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Sic-So Vibronic spectrum and structure of fluoral in the Sl state 
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The vibronic absorption spectrum of fluoral vapor was studied in the region of the 
SI~S 0 electronic transition (313--360 nm). The origin (00 ~ of the transition (29419 
cm -1) and a number of fundamental frequencies in the S 0 and S l states were determined. 
The character of intensity distribution in the spectral bands indicates that the electronic 
excitation leads to significant change of the CF 3 group orientation relative to the molecular 
frame. Moreover, it was found that the carbonyl fragment of the molecule in the SI state 
has pyramidal structure (in contrast, the carbonyl fragment ~f the fluorat molecule in the 
So state is planar). The experimental torsion and inversion energy levels were used for the 
calculation of internal rotation and inversion potential functions of fluoral molecule in the 
S t state. The potential barriers to internal rotation and inversion were found to be 1270 
cm - l  (15.2 kJ tool -l) and 550 cm -1 (6.6 kJ mol-l), respectively. The conformational 
changes caused by SI~--S 0 electronic excitation in the fluoral molecule are similar to those 
observed in acetaldehyde and biacetyl molecules and differ from the conformational 
behavior of hexafluorobiacetyl molecule. 

Key words: vibronic spectrum, structure, excited electronic state, fluoral, fundamental 
frequencies, potential functiorts, internal rotation, inversion. 

Analyzing our own and literature experimental data, ' 
we established previously t several features of  the struc- 
ture of  carbonyl compounds in the ground (So) and 
lowest excited singlet (S I) and triplet (Tt) electronic 
states. In particular, it was noted that the S I ~ S  0 elec- 
t ronic  exc i ta t ion  of  acetaldehyde (CH3COH) ,  
methylglyoxal  ( C H 3 C O C O H ) ,  and biacetyl 
(CH3COCOCH3) molecules leads to the rotation of 
methyl groups relative to the molecular frame as well as 
to the pyramidal distortion of  the carbonyl fragments 
from the planar geometry pertinent to the molecules in 
the S O electronic states. In contrast, the S ~ S  0 excita- 
tion of hexafluorobiacetyl molecule (CF3COCOCF 3) 
leads neither to the CF3 group rotation, nor to the 
pyramidal distortion of  the carbonyl fragments. 1 [t is 
interesting in this respect to study the conformational 
behavior of  the fluoral molecule (CF3COH) upon the 
electronic excitation to the lowest excited T t and $1 
states. 

Since the structure of fluoral molecule in the S t and 
T~ states had not been studied previously, we obtained 
and analyzed the vibronic spectrum of the fluoral mol- 
ecule in the regions of  S~*--S 0 and Tt~---S 0 electronic 
transitions. The results of St~-S 0 vibronic spectrum analy- 
sis are presented below, whereas the study of TI~---S 0 
transition will be presented elsewhere. 2 

The structure and spectral properties of  the fluoral 
molecule in the S o state were studied in sufficient detail. 
The geometric parameters of the molecule were deter- 
mined by means of  gas-phase electron difraction. 3 The 
microwave spectroscopic studies 4,5 made it possible to 
estimate the height of the barrier to internal rotation as 
309 and 305 cm -I  (3.70 and 3.65 ld tool - l ) ,  respec- 
tively. 

Complete assignment of  the fundamental frequen- 
cies in the vibrational spectra of  fluoral molecule was 
carried out 4,7-12 and the energies of  the three lowest 
torsion levels were determined. From these data the 
height of the potential barrier to internal rotation was 
calculated 11 as 292 cm -I  (3.45 kJ tool- l ) .  

Low-resolution UV absorption spectrum of the fluoral 
vapor in the 10-cm cell in the 200--400 nm region was 
also recorded previously. Iz The absorption band at 
230--360 nm with the intensity maximum at 300 nm 
was assigned lz to the SIr 0 (la---~=*) electronic transi- 
tion typical of carbonyl molecules. Its origin was roughly 
estimated as ~350 nm. Weak absorption at the long- 
wave spectral region was also observed. 

