48.2) B 1387 (149) B, 71 (1.6)
26 A 1444 (2.7) B 1345 (0.07) B, 2903 (30.4)
27 A 1441 (3.1) B 1239 (434) B, 2846 (83.7)
28 A 1025 (0.1) B 1009 (9.2) B, 1558 (188)
29 A 1017 (10.4) B 978 (154) B, 1450 (217)
30 A 720 (76.8) B 841 (57.6) B, 1421 (1037)
31 A 622 (7.5) B 756 (87.4) B, 1358 (8.7)
32 A’ 558 (0.8) B 562 (24.0) B, 1194 (199)
33 A 160 (0.4) B 541 (6.8) B, 988 (75.9)
34 A 127 (1.0) B 308 (25.6) B, 854 (30.2)
35 A’ 98 (0.01) B 203 (1.7) B, 490 (22.1)
36 A 84 (12.0) B 139 (0.2) B, 382 (21.7)

thermodynamic functions such as entropy [7,8]. Tor- bonded geometry hag = 0. This transition state

sional saddle-point calculations fdryield classical involves some puckering and twisting of the molecule
barriers (that is, including ZPE in all modes except the in addition to the OH torsion.
torsion) of 260 and 271 cit (3.1 and 3.2 kJ moth), The scaled harmonic vibrational frequencies and

for the methyl rotors adjacent to thendo and exo corresponding infrared absorption intensities are sum-
carbonyls, respectively, at the MP2 level cited above. marized in Table 2 for thanti, exq andendoketo

At the same level of theory, the bridging hydroxyl conformations and in Table 3 for the enol and di-enol
moiety in enol4 has a torsional barrier of 6550 crh isomers, respectively. These vibrations may be evi-
(78 kJ mol'Y), including ZPE, at a C—-C—-O-H dihe- dent as hot bands in a negative-ion photoelectron
dral angle¢ = 118.8°; the most stable, hydrogen- spectrum. Aniond—3 have rather similar vibrational
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Table 3

Scaled RHF/6-3%G* vibrational frequencies;, in cm™* for the
enol @) and di-enol §) isomers of acac. Dipole intensities, in
km mol™%, are in parentheses
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Table 4

Vertical detachment energies (VDESs) and vibrationless adiabatic
detachment energies (EAfor acac (1-5), in eV. Estimated
uncertainty is & = 0.2 eV except where noted otherwise. The
difference VDE— EA, may be slightly less than zero because

Mode  €nol@ di-enol &) the energies and geometries were computed using different levels
i Symm. () Symm. () of theory (R-B3LYP//RHF/6-31G*)
1 A 3309 (408) A 3674 (12.6) Structure Final state VDE (eV) EAEV) Diff (eV)
2 A 3031 (51.9) A 3637 (210) o
3 A 2992 (27.1) A 3035 (514) | Lo 3'2 g'g _00'0111
4 A 2963 (5.3) A 3023 (46.3) 1 N 40+03 ‘ '
5 A 2901 (63.4) A 2990 (16.2) ) 178 59 58 0.09
6 A’ 2843 (72.9) A 2966 (2.7) 2 2p 42 : '
7 A 1611 (826) A 2940 (12.6) 5 52 45403
8 A 1500 (660) A 1568 (700) 3 %8 sg 58 015
9 A’ 1457 (62.7) A 1514 (2310) 3 2E§l> 32 28 0.40
10 A 1450 (228) A 1441 (11.9) 3 2 40 ‘ '
11 A 1437 (311) A 1408 (76.6) 3 ™ 6.4
12 A’ 1367 (32.5) A 1334 (335) 4 12 ;,, 2'1 21 0.06
13 A 1341 (79.2) A 1308 (71.9) 4 2p 39 ‘ '
14 A 1246 (306) A 1268 (135) 4 2 2pr 45503
15 A’ 1158 (34.9) A 1217 (334) c 128 12 12 0.05
16 A 996 (32.0) A 1154 (882) : 52 36+03 ‘ '
17 A 959 (47.9) A 1002 (36.1) s 32 £2+03
18 A’ 929 (46.0) A 945 (60.4) o
19 A 873 (27.0) A 890 (28.1)
20 A 623 (9.4) A 827 (36.8)
21 A’ 485 (9.4) A 716 (158)
22 A 386 (1.6) A 689 (11.1) also listed in Table 4. Including ZPE is necessary to
;i /2: ggg &5)2) 2 ggg Eg-é; obtain proper adiabatic electron affinities (§A
o5 A 2886 (48.5) A 616 (50.9) However, most of the ZPE corre_cnons are small
26 A 1441 (1.8) A 565 (139) enough that Ef = EA, to the precision presented in
27 A 1024 (5.2) A 532 (49.5) Table 4. The only exception is for thdB, state of
28 A 807 (138) A 491 (6.6) ; _
% " 729 (82.0) A 476 (57.5) endostructured, for which EA, = 2.8+ Q.Z eV qnd
30 A 702 (14.5) A 423 (352) EA, = 2.9 = 0.2 eV. The relative energies of differ-
31 A 628 (63.0) A 384 (8.2) ent structures of neutral acac were computed at the
82 A 599 (9.5) A 362 (12.4) ROMP2//ROHF level to be 1.4, 16, 18, 0, and 74 kJ
33 A" 559 (38.1) A 328 (224) 1 .
34 A 183 (1.2) A 231 (3.7) mol~~ for structures close t&-5, respectively.
35 A 130 (2.8) A 108 (3.1) Qualitative predictions of vibrational activity may
36 A’ 103(2.0) A 82(0:8) be obtained by comparing anion and neutral geome-

