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The semiempirical AM I method was used for the calculation of conformational potential 
energy surfaces of hydrogen trioxide and tetraoxide. The most stable conformation of trioxide 
is its anti-form, which is characterized by the torsion angle ~p = 82.3 °, and that of tetraoxide 
is thc anti,anti-form with {p ---- 80.7 ° (H--O--O--O) and 74.1 ° (O--O--O--O). The struc- 
tures of the stable conformers are determined by the interaction between lone electron pairs 
of oxygen atoms. The dipole-dipole interaction of OH groups is weaker than that in 
hydrogen peroxide. The results were used for the estimation of the polyoxide increment of 
the Benson's additivity scheme, ~rH°[O--(O)21 = 48_+6 kJ tool -I. 

Key words: conformational analysis, polyoxides, quantum-chemical calculations, thermo- 
chemistry. 

Presently, extensive experimental material on syn- 
thesis and chemical transformations of organic polyox- 
ides X- -On- -Y is available. The chemistry of peroxides 
(n = 2) is studied in detail. I Several compounds with 
the trioxide fragment were obtained: hydrotrioxides 
ROOOH, z-6 dialkyl and diaryl trioxides ROOOR, 7-9 
and primary ozonides (I,2,3-trioxolanes). I°,lt Tetraoxides 
(n = 4) are intermediate compot, nds in the recombina- 
tion of peroxyl radicals. Iz-I ' l  

As a rule, compounds  with three and four consecu- 
tively linked oxygen atoms are thermally stable only in 
the region of low temperatures ( T  < - 8 0  °C). There- 
fore, the experimental  determinat ion of their thermo- 
chemical parameters is difficult. The enthalpies of the 
formation of polyoxides are usually calculated in terms 

of the additive-group method of Benson. t5 The key 
parameter for the calculations of these values is the 
polyoxide increment  ArH°[O--(O)2], for the calct, lation 
of which the following eqtmtion was used16: 

c ~ r l P [ O - - ( O ) 2 ]  = ( A r l P I R O , , R ]  - ArlI°IROORI)/(n - 2).  ( I )  

An equation similar to Eq. (I) has been used previ- 
ously 17 for tile analysis of t l lermodynandc properties in 
the series !-120 2 --  H20 3 - -  H204. However, in our 
opinion,  Eq. (I) is inappropriate for thermochemical  
calculations. The form of the equation assumes that the 
change in different types of interactions (dipole, hyper- 
conjugation, etc.) in polyoxides is proportional to the 
number  n. Perhaps, this rot,gh asst, mption became one 
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Fig. I. Values of  tile increment D~rH°[O--(O)21 by tile data of 
different authors: /, Ref. 18; 2, Ref. 19; 3, Ref. 20; 4, Ref. 16; 
5, Ref. 21. 

of  the  reasons  for  the  per iodica l  revision o f  the  value o f  
the ArH°[O- - (O)2]  i n c r e m e n t  16,lg-zl  (Fig. I). in this 

work, the  compara t ive  con fo rma t iona l  analysis o f  H O O H ,  
H O O O H ,  and  H O O O O H  molecu le s  was p e r f o r m e d  by 
the A M  I m e t h o d  2z to  e luc ida t e  the  na ture  o f  i n t r a m o -  
lecular  i n t e r a c t i o n s  in polyoxides .  

Ca lcu la t ion  p r o c e d u r e s  

Equilibrium structures of  polyoxides were calculated with 
the complete optimization of  the geometry by the semiempirical 

MNDO, AM I, and PM3 methods, zz-z4 The main peculiari- 
ties of the spatial structure of polyoxides are the zigzag-like 
oxygen skeleton of a molecule and the torsion angle to. The 
latter served as the main criterion for the choice of the 
calculation method to perform the detailed conformational 
analysis. The torsion angle tO in hydroperoxide HOOH, ac- 
cording to the data of  several authors, 25-z7 is in the range of 
III to 120% which corresponds satisfactorily to to = 127.9 ° 
determined by the AMI method. The value ~ = 171.5* and an 
almost null conformational trans-barrier were obtained by the 
MNDO method, z8 The use of the PM3 approximation results 
in the planar conformation of  the HOOH molecule with the 
transoid arrangement of the II atoms. 