In addition, ab initio calculations on the geometry., 
normal mode frequencies and intensities of the fluoral 
molecules in the S O state were performed. 12,13 The 
height of the potential barrier to internal rotation was 
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es t imated  as 3.47 kJ mol  -~. In  a g r e e m e n t  with  exper i -  
men ta l  data,  t h e  resul t s  of  t he se  ca lcu la t ions  indica te  
tha t  in the  equ i l i b r i um  c o n f i g u r a t i o n  o f  the  f luoral  mo l -  
ecule the  O a t o m  ecl ipses  t he  F a tom.  It  is wor th  not ing  
tha t  d e t e r m i n a t i o n  o f  t he  g e o m e t r i c  pa ramete r s  of  the 
f luoral  mo lecu l e  f rom t he  m i c r o w a v e  spect ra  is com p l i -  
ca ted because  the  F a t o m s  c a n n o t  be replaced by o the r  
isotopes and,  in add i t ion ,  O a n d  C a toms  lie a lmos t  
a long the  pr inc ipa l  axis o f  iner t ia .  5 

E x p e r i m e n t a l  

Fluoral was synthesized by the reduction of trifluoroacetic 
acid by lithium hydride. 14 The IR spectrum of the prepared 
sample completely coincided with the literature spectrum 4 
within the 400--4000 cm -I frequency range. 

UV absorption spectrum of  the fluoral vapor in the 
3t0--400 nm range was recorded photographically using the 
DFS-452 spectrograph with a first-order diffraction grating of 
2400 lines mm -1 and a theoretical resolving powel~ 120000. A 
multi-pass cell with optical path length from 10 to 200 m 
operating under vapor pressures from I to 300 Tort  was 
implemented. 

The spectrum of a hollow Fe--Ne-cathode lamp was ac- 
cepted as the reference. The positions of lines were measured 
by means of an IZA-2 comparator. 

The spectrum obtained has rich vibrational structure in the 
32000--25400 cm -I (313- -394nm)  range. The spectral pat- 
terns in the high-frequency 32000--27800 cm - t  (313--360 nm) 
range significantly differ from those in the low-frequency 
28800--25400 cm -I  (347--394 nm) one. Moreover, the low- 
frequency part of the spectrum is generally much less intense 
than its high-frequency part even though it is recorded at the 
maximum optical path length and the pressure of the fluoral 
vapor. We assigned the vibronic spectra of the fluoral molecule 
in the 32000--27800 cm -I  and 28800--25400 cm -l  ranges to 
the St+--S 0 and TI+--S 0 electronic transitions, respectively, in 
agreement with the data on the other carbonyl compounds i 

and on the fluoral molecule obtained in Ref. 12 cited above. 
The results of vibrational analysis of the SI+--S 0 electronic 
transition will be presented below. The vibronic spectrum of 
the fluoral molecule in the 347--394 nm range will be consid- 
ered elsewhere, z 

Results and Discussion 

W i t h i n  the  3 2 0 0 0 - - 2 7 8 0 0  c m  - I  range  m o r e  t h a n  t en  
s imi la r  g roups  o f  bands  were observed .  Most  o f  the  
g roups  cons is t  o f  s e q u e n c e s  of  pai rs  of  bands  with spac-  
ing b e t w e e n  t he  b a n d s  in a pair  - 4 0  cm - t .  T h e  in tens i ty  
o f  the  pairs  o f  b a n d s  increases  a n d  passes t h r o u g h  the  
m a x i m u m  wi th in  each  g roup  (Fig.  1). Tak ing  in to  ac-  
c o u n t  t he  in tervals  be tween  the  l o w - f r e q u e n c y  c o m p o -  
nen t s  of  e ach  pai r  a n d  the i r  i n t ens i ty  d i s t r ibu t ions ,  it is 
reasonable  to  assign t he i r  l o w - f r e q u e n c y  c o m p o n e n t s  to  
t he  to r s ion  t rans i t ions .  S imi la r  cha rac te r i s t i c  g roups  o f  
bands  were  obse rved  in the  Sl+--S 0 spec t ra  o f  the  re la ted  
ca rbony l  m o l e c u l e s  like a c e t a l d e h y d e ,  Is cis- and  gauche- 
p r o p a n a l  con fo rmer s ,  t r ' t7  trans- and  gauche-2-methyl- 
propana l  c o n f o r m e r s ,  ts and  2 , 2 - d i m e t h y l p r o p a n a l -  t9 In 
par t icu la r ,  pairs  o f  bands  wi th  3 3 - - 4 8  cm - !  spac ing  
be tween  t he  c o m p o n e n t s  a p p e a r  in the  spec t ra  o f  all 
these  m o l e c u l e s  as a resul t  of  inve r s ion  spl i t t ing o f  the  
z e r o - p o i n t  v ib ra t iona l  levels of  t h e  molecu le s  in t he  S l 
state.  S imi lar ly ,  t he  bands  o f  the  charac te r i s t i c  g roups  in 
t he  SI4--S 0 f luoral  spec t rum can  be  also ass igned to t he  
t o r s i o n - i n v e r s i o n  t r ans i t ions  (Tab le  1). The  wave n u m -  
bers  and  a s s i g n m e n t s  o f  p seudoor ig ins  o f  the  c h a r a c t e r -  
istic g roups  o f  b a n d s  are listed in Table  2. 

