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Near and vacuum UV absorption spectra of trifluoroacetylacetone (TFAC) and hexafluoroacetylacetone
(HFAC) were measured at room temperature in the vapor phase and in perfluorohexane in the 30000—80000
cm-1 region, together with a vacuum UV absorption spectrum of acetylacetone in the 60000—80000 cm~ region.
By the aid of the modified CNDO-CI calculation, each of the observed valence-shell transition bands was assigned

to the 7m—n*, m~c*, or c—c* transition.

The third o—6* bands observed at 65200 cm~! for acetylacetone, at 78000

cm-1 for TFAC, and at 70400 cm~* for HFAC were concluded to be rich in the CT character pertinent to hydrogen
bond. In particular, the third 6—c* band of HFAC was found to be the CT band pertinent to hydrogen bonding in
the sense that the contribution of the CT configuration to the excited state amounts to 67.4%,.

Importance of the charge-transfer (CT) mechanism
in hydrogen bond has been recognized by many authors
from theoretical’~? and experimental®~1 points of view.
The CT mechanism can strongly be supported by the
observation of the CT band pertinent to hydrogen
bond.’) The CT character of intramolecular hydrogen
bond in the ground and excited electronic states was
investigated for the hydrogen maleate anion;!2:1% the
theoretical and experimental results indicated that the
first m-7* band which is rich in the CT character
pertinent to the hydrogen bond is covered by the strong
second z-m* band at 210 nm.1®

The enol forms of acetylacetone, trifluoroacetylacetone
(TFACQ), and hexafluoroacetylacetone (HFAC) have a
strong intramolecular hydrogen bond with the O---O
distance of 2.38—2.55 A as revealed from X-ray diffrac-
tion!® and gas-phase electron diffraction studies.!®1®) In
a previous paper,!?) we reported the electronic structures
and spectra of the keto and enol forms of acetylacetone
in the 30000—61000 cm1! region, and discussed the CT
character of the intramolecular hydrogen bond of the
enol form. Concerning the electronic structures and
spectra of the fluoroacetylacetones, only a few studies
have been made.18-20)

Our previous study'? of the electronic structure and
spectrum of acetylacetone led us to the expectation that
a band rich in the CT character might appear in a
higher energy region than 61000 cm~!. In the present
paper, we extend the spectral region to 80000 cm™! in
the vacuum ultraviolet (VUV) region and measure the
absorption spectra of acetylacetone in the vapor phase
and of TFAC and HFAC in the vapor phase and in
perfluorohexane. From analysis of the experimental
results by the modified CNDO-CI method?") and the
configuration analysis method,?? the nature of the
valence-shell transition and Rydberg excitation bands
is discussed, special attention being paid to the identifi-
cation of the CT band pertinent to the intramolecular
hydrogen bond.

Experimental

Materials. TFAC (Dotait G.R. Grade) and HFAC
(Dotait G. R. Grade) were purified by repeating vacuum
distillation three times immediately before use. Acetylacetone

and perfluorohexane were purified in the same way as
reported previously.l?)

Measurement. Near UV (30000—50000 cm™) ab-
sorption spectra were measured with a Cary recording spectro-
photometer Model 14. VUV (50000—80000 cm™) ab-
sorption spectra were measured with a Johnson-Onaka
type VUV spectrophotometer,?) the sample chamber and
detector system of which were modified as shown ‘n Fig. I.
A hot cathode deuterium discharge lamp and Tanaka type
xenon and krypton continuum lamps driven with microwave
excitation (2450 MHz) were used as VUV light sources.
Cells with MgF, or LiF windows of 5—I10 cm light path
lengths and a 0.01 cm quartz cell were used for the measure-
ment in the vapor phase and in the solution, respectively.
The vapor pressure of the sample was regulated with a cryo-
genic bath at various temperatures.
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Fig. 1. Schematic diagram of the sample chamber and
detector system of the VUV spectrophotometer. ES;
Exit slit, L; MgF, lens (f=60mm), SM; rotating sector
mirror, M; oilless motor, W; MgF, window, PM 1 and
2; photomultipliers (HTV R106) coated with sodium
salicylate.