Since there are no experimental data on the structure of  
molecules of higher polyoxides, the calculation method was 
chosen by the comparison of geometric parameters (first of  all, 
angle ~) with the values with various basis sets obtained 
ab initio. The geometric parameters of the equilibrium struc- 
tures of tri- and tetraoxides are presented in Table I. In the 
case of  the AM I method, the values 10(H--O--O--O) = 82.3 ° 
( H 0 0 0 H )  and 80.8 ° (MeOOOH) agree well with the restilts 
of the ab initio calculations in more complex bases, to = 
78.1--83.0 ° (HOOOtt)  31,3z and 82.4--82.6 ° (MeOOOH). 33 
The torsion angle re(O--O--O--C) calculated by both the 
nonempirical and semiempirical methods is 3 to 5 degrees 
higher than qffH--O--O--O).  A similar tendency is observed 
for the to angle of  peroxides HOOH,  MeOOH,  and 
MeOOCH3, 33,34 which is explained by the repulsion between 
electrons of the methyl group and lone electron pairs (LEP) of 
the oxygen atom. 

The values of the torsion angles in higher polyoxides 
calculated by the M N D O  method,  ~ ( H - - O - - O - - O ) =  
91--95% agree with the restilts of the nonempirical calculations 
in the simplest bases. 29-3t As in the case of  peroxides, the 
PM3 method gives the worst restllts. The comparison of  the 
results of  the quantum-chemical calculations of  tri- and 
tetraoxides by different semiempirical methods restllts in the 
conchlsion that the best description of  the structural peculiari- 
ties of polyoxides is provided by the AM I method, which is 
used for the filrther conformational analysis of  compounds 
HOOH, HOOOH, and HOOOOH. 

Table I. Bond lengths (d), bond (o~) and torsion (~) angles of polyoxides Hi--O2--O3--O4--X 

X d/A m/deg ~/deg 

H(1)-- O(2)-- 0(3)--  O(4)-- H(1)-- 0(2)--  0(3)-- I-I(I)--O(2)-- O(2)--O(3)-- 
- -0(2)  --0(3) --0(4) --X - -0(2)- -  - -0(3)--  - -0(4)--  - -0(3)- -0(4)  --O(4)--X 

--0(3)  --0(4) --X 

Method Refer- 

ence 

tl 0.95 1.44 1.44 0.95 103.6 106.0 103.6 95+5 95+5 4-31G z9 
It * * * * 96.0 * 96.0 94.5 94.5 STO-3G 30 
II 1.01 1.40 1.40 1.01 101.3 102.0 101.3 83.0 83.0 STO-4G 31 
It 0.97 1.44 1.44 0.97 100.2 106.3 100.2 78.1 78.1 M P2/6-3 IG* 3z 
H 0.98 1.29 1.29 0.98 108.9 109.3 108.9 82.3 82.3 AMI "* 
OII • * * * 96.0 " * 91.0 * STO-3G 30 
Ott * * * * * * * 88.0 * STO-4G 31 

Otl 0.99 1.28 1.29 1.29 109.0 110.4 110.4 80.7 74.1 AMI ** 
CII 3 1.00 1.39 1.40 1.45 102.4 105.9 106.5 83.5 87.8 STO-3G .~3 
CH 3 0.96 1.44 1.44 1.44 103.4 106.1 107.7 82.4 85.8 4-31G 33 
CH 3 0.96 1.43 1.43 1.44 103.9 106.5 108.1 82.6 86.0 6-31G 3a 
Ct l ]  0.98 1.29 1.29 1.44 108.9 109.6 113.4 80.8 85.9 AM I ** 
HOCH l 0.98 1.29 1.28 1.45 109.0 109.8 113.5 79.5 84.6 AM I ** 

* The parameter was not optimized. *" This work. 
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R e s u l t s  a n d  D i s c u s s i o n  S c h e m e  I 

The restilts o f  the quan tum-chemica l  semiempir ical  
calculat ions of  stable conformat ions  of  polyoxides corre- 
spond to those obtained previously z9-33 and are evi- 
dence thai the ant i - form of  polyoxide is preferable. In 
the latter, the substi tuents at the first and third atonis of  
the oxygen chain are arranged from the different sides of  
the plane formed by the oxygen atoms. For example,  for 
HOOOH:  

H H H 
t ! ! 

O \  I 0 - " ON i 0  
- 0 0 H 

an~- la  

A l P  (kJ 11101 - I )  = 12.6; 

syn-2a 

12.6 29; and 16.8. 35 Previ- 
ously, 32 using different variants of  tile ab initio method,  
A l l  ° = 14.6--20.1 kJ tool -I  was obtained.  