Acco rd ing  to ou r  a s s ignmen t ,  t he  origin o f  the  SI~--S 0 
e l ec t ron ic  t r ans i t ions ,  i.e., the O0 ~ t rans i t ion  b e t w e e n  
the  z e r o - p o i n t  levels of  the  S O a n d  Sl s tates  c o r r e s p o n d s  

Table 1. Wave numbers (coJcm - t )  and assignment of the band groups of the SI+-S 0 vibronic 
spectrum of the fluoral molecule in the region of the %0 transition 

Band oi In ten-  ~ol Assign- Band oi  Inten- 
sity ment sity 

1 29292 m* -127  120~ ~ 2 29332 w - 8 7  [20~ ~ 
3 29355 s - 6 4  120~ 0 4 29396 w - 2 3  120~ ~ 
5 29419 w 0 120~ ~ 6 29460 v.w 41 120~ ~ 
7 29484 w, b 65 120~ 8 29520 v.w 101 120~ 
9 29545 w 126 120~ [ 10 . . . .  
1! 29602 s 183 120~ 12 29640 m 22l 120~ 2 
13 29670 v.s 251 120~ 14 29710 s 291 120~ 
15 29730 m 311 120~ 16 29762 w 343 120~ 
17 29795 m 376 1200+ 1503 18 . . . .  
19 29840 m 421 120~ 20 . . . .  

~to i Assign - 
m ~ n t  

Note. Hereafter the standard notations for vibronic transitions N :  ~" are used, where N is the  number 
of  vibration, v" and v" are the vibrational quantum numbers for the ground and excited electronic 
states: N = 12 and 15 correspond to inversion and torsion vibrations, respectively; %0 refers to the 
transition between the zero-point vibrational levels of  the ground and excited electronic states; the 
signs + and , - ~  denote upper and lower (in energy) components  of inversion splitting for the levels 
of the S I state; intensities are characterized as v.s is very strong, s is strong, m is medium, w is weak, 
and v.w is very weak; b indicates broad bands. 
* The band coincides with the band of  the 1244+1514 transition. 
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Fig. 1. Microdensitometer trace showing the part of the St+--S0 
vibronic spectrum of the fluoral molecule in the region of the 
%0 transition. The vibronie bands 1--19 are listed in Table 1; 
the bands with the number and asterisk correspond to the 
t 2a 4.15~; transitions (see text). 

to the 29419 cm - t  band. This  assignment is conf i rmed 
by the observat ion o f  the  group of  intensive torsion 
transit ion bands with the pseudoorigin  at 1189 cm - t  
pert inent  to the molecules  o f  o ther  carbonyl compounds  l 
and corresponding to the va lence  vibrational f requency 
v~(C=O)  of  the fluoral mo lecu le  in the S 1 state. 

The pseudoorigins at 449 and 765 cm - j  accompa-  
nied by the character is t ic  groups of  the single bands 
(rather than of  their  pairs) correspond therefore to the 
transitions to high inversion levels of  the S 1 state o f  the 
fluoral molecule .  

The pseudoorigin at 248 cm -1 can be assigned to the 
frequency of  the planar de format ion  vibration v '9  (CCO)  
in the S~ state. Indeed,  in the S O statO ~ v" 9 = 430 

cm - t  so the frequency ratio v~/v'~ = 0.58 almost  coin-  
cides with the corresponding value 321 c m - i / 5 8 7  cm -1 
= 0.55 de te rmined  previously for the 2 ,2-d imethyl -  
propana119 molecule .  

