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Ionization energies of four model compounds with known conformations, i.e., benzo- 
1,3-dioxole, 2-methoxyphenol, benzo-l,3-dioxole-5-carbaldehyde (piperonal), and 4-hydroxy- 
3-methoxybenzaldehyde, have been calculated by the ab initio AM1 method, using the 
formalized scheme of configuration interactions. It has been demonstrated that this method 
is adequate for the study of photoelectronic spectra of methoxy(hydroxy)-substituted ben- 
zenes. The ionization energies of 1,2-dimethoxybenzene, 3,4-dimethoxybenzaldehyde, and 
4-hydroxy-3,5-dimethoxybenzaldehyde have been calculated for various orientations of the 
o-methoxy(hydroxy) groups. It has been revealed that three first ionization potentials 
corresponding to the states with vacancies on the ~-MO depend on the torsion angle. It has 
been established by comparison of calculated and experimental ionization potentials that in 
gas the compounds with adjacent methoxy groups have one O--Me bond parallel with the 
plane of the benzene ring, while another group is nearly perpendicular to this plane. 
Conformations of the heavy-atom framework are planar for gaseous molecules with adjacent 
methoxy and hydroxy groups. 

Key words: molecular conformation, photoelectronic spectroscopy, ab initio quantum- 
chemical calculations, methoxy(hydroxy)-substituted benzenes and benzaldehydes. 

Presently, conformations of polysubstituted benzenes 
containing o-methoxy(hydroxy) groups are under inten- 
sive experimental and theoretical study, z-12 because the 
conformations depend on both the chemical structure of 
a compound and its phase state. For example, according 
to the data of photoelectron spectroscopy (PES), 
1,2-dimethoxybenzene is nonplanar in the gas phase. 2 
Nonempirical calculations in the OST-3GF basis per- 
formed with partial optimization of the geometry of this 
molecule give qualitatively the same result, z However, 
a planar conformation of the heavy-atom framework of 
1,2-dimethoxybenzene was obtained for the complete 
geometric optimization in the same basis. 3 

According to 13C N M R  spectroscopy, this molecule 
is planar in solution. 4,5 On the contrary, the 170 NMR 
spectra indicate nonplanar equilibrium conformations of 
o-methoxybenzenes. 6,7 The values of dipole moments of 
1,2-dimethoxybenzene 8 and parameters of its IR and 
Raman spectra in solution 9 are consistent with the exis- 
tence of a mixture of planar and nonplanar conformers. 

The planar structure was realized for the overwhelm- 
ing majority of crystalline o-dimethoxybenzenes by 
XDA. l~ However, it follows from IR and Raman spectra 

* For Part 7, see Ref. 1. 

of 1,2-dimethoxybenzene that a mixture of its planar 
and nonplanar conformers exists in the solid phase) 
1,2,3-Trimethoxybenzenes in solutionS,7, 8 and in crystal- 
line state 1~ are characterized by the planar arrangement 
of 1- and 3-MeO groups and orthogonal position of the 
2-MeO group. However, crystalline compounds contain- 
ing two MeO fragments separated by the OH group 
(syringic subunits of lignin) have planar conformations) 1 

Several dimethoxy(methoxyhydroxy)benzenes that are 
abundant in plant objects have been studied by the ab 
initio quantum-chemical AM1 method and PES. 12 The 
data obtained indicate the planar structures of the heavy- 
atom framework of 2-methoxyphenol (guaiacol) and 
4-hydroxy-3-methoxybenzaldehyde (vanillin) molecules 
in gaseous phase. 1,2-Dimethoxybenzene (veratrole) and 
3,4-dimethoxybenzatdehyde (veratraldehyde) exist in 
nonplanar conformations. The data on the forms of 
trimethoxy(dimethoxyhydroxy)-substituted benzenes in 
the gas phase are lacking. 

The aim of this work is to reinvestigate dimeth- 
oxy(hydroxymethoxy)-substituted derivatives and to study 
the conformational structure of 4-hydroxy-3,5-di-  
methoxybenzaldehyde (syringaldehyde) with three tor- 
sional degrees of freedom for methoxy(hydroxy) groups. 
The theoretically established functional correlation of 
energy gaps between conformationally dependent r~-MO 
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with the bias angle of  methoxy(hydroxy)  groups from 
the benzene ring plane has been previously 12 used for 
es t imat ion of  mean  torsion angles. The more  strict 
approach based on direct calculation of  ionizat ion poten-  
tials is used in the present  work. 

Calculation procedure 

Quantum-chemical calculations of ionization potentials of 
the compounds studied were performed by the AM1 method, 13 
using the formalism of the configuration interaction (CI) 
scheme. At first all geometric parameters of a neutral mol- 
ecule, except its torsion angles, were optimized. Then param- 
eters of the gronnd and excited states of radical cations were 
calculated by the CI method. In order to fulfill the conditions 
of vertical transition, the geometry of an ion was assumed 
identical to that of the molecule. 