Theoretical

The modified CNDO-CI method?) was applied to
the enol forms of acetylacetone, TFAC, and HFAC to
investigate the valence-shell transitions. The semiem-
pirical parameters of H, C, and O atoms were the same
as reported previously.'”-21) The parameters of F atom
were adopted as follows; the one-center Coulomb repul-
sion integral, y,=19.36 ¢V, the bonding parameter,
fr®=—40.0 eV, and the (/4 4)/2 values, 32.772 ¢V for
the 2s AO, and 11.580 eV for the 2p AO. Preliminary
calculations for such fluorinated molecules as carbon
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tetrafluoride, carbonyl fluoride, trifluoroacetoaldehyde,
and trifluoroacetic acid with the use of these parameters
showed that the calculated transition energies and oscil-
lator strengths agree well with the observed values. In
the configuration interaction (CI) treatment of TFAC
and HFAC, 40 singly excited z-z* and ¢-6* configura-
tions and 40 singly excited #-6* and ¢-n* configurations
were taken into account.

The actual calculations were made for two different
geometrical structures, symmetrical and asymmetrical
ones. Symmetrical molecular structures of TFAC and
HFAC were taken from the results of gas-phase electron
diffraction studies,'® the linear symmetrical intramolec-
ular hydrogen bond, O---H:--O being assumed, and
asymmetrical molecular structures were taken from the
results by nonempirical calculations,?4:25) a non-linear
asymmetrical intramolecular hydrogen bond being taken
from the X-ray diffraction study.26)

The configuration analysis was applied to the third
c-c* excited state (calculated at 9.02 eV)1) of the enol
form of acetylacetone. The procedure for the analysis
was described in detail in the previous paper.1?)

Results and Discussion

The VUV Absorption Spectrum of Acetylacetone. Figure
2 shows the VUV spectrum in the 50000—80000 cm—!
region measured with acetylacetone in the vapor phase
at room temperature. Since acetylacetone predominant-
ly exists as the enol form in the vapor phase (96.29%, at
20 °Q),' the spectrum in Fig. 2 is ascribed to the enol
form. We can see from Fig. 2 that strong bands appear
at 65200 cm~* (8.08 ¢V) and ~79000 cm~! (=~9.8 V)
and shoulders at ~60000 cm~! (=7.4 ¢V) and 71000
cm~1 (=~8.8eV). Table 1 shows theoretical values of
the transition energies and oscillator strengths of the
valence-shell transition bands, together with the
observed values (for the theoretical and observed results
below 8 eV, see Table 1 in Ref. 17). From the
comparison between the observed and calculated
results, the strong 8.08 eV band (oscillator strength,
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TABLE 1. TRANSITION ENERGIES (!AE(eV)) AND OSCILLATOR
STRENGTHS (f) OBSERVED AND CALCULATED FOR SOME
HIGHER EXCITED STATES OF THE ENOL FORM

OF ACETYLACETONE®

Calcd

Obsd®

Assign- Main
ment NE 7 AR Fo config.?
o(n)—c* 8.38 0.002(x) 20—23
mn*  ~7.4 ~0.1 8.46 0.120(y) 17—21
c-n* 8.58 0.004(z) (16,13)—21
n-c* 8.60 0.009(z) 19—26
o(n)-c* 8.93 0.022(y) 20—(27,24)
a—o* 9.00 0 19—(27, 24)
20—26
o(n)-o*  8.08 ~0.5 9.02 0.685(x) 74 o
c-n* 9.06 0 15—21
n-o* 9.78 0.019(z) 19—(28, 23, 25)
o(n)-c* ~8.8 9.94 0.045(x) 20—(25, 23)
6(n)-c* 10.04 0.006(y) 20—(27,24)
m-n*  ~9.8 10.15 0.050(x) {;gjgé
o-n* 10.57 0 16—22
o-n* 10.69 0.001(z) (18, 15)—22

a) For lower excited states (<8 eV), see Table 1 in Ref.
17.  b) Observed value in the vapor phase.  ¢) Main
electron configurations of the respective excited states are
shown. (4, j )—k denotes the singly excited configurations,
i-k and j-k, and i-(k, [), the singly excited configura-
tions, ik and i-l. The shapes of MO’s are shown in
Fig. 5 in Ref. 17. d) The direction of the transition
moment is shown in the parentheses, the x-axis being
taken to be parallel to the O-.-H..-O bond within the
molecular (x-y) plane.