Hydrogen tetraoxide has three independent  rotation 
axes (1--3) ,  which de te rmine  the transitions between 
the stable colfformations according to Scheme I. 

lit order  to study the routes of  transitions between 
stable conformat ions  of  polyoxides,  the conformat ional  
po t en t i a l  ene rgy  sur face  ( P E S )  o f  H O O O H  and 
H O O O O H  molecules were studied by the AM1 method 
at various torsion angles to i and g02 determining the 
posit ion of  H atoms relative to the trioxide plane. De- 
spite the fact that the H O O O O H  molecule  contains one 
more rotation axis (axis 2, see Scheme I), the combina-  
tion of  rotations around axes I and 3 gives all stable 

H... 
0 

O I  2,,, 0 0 0 
: ' q  : \  I Ao ~o 

anti, anti- 1 b anti, syn -2b 

'X 
H,. 

% 
H 0 H 0 
I l ' H  3 .  t l 
0 0 0 0 

\ I \ I 
0 0 

syn,anti- 3b syn,s~ -4b 

A l P  ( I b ~ 2 b )  = 0.8 kJ m o l - I ;  A l l  ° ( I b ~ 4 b )  = 
6.0 kJ tool - i .  It is evident that structures 2b and 3b are 
identical.  

conformations.  Tile s imultaneous change in two torsion 
angles H - - O - - O - - O  in tri- and tetraoxides results in the 
PES, whose contour  profiles are presented in Fig. 2. 
These surfaces are obtained by the s tep-by-s tep  calcula-  
tion of  polyoxides with fixed t0i and q~2, and the steps 
were 20 ° for H O O O H  and 30 ° for H O O O O H .  For 
plotting PES, its symmetry  relative to the planes cross- 
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Fig. 2. Contour reliefs of the conformational PES of trioxide (a) and tetraoxide (b) of hydrogen. Figures in tile plot indicate the 
values of the potential V(q~l,tO2 ) ill kJ tool - I .  
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T a b l e  2. Coefficients of the Fourier-series expansion 
(U) for conformational PES of hydrogen polyoxides 

U H O O O t l  HOOOOH 
/kJ mol - I  

Uoo 26.86 20.94 
U)0 4.53 2.33 
U~o 10.87 8.67 
U30 1.47 I. 13 
Utl 12.03 -0.25 
U2~ 2.20 -0.94 
U3t 0.63 -- 
U~2 2.10 -0.36 
U32 0.36 -- 
U')~ -7.18 2.24 
U'2~ -3 .36 0.81 
U'3t -0 .60 --  
U'~2 - I . 3 6  0.30 
U'32 -0.31 --  
U"lo --  -2.32 
U';o --  - I . 7 6  
U"3o --  -0.24 
U"II -- -4.27 
U"22 - -  0.27 

Note. Correlation coefficients r = 0 . 9 9 9 9  ( H O O O H )  
and 0.9998 (HOOOOH) .  

ing the l ines qh = q~2 and  qh = -q~2 ( H O O O H )  and 
• ~ = q~2 ( H O O O O H )  was taken in to  account .  

The  ob ta ined  set o f  the ca lcu la ted  t~r H° values o f  the 
m o l e c u l e  at var ious q~l and q~2 was descr ibed by the 
Fou r ie r  series: 

~ f  
|/(q~l,~2) = y. y..lUi,j.cosiq~l, co~./~ 2 +U:  j .sini~ .sin.~ 2 + 

i=0j=0 

+ u ; :  s . (cosier .  si,.~2 + si,,i~,, cos.a,2)}, (2)  

where V(q)i,cP2 ) = ArH°(q~l,q02) - -  a r / / ° ( / ) ;  a r H ° ( / )  is t i le  
ca lcu la ted  en tha lpy  o f  the f o r m a t i o n  o f  the most  stable 
c o n f o r m e r ;  U, U ' ,  and U '  are the expans ion  coef f ic ients .  

The  ev ident  equa l i t ies  Ui j  = Uj. i, U ' i j  = U'j, i, and 
U"k0 = U"0k (k  = i, j = I ,  2, 3) f o l l ow  f ront  the PES 
s y m m e t r y  V(q)l,cp2) = V(q02,q~l). T i le  cond i t i on  V(~01A02) = 
V( -qh, -~02)  , w h i c h  is fu l f i l l ed  for  the H O O O H  m o l e -  
cu le,  s imp l i f i es  the expans ion  LPij = 0. Since some 
coef f i c ien ts  in the expans ion  are smal l ,  they can be 
neglected w i t h o u t  loss o f  the ca l cu la t i on  accuracy:  they 
are /.]33 and U']3 fo r  H O O O H *  and U3t, U ' ] l ,  U32, U'32, 
Us:), U']3, U'[2, U'~I, U'[3, U'~l, U~3, U'~2, and U]3 for 
H O O O O H .  Tile values of  tile expans ion  c o e m c i e n t s  are 
presented in Table  2. 