spectra but do show some differences (see Table 2).
The enol isomers4d and 5 are distinguished by
prominent O—H stretches at high frequency.

Table 4 summarizes some of the lower vertical
detachment energies (VDES) computed for structures
1-5. The estimated uncertainty of these valuesds 2
~ 0.2 eV. The geometries of selected states of the
neutral radicals were computed to obtain approximate
vibrationless adiabatic detachment energies,.,EA

tries; selected geometric parameters are listed in Table
5. Quantitative predictions are usually based upon
vibrational Franck—Condon calculations. However,
calculating 36-dimensional Franck—Condon factors is
beyond the scope of this study. Instead, the simple
procedure described in the Methods section can be
used to predict which vibrational modes will be most
strongly excited by the photodetachment process.
Scaled vibrational frequencies for neutral acac radi-
cals are collected in Table 6. For structdsedetach-
ment to the®A” state will cause most excitation of
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Table 5
Selected geometric parameters for isomérsS) of anionic and neutral acac (neutral values italicized and in parentheses). Geometries
were optimized at the spin-restricted HF/643&* level. Bond lengths are in A (1 A= 1071° m) and angles are in degrees

Bond lengths (A) 1 2 3 4 5

Cc(1) C(2) 1.5311.519) 1.533 (1.512 1.537 (.519 1.350 (L.441) 1.357 (1.339
C(2) C(3) 1.4061.479 1.418 (.484 1.422 (1.487) 1.455 (.359 1.436 (.443
C(2) O(6) 1.2371.199 1.233(1.198 1.222 (.193 1.348 (L.322 1.363 (L.350
C(3) C(4) 1.4291.489 1.418 (1489 1.422 (1.487) 1.379 (457 1.396 (1.442
C(4) C(5) 1.5231.50% 1.533 @.519 1.537 (.519 1.522 1.510 1.376 .33
C(4) 0O(7) 1.2291.199 1.233(1.198 1.222 (1.193 1.264 (L.215 1.390 (L.363
Bond angles (degree) 1 2 3 4 5

C(1) C(2) C(3) 116.3116.0 122.8 (122.9 115.5 (116.9 125.0 (122.9 125.0 (20.3
C(1) C(2) O(6) 115.5322.9 114.8 @20.5 115.7 122.3 118.5@13.9 115.9 118.7)
C(2) C(3) C4) 127.1327.5 132.7 132.9 127.5 (123.7) 123.7 (122.29 129.2 (128.8
C(3) C(4) C(5) 119.7421.3 122.8 (122.9 115.5 (116.9 118.4 117.9 128.6 (123.0
C(3) C4) O(7) 122.7417.9 122.4117.3 128.8 121.9 126.1 122.9) 115.8 114.7)
Dihedral angles (degree) 1 2 3 4

C(1) C(2) C(3) C(4) 180180 1.9@12.5 180 (154.)