f=0.5) can safely be assigned to the third ¢-¢* transition
(calculated at 9.02 eV) because of its large oscillator
strength among the bands calculated in 7.5—10.0 eV
region. The other three observed bands at ~7.4 eV,
~8.8 eV, and ~9.8 eV can be assigned to the third
7-7e* transition (calculated at 8.46 eV), the fourth o-o*
transition (calculated at 9.94 e¢V), and the fourth 7-7*
transition (calculated at 10.15 eV), respectively.
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Fig. 2. Near and vacuum UV absorption spectra measured with (a)
acetylacetone in the vapor phase, (b) TFAC in the vapor phase, and (c)
TFAC in perfluorohexane at room temperature,
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Fig. 3. Near and vacuum UV absorption spectra of HFAC measured
(a) in the vapor phase and (b) in perfluorohexane at room temperature.

Electronic Absorption Spectra of TFAC and HFAC.
Near and vacuum UV absorption spectra in the 30000
—80000 cm! region measured with TFAC and HFAC
at room temperature are shown in Figs. 2 and 3, respec-
tively. As pointed out by the NMR studies,?"+28) substi-
tution of the methyl group(s) in acetylacetone by the
more electronegative trifluoromethyl group(s) prepon-
derates the enol tautomer in the keto-enol equilibrium;
TFAC and HFAC exist almost completely (95—1009,)
as the enol form in the vapor phase and in nonpolar
solvents at room temperature. Therefore, the observed

bands and cannot be observed.

Theoretical transition energies and oscillator strengths
of the valence-shell transitions of the enol forms of TFAC
and HFAC were calculated on the basis of two kinds of
(i.e., symmetrical and asymmetrical) molecular struc-
tures. The results for lower excited states of both the
TFAC and HFAC molecules are rather insensitive to

TaBLE 2. TRANSITION ENERGIES (*AE(eV)) AND OSCILLATOR
STRENGTHS (f) OBSERVED AND CALCULATED FOR THE
ENOL FORM OF TRIFLUOROACETYLACETONE

spectra shown in Figs. 2 and 3 are ascribed to the enol Assign- Obsd® Calcd® Main
fe —— ——— ¢
orm. ment WE F ZWE o config.?
The TFAC vapor spectrum in Fig. 2 has absorption
peaks at 36670 cm~! (4.55 eV), 60600 cm~1 (7.51 eV), o(n)—n* 2.90  0.0004(z) 29—30
66700 cm~! (8.27 eV), and. 78000 cm~! (9.7 eV), and a-n* 4.55 0.18 4.75 0.162 (x,)®  28—30
shoulders at ~56000 cm~! (=6.9 eV) and ~71000 cm~! o(n)-n* 5.17 0.000(z) 29—31
(=8.8eV). The HFAC vapor spectrum in Fig. 3 has o-n* 7.35 0.0004(z) 26—30
absorption peaks at 37450 cm~! (4.64 eV), =57000 cm—! a-¢* ~6.9 ~0.03 7.58 0.014(z) 28—32
(=7.1 eV) (as a weak shoulder), 63700 cm* (7.90 eV), a-m* 8.97 ~0.25 735 0.225(y)®  28—31
70400 cm~! (8.73 €V), and ~77000 cm~! (=9.5 eV). o(n)-c* 7.99 0.102(x,)”  29—32
Comparison between the spectra in the vapor phase o-n* 8.14 0.001(z) {gg:g?
and in the solution in Fig. 2 shows that the 60600 cm—! .
band of TFAC in the vapor phase disappears in the c_”* 8.57 0.016(z) 27—30
solution. This means that the band is assigned to the o 8.67 0.004(z) 28—34
n-o* 8.78 0.017(z) 28—33

Rydberg excitation band.? The Rydberg excitation
energy satisfies the following formula ;29