Tile  surfaces V(tOI:O 2) al low one  to judge  about  pos- 
sible routes o f  the con fo rma t iona l  changes  ill polyoxide 

molecu les .  As fo l lows f rom Fig. 2, the t rans i t i on  be- 
tween t w o  most  stable c o n f o r m a t i o n s  o f  H O O O H  (qh = 
q~2 = 82.3° and qh = q~2 = - 8 2 - 3 ° )  can occur  ne i the r  
d i s ro ta t i ona l l y  nor  con ro ta t i o , t a l l y  due to  the h igh en-  
ergy barr iers:  

Edi s = 37.4 (29 .3 - -45 .2 ) *  kJ t o o l - I ;  qh = 0.0°; ¢'2 = 
180.0°; 

Eco, = 46.8 ( 3 5 . 6 - - 4 8 . 1 ) k J  t o o l - I ;  q~l = q)2 = 
180.0 °. 
The two-stage (fl ip-flop) t ransi t ion is more  probable 
(Scheme 2). 

Scheme 2 

H 
T 

/ \ / 
H 0 

I a trans 2a • 

~Pl = 82.3 / H  qh = -96-0° 
~'2 82.3" ~ O N / O  q~2 = 96-0° 

O 

cis 

H 
! 

o o oH H ns, 
• O O \ / 

O 

c~ 

l a  

qh = -82.3° 
q~2 = -82.3° 

Tile saddle point  with the transoid a r r angemen t  of  a toms 
is more  preferable: 

Ecis= 28.3 ( 2 0 . 5 - - 2 8 . 5 ) k J  mo[ - I ;  q)l = - 1 3 . 2 ° ;  
tO2 = 106.1°; 

Err,,,, s = 20.5 (17.6+22.6)  kJ too l - I ;  (Pl = -172 -0° ;  
tO2 = 78.2 o. 

Tile regularit ies of  tile conformat iona l  t rans i t ions  for 
H O O O O H  and H O O O H  molecules  are s imi lar  qual i ta -  
tively (see Fig. 2, b). As in trioxide, tile synch ronous  
rotat ion of  OH groups is energet ical ly unfavorable:  

Edi s = 38.7 kJ n l o l - l ;  q~l = - 2 -5 ° ;  q~2 = --165-9°;  
Eco, = 33.3 kJ t o o l - I ;  q~l = q~2 = 170.7°- 

The  t rans i t ion  f rom one stable con fo rn ta t i on  to ano the r  
occurs via the trans-barrier: 
for  the t rans i t ion  l b  ~ " 2b, 3b 

E,-ts = 19.0 kJ t o o l - t ;  qh = - 4 . 3 ° ;  ~2 = 82-0°; 
Em,,s = 18.7 kJ t o o l - I ;  q~l = 177.7°; q~2 = 82-0°; 

* Identical transformation of  ti le Fourier-series expansion 
V(qh,q~2) for t r ioxide and further assumptions U31 = 0'32 = 
U']I = U~2 = 0, U21 = U21 result in the formula for PES 
obtained in the previous w o r k )  z 

* The data ]z obtained by the Hartree--Foek ab initio method 
in the 4-31G and 6-31G" bases or in terms of  the Mel ler - -  
Plesset perturbation theory are presented here and hereinafter 
in parentheses. 
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for tile transition 2b, 3b " 4b 

E~, = 33.0 kJ too l - l ;  g01 = -10.5°; ~02 = --95.2°; 
Etm,, = 14.6 kJ tool - I"  ~01 = 178.4°; tO2 =-91-5° -  

The values of the rotation barriers and torsion angles for 
maxima and saddle points were determined by Eq. (2) 
and expansion coefficients (see Table 2). 

The expansion of the potential V in to  the compo- 
nents makes it possible to interpret the nature of the 
rotation barriers. 36 To simplify the analysis, the confor- 
mation energies of polyoxides I/(to) were calculated in 
the single rotator approximation by the AM I method. 
This approach offers the possibility of using the data on 
tile conformational behavior of HOOH for the com- 
parative analysis. The calculation of V(cp) was performed 
with the increment of 5 ° by the angle tO(H--O--O--X), 
X = H for HOOH, and X = O for tri- and tetraoxides. 
The calculated dependence found was presented as the 
series: 

3 

V(Z) = Z {UAI - cos& )/2 + U, -sin/z} , (3) 
i = I  

where 7~ = ~O - '.p(D, and tO(/) is the torsion angle for the 
most stable conformation of polyoxide. 