C(2) C(3) C(4) C(5) 0Q) 191259 180 (154.1

C(3) C(2) C(1) H(8) 0180 167.8 171.9 0(178.9

C(3) C(4) C(5) H(9) 180180 167.8 (L71.29 0(178.9 0 (180

modes 19, 22, and 14 (Table 6). Detachment to the phase isanti (1) and not the canonical coordinating
2A’ state will excite principally modes 7 and 14. structure3. Although there is evidence for thanti
Detachment from structur2 leads to strongest exci- conformation in coordination chemistry, structuge
tation of modes 18, 16, and 12 of the radical. The predominates heavily [2]. These results are consistent
photoelectron spectrum of the canonical struc@ire with previous studies of related compounds. Different
the groundB state of the radical, which is distorted to  conformers of the homologous neutral radical
the C, point group, is expected to show most vibra- Hc(CHO),, derived from malonaldehyde instead of
tional activity in modes 18, 13, and 11, in that order. gcetylacetone, have been studied using Hartree—Fock
If the excited °B, state of the radical is formed theory [23]. Three stable structures Gf symmetry
instead, it will be vibrationally excited mostly in  ere found, with two close-lying electronic states for
modes 12 and 11 and more weakly in mode 10. ga0h strycture. The formyl torsions in the homolog
Detachment from the enol structudecauses most EtC(CHO), were considered in an earlier study,

excitation in vibrations 8 anq 15. For the. di-enol although only a single structure was presented [24].
structure5, the longest vibrational progressions are . .
The conformational preference for structutds

expected in the few modes at lowest frequency, and . . .
ossibly in the highest-frequency mode also. These probably driven by repulsion between taadomoi-
P y g d Y ' eties, which may be either methyl groups (steric

results are summarized in Table 7. . ,
crowding) or negatively charged oxygen atoms (elec-
trostatic repulsion). Thendomoieties in structurd

4. Discussion are different, which minimizes both repulsive interac-
tions. Structure has slightly more favorable electro-
Different isomers of neutral or anionic acak-) statics thanl but much worse sterics. StructuBe