29—34

8.97 2933

o(n)—o* ~8.8 0.259(x,)® {

—_ 2
by = I, — 109737/ (n—5)% () o-m* 9.21 0.009(z) {%‘;:gg
where A is the excitation energy (cm™!), I, is the ioni- 2933
zation potential (cm=1), n is the principal quantum o(n)-e* 9.7 9.34 0.372(x) {29_34
number, and § is the quantum defect. By the use of J— 9.57 0.014(z) 28—36
the first I, value (9.93 €V) determined by photoelectron - 9.75 0.310(y) 2530

spectroscopy,3 the § value of the 60600 cm~! band was
determined to be 0.63, corresponding to n=3. This
strongly suggests that the band is due to the transition
to the 3p Rydberg orbital from the highest occupied 7
orbital. The band intensity is of the same order of
magnitude as the s-3p Rydberg band of acetylacetone!?)
observed at 53300 cm~!. The corresponding Rydberg
transition band is expected to appear at ~67000 cm—!
for HFAC from the first ionization potential of 10.72
¢V.39 But it is covered by strong valence-shell transition

a) Observed value in the vapor phase. b) Calculated
value for the symmetrical molecular structure of the enol
form. c) Main electron configurations of the respective
excited states are shown. d) The direction of the transi-
tion moment is shown in the parentheses, the x-axis being
taken to be parallel to the O-.-H..-O bond within the
molecular (x-y) plane as is shown in Fig. 8(a). e) y-
Component of the transition moment contributes appre-
ciably to x-component. f) x-Component of the transition
moment contributes appreciably to y-component.
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the molecular structures, and from semiquantitative TaBLE 3. 'TRANSITION ENERGIES (!AE(eV)) AND OSCILLATOR
view-points, the same conclusions are derived concern- STRENGTHS (f') OBSERVED AND CALCULATED FOR THE
ing the assignments and characterizations of the observed ENOL FORM OF HEXAFLUOROACETYLACETONE
bands. . Obsd® Calcd® .

Table 2 shows the theoretical results calculated for the ASSI%“’ —_— —_— Magl o
symmetrical molecular structure of the enol form of mmen 'AE S AE S cone.
TFAC compared with the observed values. The 4.55 o(n)—m* 2.65 0.0004(z) 38—39
eV band can safely be assigned to the first z-7* transition a—n* 4,64 0.20 4.48 0.124(x) 37—39
(calculated at 4.75 eV) and corresponds to the 4.72 eV o(n)—m* 4.85 0 38—40
band of acetylacetone. The strong 61700 cm—! (7.65 eV) o-m* 7.31 0 35—39
band in the solution is assigned to the second z-* tran- n-c* ~7.1 &0.02 7.59 0.011(z) 37—41
sition (calculated at 7.35 €V). In the vapor phase, the ¥ 790 ~0.3 729 0.207(y) 37—40
second 7-n* band shifts to the shorter wavelengths. The o(n)—c* 7.54 0.146(x)  38—41
theoretical result predicts that the weak band at ~6.9 o-* 7.91 0.003(z)  34—39
eV can be assigned to the first s-6* transition (calcu- o—r* 8.09 0 {33—39
lated at 7.58 eV), and that the strong 8.27 eV band in " 7 38—40
the vapor phase is composed of the second 7-7* transi- G(H)*—G 8.170.004(y)  38—42
. e -0 8.44 0 37—42
tion and the first ¢-c* transition (calculated at 7.99 eV). eo* 8.55 0.007(z) 37—43
Moreover, from the comparison between the observed o(n)-c* 8.73 ~0.15 8.87 0.347(x) 38—43
and calculated results, the 8.8 eV band and the 9.7 2839
eV band are assigned to the second (calculated at 8.97 g 8.97 0.027(z) {35—40
eV) and third (calculated at 9.34 V) ¢-c* transitions, ' 3439
respectively. n—c* 9.29 0.032(z) 37—44

Table 3 shows the theoretical results of the valence- o(n)—c* 9.44 0.014(y) 38—45
shell transitions calculated for the symmetrical molecu- o(n)-o* ~9.5 9.52 0.087(x) 38—44
lar structure of the enol form of HFAC, together with a—m* 9.83 0.235(y) 33—39
the observed values. "I"he 4.64 ¢V band can be assigned a) Observed value in the vapor phase. b) Calculated
to the first 7z-7* transition (calculated at 4.48 eV). The value for the symmetrical molecular structure of the enol
weak band at ~7.1eV in the vapor phase is also form. c¢) Main electron configurations of the respective
observed in perfluorohexane, and is assigned to the first excited states are shown. d) The direction of the transi-
7t-c* transition (calculated at 7.59 eV). The strong 7.90 tion moment is shown in the parentheses, the x-axis being
eV band is ascribed to the superposition of the second taken to be parallel to the O...H-.-O bond within the
w-n* (calculated at 7.29 eV) and first 6-6* (calculated molecular (x-y) plane as is shown in Fig. 8(b).