The first ionization potential was determined as the differ- 
ence between the heats of formation of a molecule and a 
radical cation. The subsequent potentials were calculated as 
the sum of the first ionization potential and relative energies of 
excited (predominantly, Koopmans') states of a cation. This 
resulted in the theoretical photoelectronic spectrum of the 
compound with constant values of torsion angles. For com- 
parison with the experiment, further calculation of spectra was 
performed, varying these angles with an increment of 15 ~ . 
Spectra of planar analogs of the molecules studied were ob- 
tained with the complete geometry optimization. 

Results and Discussion 

It has been shown previously lz that  the energies of  
three higher  occupied  n - M O  of  the aforement ioned 
compounds  are conformat ional ly  dependent .  Therefore,  
it was necessary to  elucidate whether  the direct calcula-  
t ion of  ioniza t ion  potentials  reproduces the mutual  ar- 
rangement  and energies of  ionic n-states.  It is evident 
that  photoe lec t ron ic  spectra of  compounds  with known 
or  fixed conformat ions  should be used for checking the 
adequacy of  the  AM1 (CI)  method.  

Fo r  this purpose,  p lanar  analogs of  the compounds  
under  study were chosen: 2-methoxyphenol  (guaiacol) 
and 4 -hydroxy-3 -me thoxybenza ldehyde  (vanillin). In  
a d d i t i o n ,  t he  p h o t o e l e c t r o n i c  spec t r a  o f  b e n z o -  
1 , 3 - d i o x o l e  and  b e n z o - l , 3 - d i o x o l e - 5 - c a r b a l d e h y d e  
(piperonal)  were calculated.  The lat ter  conta in  the five- 
membered  cycle annelated with the benzene ring and 
with two oxygen a toms l inked through a methylene  
bridge. They also can be used as model  compounds.  

I t  turned  out  that  the ionizat ion potentials  (Table 1) 
ca lcula ted  by imposi t ion  of  100 Koopman  and non-  
K o o p m a n  ionic configurations manifested for six M O  
(two unoccupied ,  one part ial ly occupied, and three com-  
pletely popula ted  MO,  as shown in Fig. 1) are the  
closest to the  exper imental  values. Under  these condi -  
tions, theore t ica l  (EPi) and experimental  (IPi) values of  
ionizat ion potentials  are related by the correlation: EP i = 
(0.99+0.03)IP i + (0.08+0.28); n = 12, r = 0.996. The 
mean  square deviat ion of  the calculated values from the 

Table 1. Ionization potentials 

Compound Method Ionization potentials of 
n-states/eV 

2-Methoxyphenol PES 14 8.13 9.03 11.12 
AM1 (CI) 8.05 8.91 1 t . l l  
PES 12 8.42 9.32 11.14 
PES t5 8.51 9.43 11.21 
PES 16 8.49 9.45 11.28 
PES (m) 8.5 9.4 11.2 
AM1 (CI) 8.37 9.15 11.44 

PES 2 8.21 9.15 11.09 
AM1 (CI) 8.2t 9.17 10.79 
PES is 8.43 9.53 11.21 
AM1 (CI) 8.53 9.50 11.11 

4-Hydroxy- 
3-methoxy- 
benzaldehyde 

Benzo- 1,3- 
dioxole 

Benzo- 1,3-dioxole- 
5-carbaldehyde 

Fig. I.  Scheme of MO of 2-methoxyphenol according to the 
data of the AM1 method. 

exper imental  ones is 0.13 eV, which is close to the  error 
of  exper imental  de terminat ion  of  the difference in ioni-  
zat ion potentials.  These data allow one to consider  this 
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Table 2. Theoretical and experimental ionization potentials of nonplanar conformations of benzene derivatives 

Compound cp 1 cp 2 AM1 AM1 (CI) PES, 

/deg MO - ~ i / e V  Predominant EP i/eV IP i/eV 
conformation 

1,2-Dimethoxybenzene a 0 90 

3,4- Dimethoxybenzaldehyde a 0 90 

4-Hydroxy- 3,5-dimethoxy- 0 0 
benzaldehydeg 

7z 5 8.97 0.98 ~5 8.29 8.17 b, 8.19 c 
~4 9.70 0.98 K4 9.12 8.94 b, 9.15 c 
~3 10.74 0.96 ~3 10.11 10.06 b, 10.18 c 

rc 6 9.31 0.98 g6 8.63 8.25 e, 8.47f 8.38 c 
rc 5 10.05 0.98 n5 9.47 9.28 e, 9 .3~  9.18 c 
n o 10.66 0.91 no; 0.29 rt 4 10.25 -9.25 e, -- ,  9.40 c 
/~4 11.13 0.92 n4; 0.27 n o 10.11 10.36 e, 10.37f, 10.36 c 

~6 9.03 0.98 /~6 8.22 8.28/ 
n5 9.31 0.96 n5 8.69 8.73f 
n o 10.79 0.93 no b 10.35 9.4ff 
n4 11.62 0.86 n4 h 10.89 10.58/ 

a o = 0.10 eV. b See Ref. 2. c See Ref. 16. a o = 0.30 eV. e See Ref. 12. f See Ref. 15. g o = 0.23 eV. h Mixing with single 
and double excitation in the valent shell of the radical cation. 

me thod  adequate  and to use it for es t imat ions  of  ioniza-  
t ion potentials of  rotat ion isomers of  nonplanar  methoxy-  
substi tuted benzenes.  