do not appear to have been discussed previously in thesuffers from a small O-O distance. As a result of the
literature. The present MP2//HF calculations indicate greaterendorepulsion, the sum of the three central
that the most stable structure for free acatthe gas (endg bond angles is larger for the less stable
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Table 6
Harmonic vibrational frequencies for neutral acac radicals computed at the ROHF®B*3#vel and scaled by 0.8929
Mode Anti, 2A” Anti, 2A’ Exo, °B Endo,?B Endo,?B, Enol Di-enol
1 3025 @) 3003 @) 3038 @) 3005 @) 3064 @,) 3427 @') 3674 @)
2 2970 @) 2966 @') 2972 @) 2968 @) 2959 @,) 3113 @') 3657 @)
3 2969 @) 2961 @') 2930 @) 2911 @) 2880 @,) 3028 @') 3082 @)
4 2886 @) 2890 @") 2882 @) 2862 @) 1556 @,) 3010 @) 3071 @)
5 2865 @’) 2863 @) 1744 @) 1786 @) 1441 @,) 2967 @') 3047 @)
6 1749 @') 1735 @') 1451 (@) 1441 @) 1385 @,) 2866 @') 3000 @)
7 1738 @') 1576 @') 1441 @) 1434 (@) 1298 @,) 1689 @') 2986 @)
8 1434 @') 1444 @) 1389 @) 1382 @) 1011 @,) 1563 @) 1591 @)
9 1426 @') 1435 @') 1239 @) 1185 (@) 968 (@,) 1435 @') 1563 @)
10 1393 &) 1388 @') 1023 @) 1029 @) 621 (@,) 1432 @') 1434 (@)
11 1390 @&') 1381 @) 1000 @) 963 @) 423 @,) 1414 @) 1403 @)
12 1356 &) 1334 @') 735 (@) 812 (a) 241 (@) 1378 @') 1352 @)
13 1230 &) 1257 @') 546 (a) 615 (@) 2941 @y) 1344 @') 1330 @)
14 1158 @') 1151 @') 499 (@) 500 @) 1442 @,) 1198 @) 1300 @)
15 1012 &) 982 @) 392 (@) 302 (@) 1042 @y) 1157 @') 1196 @)
16 945 @') 955 @) 204 (@) 155 (a) 561 (a,) 990 @") 1161 @)
17 904 @') 914 @) 135 (@) 106 (@) 174 (@y) 971 @') 981 (@)
18 765 @') 800 @') 29 (@) 42 (a) 82 (ay) 903 @) 958 (@)
19 597 @') 603 @') 2970 b) 2968 b) 2941 b,) 891 @') 917 (@)
20 511 @) 440 @') 2938 b) 2911 ) 1442 b,) 631 @) 859 (@)
21 358 @) 369 @) 2874 ) 2862 ) 1036 (b,) 485 @') 841 (@)
22 305 @) 316 @) 1732 ) 1747 ) 719 (by) 369 @') 817 (@)
23 179 @') 183 @') 1455 () 1443 ) 657 (by) 347 @') 683 (@)
24 2945 @") 2973 @") 1428 () 1435 () 159 (b,) 212 @) 679 @)
25 2915 4") 2912 @") 1383 () 1399 ) 79 (by) 2915 @") 671 @)
26 1441 @") 1444 @") 1310 b) 1366 b) 2960 (b,) 1443 @") 614 @)
27 1439 &) 1440 @") 1221 () 1142 ) 2880 (b,) 1031 @") 556 (@)
28 1021 &") 1035 @") 1018 ) 1012 @) 1698 (b,) 780 @") 534 (@)
29 1008 @&") 1022 @") 980 () 959 (b) 1486 (,) 763 @") 482 (a)
30 656 @") 810 @") 849 (b) 852 (b) 1433 (b,) 662 @") 431 (@)
31 514 @") 580 @") 660 (b) 605 (b) 1378 (b,) 576 @") 366 (@)
32 474 @") 513 @") 552 (b) 497 (b) 1146 b,) 523 @") 353 @)
33 165 @") 161 @") 463 () 421 () 996 (b,) 333 @") 310 (@)
34 109 @") 108 @") 294 (b) 341 (b) 882 (b,) 164 @") 224 @)
35 89 @") 95 (@") 202 () 105 () 526 (b,) 110 @") 109 (@)
36 35@") 43 @") 88 (b) 52 (b) 391 (b,) 63 (@") 61 (a)

isomers: 375° 1), 378° @), and 385° B). For the and —0.9 in anionsl, 4, andb5, respectively, com-
neutral acac radical, the relative stabilities are the pared with values of-0.2, —0.01, and+0.1 in the
same as for the anion except that the enol struc#)re (  corresponding neutral radicals.

is favored over thanti form (1) by a small margin The methyl torsion barriers it are computed at
(1.4 kJ mol'Y). Neutralization stabilizes the enol and the MP2//HF level to be about 3.1 kJ mdl The
di-enol isomers by 64 and 153 kJ md| respectively, contributions to entropy and enthalpy can be esti-
relative to structurel. Enolization is probably more  mated using the computed geometrylaind strongly
unfavorable for the anions because it forces negative approximating the torsional potential as proportional
charge from oxygen atoms onto carbon atoms that areto cos (3) [25]. The resulting contributions are
less electronegative. Indeed, the sum of the HF/6- S;o0 = 12.9 J mol* K, andH3,, = 1.6 kJ mol?
31+G* Mulliken populations on the carbons, includ- for each methyl rotor. In contrast, scaled Hartree—
ing attached hydrogens, is approximatel.3, —0.5, Fock harmonic frequencies lead to harmonic-oscilla-
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Table 7
Principal vibrational modes that are excited upon photodetachment. Modes are ordered by decreasing excitation. ScaledskF/6-31
frequencies are in cit (1L cm * = 0.01196 kJ mot?)