TaBLE 4. RESULTS OF THE CONFIGURATION ANALYSIS (WEIGHTS) FOR THE GROUND AND THE
THIRD 6—6* EXCITED STATES OF THE ENOL FORM OF ACETYLACETONE®

Reft State
Structure eerence | b.c ——
Configuration®® Ground  Third o-o*®
I (OH-O*) 4 (OtH-0)® 1,7—36, 36 0.1101 —
1I (OH-O+)—(OtH-0) i,j—36, 36 — 0.0999
III (O-H..-0)+(0---H-0) i-36 0.4166 —
i—36 4 m—n*h 0.0194 0.1588
i-364 6—c*D 0.0153 0.1065
(Total for sym. covalent structure) (0.4513) (0.2653)
v (O-H..-0)—(0O---H-0) i-36 — 0.1892
i~36+ 7 *D — 0.0088
i-36+6—o*D — 0.0061
(Total for antisym. covalent structure) — (0.2041)
v O-1/2H+O-1/? G® 0.3942 —
a-n¥ 0.0184 0.1503
c—c*D) 0.0153 © 0.1098
i, j—k,l 0.0013 0.0190
(Total for O-1/2H+O-1/2 structure) (0.4292) (0.2791)
Total 0.9906 0.8484
II4-1V Total for CT structure — 0.3040

a) The results for the first 7—a* and the first 6-o* excited states are shown in Table 3 of Ref. 17. b) i and j

denote the 20 occupied MO’s of the anion, and & and [, the 15 vacant MO’s of the anion.  The Is orbital of

the hydrogen-bonded hydrogen is numbered as the 36th vacant orbital. c¢) i~k and i, j-k,/ denote the singly

and doubly excited reference configurations, respectively. d) The strong band observed at 8.08 eV in Fig. 2.

e) The ionic structure, ((OtH-O)+ (OH-O%)), is also involved. f) Doubly excited configurations, , j—k, 36.
—_ | S

g) The ground reference configuration coincides with the ground state of the anion. h) Singly excited con-
figurations, i—%.
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at 7.54 e¢V) transitions. The shift to the longer wave-
lengths of the second z-7* and first 6-6* bands of HFAC
compared to the corresponding bands of TFAC is
consistent with the theoretical predictions in Tables 2
and 3. The 8.73 eV band is safely assigned to the third
c-c* transition (calculated at 8.87 ¢V). The =~9.5 eV
band may tentatively be assigned to the fifth ¢-o*
transition (calculated at 9.52 eV).

Electronic Structures of the Intramolecular Hydrogen Bonds
of Acetylacetone, TFAC, and HFAC. The previous
paper'? shows that the CT configuration characteristic
of the intramolecular hydrogen bond corresponds to the
one electron excitation from the nonbonding orbital to
the antibonding orbital in the hydrogen bond. In the
case of acetylacetone, the 20—26 configuration is the CT
configuration (see Fig. 5 in Ref. 17.), and contributes
mainly to the first m-7* band (observed at 4.72 eV)
(9.89%), the third o-¢* band (observed at 8.08 eV)
(40.39%,), and the fourth m-w* band (observed at ~9.8
eV) (16.3%). In acetylacetone, the third 6-6* band is
richest in the CT character.

The CT character in the intramolecular hydrogen
bond of acetylacetone was investigated quantitatively
by the configuration analysis method; the result for the
third 6-c* band is tabulated in Table 4, together with
the result for the ground state (for the purpose of
comparison, also see Table 3 in Ref. 17). In this table,
the CT structure corresponds to the antisymmetric
covalent structure IV and antisymmetric ionic structure
II. Both structures contribute considerably (30.49%,) to
the third o-c* excited state, revealing us that the band
is rich in the CT character pertinent to the hydrogen
bond.