We assigned the pseudoorigins at 590 and 810 cm -I  
to the frequencies  o f  symmet r i c  deformat ion  v" 7 (CF3) 
and valence v ~ ( C - - C )  vibrations,  respectively. In the S o 
state !~ v'9 = 705 cm - t  and v'~ = 840 cm - t .  

In addit ion,  combina t ions  o f  the above-ment ioned  
frequencies  and four pseudoorigins at - 5 5 4 ,  -1514 ,  
- 5 9 0 ,  and -1546  cm - i  corresponding to the hot  transi-  
t ions were observed in the  spectrum. The  differences 
between the  first two and the second two pseudoorigins 
(960 and 956 cm -E) co inc ide  with the f requency of  non-  
planar C H  vibration (v'{2) o f  the molecule  in the S O 
statO ~ (958 c m - i ) .  The  pseudoorigins at - 5 9 0  and 
- 1 5 4 6  cm - t  are accompan ied  by pairs of  tors ion- inver-  
sion bands (with -40  cm -1 spacing within a pair), whereas 
the pseudoorigins at - 5 5 4  and - 1 5 1 4  cm -I  give rise to 
groups o f  single intense tors ion transit ion bands (see 
Fig. 1). Hence ,  the  pseudoorigins at - 5 5 4  and - 1 5 1 4  
cm -1 are connec ted  with the  hot  transit ions to high 
inversion levels of  the S t state (see Table  2). Thei r  
assignments will be discussed below. We assigned the 
pseudoorigins at - 5 9 0  and - 1 5 4 6  cm - l  to the transi- 
t ions related to the f requency of  planar C H  vibration in 
the S 1 state (v~), see Table  2. 

The  assignments  of  vibronic bands presented in the 
Tables I and 2 as well as their  intensity distribution 
indicate that  the S t ~ S 0  e lec t ronic  exci tat ion of  the 
fluoral molecule  leads to the rotation of  the - - C F  3 group 
with respect to the molecu la r  frame and to the  pyrami-  

Table 2. Wave numbers (c0/cm - t )  and assignments of pseudoorigins in the S I~S  0 spectrum 
and vibrational frequencies (v i) of the fluoral molecule in the S t and S o states 

o~ i [nten- Ao i Assign- v i 

sity ment symmetry and form S l So I~ 

28124 v.w -1546 30t123~ 
28156 v.w -1514 125a+1502 
29080 w -590 301122~ 2 
29116 v.s -554 t244+1502 
29670 v.s 0 12o0+1502 
29710 v.s 40 12o~ 
29918 m 248 901120~ 
30119 m 449 12o1+1502 
30260 m 590 701120~ 
30435 m 765 12~t-159 ~ 
30480 s 810 60[120~ 2 
30859 v.s 1[89 2o1120~247 2 
31108 w, b 1438  2o1901120~247 
31310 v_w, b 1640 2011201+1502 
31447 v.w, b t777 201701120~ 
31669 v.w, b 1999 20t6oL12o~ 

v 2 (C=O str., a ' )  1189 1787 
v 3 (CH bend., a ' )  1326 1387 
v 6 (C--C str., a ' )  810 840 
v 7 (CF 3 bend., a ' )  590 705 
v 9 (CCO bend., a ' )  248 430 
vt2 (invers., a") 40 * 958 

Note. The intervals Ao i were measured between the bands corresponding to the 1502 
transitions since they are more intense in the groups, whereas the true pseudoorigins have 
weak intensity as a rule and are oftenly masked by the stronger bands belonging to other 
groups; str. is stretching, bend. is bending, invers, is inversion vibrations. 
* Inversion splitting of the zero-point vibrational energy level. 
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dal distortion of the carbonyl fragment. The measured 
data allowed us to determine the potential functions of 
inversion and internal rotation of the fluoral molecule in 
the S 1 state. 