Isomer State Mode Freq (cm) Assignment
1 2A" 34 109 Methyl torsion
19 597 Methyl C-C stretch
22 305 C—C(O)-C bend
14 1158 CH bend/C-C stretch
1 2N 34+ 35 108+ 95 Methyl torsion (sym+ antisym)
7 1576 Methyl C-C stretch
2 2B 18 28 Acyl torsion
16 204 Bend (CH. .. CH; “stretch”)
3 *Bg,y 17 106 Methy! torsion (sym)
18 42 Acyl torsion
13 615 Methyl C-C stretch
3 ’B, 12 241 C-C(O)-C bend
11 423 Bend @ ... O"“stretch”)
10 621 C-C stretch/bend(. . . O “stretch”)
4 2N 36 63 Methy! torsion
8 1563 C—-0O-H bend/C-C(OH) stretch
15 1157 Methyne rockks-CH, stretch
tor values 0fS;y, = 14.7 and12.6 J mol'* K and corresponding adiabatic electron affinity is 2:10.2

Hz00 = 8.2 and 8.1 kJ mol* for the two methyl eV (20). An experimental value, EA(acae) 2.52 =
oscillators. Similar results are expected for methyl 0.22 eV, was obtained by charge-transfer bracketing
rotors in the other anionic structures. [7]. In that experiment, acac was generated by
The likely precursor molecule 2,4-pentanedione dissociative electron attachment to gaseous Co(gcac)
(acetylacetone; Hacac) exists in the gas phase as arand thermalized by about 30 collisions with a bath gas
equilibrium mixture of keto and enol isomers, with  of cyclohexane. Charge transfer to reagents of estab-
the enol form predominating [6,26]. Thus, gas-phase |ished electron affinity serves to brack&eiacrment

proton abstraction from Hacac by a strong base may G(acac) at the temperature of the experiment. Be-
kinetically produce eno# instead of the more stable

keto isomers. Structuré may be distinguished from
1-3 by its lower detachment energy and by its
vibrational spectrum (Table 2). Structusés unlikely

to be found, since it is much less stable than its
isomers and is not an obvious product from reaction
of Hacac with a base.

Choosing a value for EA(acac) from Table 4 is
more problematic than usual. The most stable confor- mated value for EA~ Adetéchmefk' = Adetachme® +
mation of the anion isanti (1), so for the cold,  'Adetachmenp The theoretical value of 2.8 0.2 eV
equilibrated anion the adiabatic detachment energy is (20) May be preferable for the thermodynamic elec-
that of 1, 2.8+ 0.2 eV (). Starting from neutral  tron affinity.

cause the temperature is probably 300 K or greater
(RT ~ 2.5 kJ mol'%), the product acac radicals are a
mixture of anti and enol structures. In addition, the
lowest vibrational frequencies in neutral acac (30—60
cm 1) are lower than those in the anion (50—100
cm 1), Thus, the entropy for detachment from acac
may be unusually large, resulting in an underesti-

acac, however, the relative ROMP2/6-BG**// For each structure, the lowest-energy ionization is
ROHF/6-31G* energies (including ZPE) are 1.4, from the molecular orbital expected from a penta-
16, 18, 0, and 74 kJ mol for structures close tb-5, dienyl-type anion. This is a nonbonding orbital with

respectively. Thus, an enol structure closedtmay most of its amplitude on the central carbon and on
predominate in a cold population of radicals; the atoms 1 and 5 in ther chain. lonizations at higher
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energy (but less than 5 eV) are from lone pairs on the nects aniorl with a radical with a structure liké (or

carbonyl oxygen atoms. possibly1), is predicted to be EA= 2.8 £ 0.2 eV
The difference between the vertical and adiabatic (20).

detachment energies (Table 4) represents the expected

energy difference between the strongest peak in the
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