Figures 4 and 5 show the energy levels of TFAC and
HFAC, respectively, calculated by the modified CNDO-
CI method for some low-lying n-7* and ¢-0* excited
states of the enol form with the symmetrical molecular
structures. In the figures, i-j represents a singly excited
configuration caused by the one-electron excitation from

eV
111 —29-36
- —29-35me
10- 25-30 §29=33 =
— 2923
9-
—29-32
87 28 —\
7 P
Y
A\
64 \
28-30—<
\
5- \
4
-1t o-o*
without CI with CI

Fig. 4. Energy levels calculated with and without CI
treatment for some lower n—n* and o—o* excited states
of the enol form of TFAC.
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l,/ ‘\
74 s
// \
64 // “\
. '
37-39— \
\
5 \
\
[. -

T-1* o-¢*

without CI with Cl

Fig. 5. Energy levels calculated with and without CI
treatment for some lower n—-n* and o—c* excited states
of the enol form of HFAC.

the i-th occupied MO to the j-th vacant MO. From the
shapes of the MO’s of TFAC and HFAC (see Figs. 6 and
7), the CT configuration characteristic of the intramo-
lecular hydrogen bond is the 29-34 configuration for
TFAC and the 38-43 configuration for HFAC. As for
TFAC, the 29-34 CT configuration interacts signifi-
cantly with the 29-33 ¢-6*, 25-30 m-*, and 28-30
s-re* configurations, and contributes significantly to the
first m-w* (calculated at 4.75 eV), the second o-o*

Fig. 6. Schematic shapes of some occupied and vacant
MO’s of the enol form of TFAC. The 29th MO is the
highest occupied one.



Fig. 7. Schematic shapes of some occupied and vacant
MO?’s of the enol form of HFAC. The 38th MO is the
highest occupied one.

(calculated at 8.97 eV), the third o-6* (calculated at
9.34 eV), and the third m-n* (calculated at 9.75eV)
excited states. The first z-z* band (observed at 4.55 eV)
is mainly composed of the 28-30 m-n* (85.19,) and
29-34 CT (5.99,) configurations; the second 6-6* band
(observed at =8.8 ¢V), of the 29-34 CT (33.79,), 29-
33 6-0* (31.89%,), and 25-30 m-n* (11.49,) configura-
tions; and the third ¢-6* band (observed at =9.7 eV),
of the 29-33 ¢-6* (35.29,), 29-34 CT (22.0%,), 29-35
6-6* (10.2%), and 28-30 m-n* (4.89,) configurations.
The theoretical results calculated by the modified
CNDO-CI method predict that the second and third
c-c* bands are rich in the CT character pertinent to the
hydrogen bond in TFAC.

In the case of HFAC, the 38-43 CT configuration
interacts significantly with the 37-39 n-n* and 38-44
c-c* configurations, and contributes to the first z-7*
(calculated at 4.48 eV) and the third ¢-c* (calculated
at 8.87 eV) excited states. The first 7z-7* band (observed
at 4.64 eV) is composed of the 37-39 n-7* (83.6%,) and
38-43 CT (7.2%,) configurations, and the third ¢-c*
band (observed at 8.73 eV), of the 38-43 CT (67.4%,),
38-44 o-6* (5.9%), and 37-39 zm-n* (5.5%) configu-
rations. The theoretical calculation predicts that the
third 6-6* band is the CT band characteristic of the
intramolecular hydrogen bond of HFAC. It is notewor-
thy that the first #-7n* bands of acetylacetone, TFAC,
and HFAC observed at 4.5—4.7 ¢V have the CT char-
acter pertinent to the hydrogen bond by 5—109%,.

Electron Densities of TFAC and HFAC. Figure 8
shows electron densities in the ground state calculated
for the symmetrical molecular structures of the enol
forms of TFAGC and HFAC. By substituting the methyl
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Fig. 8. Total and n-(in parentheses) electron densities
calculated for the ground states of (a) TFAC and (b)
HFAC.

group(s) by the trifluoromethyl group(s), the s-electron
density on the hydrogen-bonded hydrogen atom slightly
decreases, and the z:-electron densities increase on car-
bonyl carbon atoms with the decrease on oxygen atoms.
The dipole moments of TFAC and HFAC were calcu-
lated to be 3.42 and 0.69 D, respectively. The cancella-
tion between the dipole moments in the carbonyl groups
and in the trifluoromethyl groups is responsible for the
small dipole moment of HFAC.

The authors are indebted to Dr. J. Nakamura, the
Institute of Physical and Chemical Research, for her
helpful advice in modifying the VUV instrument. This
work was partially supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education.
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