1,2-Dimethoxybenzene is the simplest  compound  of  
this type for which ioniza t ion  potent ials  of  all rotat ion 
isomers, whose torsion angles (91, 92) differ by the 
specified value,  are calculated.  The dispersion map with 
the increment  of  15 ~ is built ,  and the region o f  angles in 
which the mean  square deviat ion (o) o f  theoret ical  
potentials  from exper imenta l  ones is m i n i m u m  and does 
not  exceed 0.13 eV, is de termined.  This corresponds to 
the conformat ional  isomer in which one O - - M e  bond  is 
decl ined from the benzene ring plane by no more  than 
15 ~ and another  bond  is a lmost  perpendicu lar  to the 
ring (92 = 90 + 15~ 

The structure with 91 = 30~ and 92 = 900 also 
satisfies the condi t ion  of  o < 0.13 eV. This result agrees 
well with that  obta ined previous ly l2 :91  = 0~ and 92 = 
80 _+ 10 ~ N o  region of  dispersions comparable  with the 
e x p e r i m e n t a l  e r ro r  was f o u n d  for  3 , 4 - d i m e t h o x y -  
benzaldehyde:  the m i n i m u m  o value de te rmined  for 
ionic zt-states was 0.30 eV. This value of  o corresponds 
to the structure in which one O - - M e  bond  is arranged in 
the plane with the ring, while another  bond  is decl ined 
from it by q)2 = 90~ 

One of  the torsion magles of  3 ,4-dimethoxybenz-  
aldehyde est imated previously 12 is considerably smaller: 
91 -- 0~ and 92 = 55 + 5 ~ The quantitative mismatch of  
the two approaches is explained by the part ial ly non-  
monoelectronic  nature of  the transit ion to the state with 
the vacancy on one of  the r~-MO (Table 2). Therefore, 
the corresponding ionizat ion potential  is less sensitive to 
the changes in torsion angles than the orbital energy. 
Thus, the use of  the difference in calculated energies of  

g - M O  in estimation of  torsion angles results in the quali- 
tatively correct, but not quite quantitatively exact result. 

Two d ispers ion  maps  are bui l t  for  4 - h y d r o x y -  
3 ,5-dimethoxybenzaldehyde:  one for the  structures with 
the planar  C = C O H  moiety  and another  for the forms ill 
which the OH bond is perpendicular  to the  benzene ring 
plane. In this case, no dispersions close to 0.1 eV were 
found either. The min imum o value calcula ted for the 
ionic re-states of  4 -hydroxy-3 ,5 -d imethoxybenza ldehyde  
is equal to 0.23 eV and corresponds to the rotat ion 
isomer with the p lanar  ar rangement  of  the  OH bond  and 
heavy atoms of  the both MeO groups. Therefore,  the 
conformational  structure of  gaseous syr ingaldehyde and 
crystalline syringic subunits of  l ignin 11 are similar.  

The bands corresponding to the  ion iza t ion  o f  MO of  
the ant ibonding electron pair  of  the oxygen a tom of  the 
carbonyl group12,15 are observed in the  photoe lec t ronic  
spectra of  3 ,4-d imethoxybenza ldehyde  and 4-hydroxy-  
3 ,5-dimethoxybenzaldehyde (veratra ldehyde and syrin- 
galdehyde) (see Table 2). The values o f  these ionizat ion 
potentials calculated by the AM1 (CI)  me thod  do not  
coincide with the measured values. Mos t  likely, the 
reason is in the underes t imat ion of  the  corre la t ion en- 
ergy in the calculat ions in the  AM1 (CI)  approximat ion.  
It is likely that  the use of  the  mul t i -conf igura t ion  sec- 
ond-order  per turbat ion theory  is needed  for taking into 
account correlat ion correct ions in full measure.  

Thus, the approach developed made  it possible to 
establish that  in free molecules  conta ining o-methoxyl  
groups one O - - M e  bond lies in the  benzene  ring plane,  
while another  group is perpendicular  to it. Compounds  
with adjacent methoxyl  and hydroxyl  groups have planar  
conformations of  the heavy-a tom framework in the  gase- 
ous phase. 
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