In the one-dimensional  approximation, the inversion 
of the non-planar  carbonyl fragment of the fluoral mol- 
ecule in the St state can be described by the Hamilto- 
nian z0 

1 d d 
l~(x) = - - - - g ( x ) - -  * V(x) , 

2dx  dx 
(1) 

where x is the inversion coordinate which can be ap- 
proximately represented as the displacement of the 
C--H bond from the CCO plane by the angle 0 

x = r ( C - H ) -  0. (2 )  

The g(x) function can be calculated approximately 
from the geometric parameters of the molecule and the 
nuclear masses. 20 In order to estimate the geometric 
parameters of the fluoral molecule in the S 1 state, we 
performed a rotational contour simulation for the vibronJc 
bands using a program similar to that described previ- 
ously. 21 Vibronic bands of the SI*--S 0 transitions in the 
fluoral molecule look like broad ordinary peaks, which 
provide little information for the determination of the 
geometric parameters for the molecule in the S t state 
(see Fig. 1). Nevertheless, using the structural data for 
the fluoral molecule in the S O state published previously 3 
[r(C=O) = 1.204 /~,, r(C--C) = 1.540 A, v(C--F) = 
1.332 A, r (C--H)  = 1.090 A, angles C - - C - - F  = 110.2 ~ 
C - - C ~ O  = 121.8 ~ and C - - C - - H  = 120~ we estimated 
the changes in the geometric parameters of the fluoral 
molecule upon SI~S0 excitation for the r(CO) distance 
as +0.13 k and for the C - - C - - O  angle as - 5  ~ However, 
it was not possible to apply this method for estimating 
the equilibrium value of the CH bond displacement 
angle from the CCO plane because the displacements of 
light hydrogen atom cause too small a variation of the 
rotational constants of the molecule. The values ob- 
tained agree with the results of our ab initio quantum- 

chemical calculations (their results will be published 
elsewhere). 

The g(x) function in the kinetic energy operator 
represents the inverse reduced mass. It was determined 
as the diagonal element of the ga4 block of the kinetic 
enemy matrix G(4x4) in the m o m e n t u m  representation, 
where three coordinates correspond to the overall rota- 
tion of the molecule whereas the fourth coordinate 
corresponds to the inversion (i.e., the interaction of 
inversion with rotational mot ion  was taken into ac- 
count). In the calculations I and lII  (see Table 3) g44 
was kept fixed, while in the calculations II and IV the 
change of g44 due to inversion was accounted for by 
means of the dependence 

g(x)--- ~ , g , ~ .  (3) 
n=0 

Two model functions were used for approximating 
the inversion potential function 

V(x) = V2x2 + v4.~ (4 )  

(calculations I and II, Table 3) and 

V(x) = V2.x a + Vgexp(-ex2) (5) 

(calculations III and IV, Table 3). 
At the first stage, only the energies of the 0- ,  1 + and 

1- inversion levels were used for determination of the 
inversion potential function of the fluoral molecule in 
the S i state (see Table 2). The energies of higher inver- 
sion levels calculated with the resulting potentials made 
it possible to assign unambiguously the pseudoorigin at 
- 5 5 4  cm -I  to the hot transition 1244+ 1502 (see Table 
2). In the final calculations the experimental energy of 
the 4 + inversion level was also included. 

Table 4 lists the energies of inversion levels obtained 
from the experimental spectrum and  theoretical calcula- 
tions I--IV. As follows from the data presented in Tables 
3 and 4, the results of the inversion potential function 
calculations I--IV for the fluoral molecule in the SI 
state agree well with each other. 

Table 3. The heights of the inversion potential barrier 1I(0) and equilibrium values of the C--H bond 
displacement angle from the CCO plane (0n, m) for the fluoral molecule in the SI state from 
calculations I--IV 

Calculations 0mi, V(O) V 2 A -2 V 4 Vg P~ 
(equation) /deg /era - t  /era -I /cm-i A-4 /cm-t ,~-2 

I (4) 30 563 3585.6 5706.2 -- - -  

II (4) 29 562 3594.7 5747.9 -- 

Ill (5) 29 547 25995.8 -- 65018.8 0.458 

IV (5) 29 547 27501.9 - -  71893.5 0.435 

Note. Here and in Table 4 for the calculations I and Ill: g44=l.049 amu -x, for calculations II and 
IV: g44(x) = go+g2x2+g4x4+grxr+gSxg; go = 1.049 amu-l; g2 -- 1.461" 10 -2 amu -I ,A-2:g4 = 
2.381 �9 10 -3 amu -! A-4; g6 = --2.135- I0 -4 ainu -l A--6; gs = 8.944.10 --6 ainu -1 A -s. 
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Then the energies of torsion levels (see Table I) were 
used for determination of the torsion potential function. 
Under the one-dimensional  approximation, this motion 
can be described by the Hamiltonian 

d d tf(,r = - ~ F(m) ~ + V(q~), (6) 

where g~ is the angle of internal rotation. The rotational 
constant 

F = h/8n2clrea, (7) 

(where "/red is the reduced moment  of inertia) was calcu- 
lated from the geometric parameters of the fluoral mol- 
ecule in the Sl state determined in the rotational con- 
tour simulations as described above. For the equilibrium 
value of the C- -H  bond displacement angle from the 
CCO plane the value of 29 ~ which corresponds to the 
minimum of inversion potential was assumed (see Table 
3). The internal rotation potential function was taken in 
the form 

v(~,) = i v v3(l - cos3<n) (8) 
A 

Table 5 presents the F and V 3 values as well as the 
energies of torsion levels of the fluoral molecule in the 
Si state determined experimentally and calculated using 
the procedure described in Ref. 22. It is clear that the 
height of the potential barrier to internal rotation of the 
fluoral molecule in the S 1 state significantly exceeds that 
in the S O state 4"s-11 (300 cm-t ) .  

Table 4. Measured and calculated energies (E) of inversion 
levels of the fluoral molecule in the S t state 

Le- E/cm -1 

vel Experi- Calculations 

ment I tl III IV 

0- 40.0 41.7 42.0 46.8 46.8 
l + 449.0 448.4 448.5 4 5 3 . 5  453.5 
I-  765.0 747.8 748.5 7 6 0 . 4  760.4 
4 + 3278.0 3281 .9  3281.8 3278.3 3278.3 

Table 5. The values of rotational constant F (7), 
height of internal rotation barrier V 3 (8), and 
experimental and calculated energies of torsion 
levels of the fluoral molecule in the S l state 

Level E/cm -I Parameter 

Experiment Calculation 

15 ~ 126.0 127.5 F=1.502 
152 251.0 251.4 V3=1270 
153 376.0 371.6 
154 485.0 487.7 

Therefore, the study of the vibronic spectrum of the 
fluoral molecule reveals that the SI+--S 0 electronic exci- 
tation induces significant changes in the structure of this 
molecule, i.e., the orientation of the - -CF  3 group rela- 
tive to the molecular frame is changed, the height of the 
internal rotation potential barrier increases from 300 to 
1270 cm - t  (from 3.6 to 15.2 kJ mol-I) ,  the carbonyl 
fragment acquires non-planar  structure, and the height 
of the inversion potential barrier becomes equal to 550 
cm - l  (6.6 k.l tool-l). The conformational behavior of 
the fluoral molecule under SI<---S 0 electronic excitation 
is similar to those of acetaldehyde and biacetyI mol- 
ecules and strongly differs from that of hexafluorobiacetyl 
one where SI~---S 0 excitation leads neither to the rota- 
tion o f - - C F  3 group nor to the pyramidal distortion of 
carbonyl fragments, t 

The reasons for the specific conformational behavior 
of the hexafluorobiacetyl molecule are still unclear. To 
understand them it is necessary to perform additional 
experimental studies of the spectra and structure of 
related carbonyl  compounds ,  first of all, of the 
trifluoromethylglyoxal and trifluorobiacetyl molecules, 
as well as to implement the ab initio quantum-chemical 
methods for studying RLCOCOR 2 (R l,R 2 = H,CH3,CF~) 
molecules in the ground and excited electronic states. 

Such calculations must be performed at the ad- 
vanced level in order to reproduce the conformational 
features of the molecules (i.e., stable conformations, 
heights of internal rotation and inversion potential barri- 
ers) determined experimentally. Perhaps, analysis of the 
variations in electronic density distribution and the ef- 
fects of intermolecular forces under electronic excitation 
will allow one to find an explanation to the observed 
conformational behavior. 
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