This form of Eq. (3) is commonly used for the 
description of single rotators. Tile asymmetry or the 
rotation barriers is reflected by tile sine fimctions. U I 
describes the relative effect of the dipole interaction, U 2 
--  the hyperconjt,gation effects, and U 3 --  the effect of 
bond vibrations. The expansion coefficients of the t, ni- 
dimensional potential V(X) by Eq. (3) are presented in 
Table 3. 

According to these data, the dipole-dipole interac- 
l ion of  OH groups and the interact ion of  LEP of  oxygen 
atoms exert the maximum effect on the conformat ional  
potential  of  polyoxides,  and the first effect predominates  
in H O O H ,  while it is lower for hydrogen trioxide and 
insignificant in the H O O O O H  molecule.  A decrease in 
U I in this series is associated with an increase in tile 
distance between the OH groups. The energy of  the 
dipole interact ion is inversely proport ional  to the cubic 
distance between thena, which causes a sharp decrease 
in U I on going to H O O O O H .  On contrast ,  the contri-  

Table 3. Coefficients (U) of Eq. (3) for hydrogen 
polyoxides 

U HOOH ItOOOH IIOOOOH 
/kJ tool -I 

U I 16.36 12•04 1.14 
U 2 3.03 17.61 17.55 
U 3 2. I I 0•59 0•69 
U '  t - 10.51 -3.00 1.03 
U" 2 5.98 -0.03 -2•04 
U" 3 -0•46 1.17 1.06 

Note. Correlation coefficients r = 1.0000, 1.0000, and 
0.9999 for HOOH, HOOOH, and HOOOOH, respec- 
tively. 

bution to tile conformat ional  energy of  tile LEP inter- 
action increases compared  to that for H O O H  and is 
predonliuant in higher polyoxides. 

The value of U 3 il l Eq. (3) exerts an insignificant 
effect on the Vvah, e in all compounds studied. The low 
vah, e of U 3 justifies the ,leglecting of the square terms ill 
U33 in expansion (2) for hydrogen tri- and tetraoxides. 
In the latter case, the low values of U I and U 3 il l the 
unidimensional expansion are the reason for negligible 
values of the crossed terms UI3 and U23. 

It is noteworthy that tile U 2 values for tr i- and 
tetraoxides almost coincide, which testifies to the re- 
semblance of the conformational behavior of these mol- 
ecules. Tile close values of  tile coemcien t  U 2 w e r e  

ob ta ined  for hyd ro t r i ox ides  M e O O O H  and 
HOCH2OOOH.  It is seen from Fig. 3 that the q~ values 
corresponding to the absolute minima of  the potential 
curves for higher polyoxides nearly coincide  and differ 
no t i ceab ly  from the tors ion angle  in the  HOOH 
molecule.  

The conformat ional  analysis of  polyoxides shows 
that the assumption of  the linearity of  the change ill 
thermochelnical  properties predicted by Eq. ( I )  ill the 
series peroxide - -  trioxide - -  tetraoxide is groundless. 
A noticeable conformat ional  rearrangement  of  the mol- 
ecule occurs on going from peroxide to tr ioxide,  which 
is caused by a sharp decrease in the d ipole-d ipole  interac- 
tions and character ized by a change ill the energy bE. 
This value can be est imated from the conformat ion 
curve (see Fig. 3). The coefficient I /2  is in t roduced due 
to the symmetry  of  the molecule• The conformat ion  of 
the molecule  persists on going from tr ioxide to tetraox- 
ide, hence, b E  = 0. 

Another  method for the est imation of  b E  is the 
calculation of  the structure of  tr ioxide with a fixed tO 

v(,0) 

• HOOOOII - - ~ .  . ~ .  

- 1 8 0  - 1 2 0  -60 0 60 1 2 0  1 8 0  

~(HOOx)/deg 

Fig. 3. Unidimensional conformalional potential of a polyoxide 
molecule. Points indicate the calculation by the AM I method, 
solid line shows the calculation by Eq (3). 
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vahte equal to the torsion angle in the correspollding 
peroxide. Both methods for the estimation of ,SE for 
HOOOH lead to close results: according to Fig. 3, 
AE = 20.0 kJ tool - I ,  for the calculation of the confor- 
mation of hydrogen trioxide with ~1 = ~2 = 127-9°, - -  
AE = 22.6 kJ tool -I .  For alkyl hydrotrioxides and dialkyl 
trioxides, the value of 6 E  cat~ be higher, because the 
interaction of the stlbstituent with the LEP of the oxy- 
gel1 atom is more pronounced in peroxides than ill 
trioxide. This is reflected ill the higher value of the 
torsion angle in peroxides: for MeOOMe, ~ = 180°; for 
MeOOH, ~0 = 126°. 34 Depending on the basis set, the 
value in methyl hydroperoxide changes from 108.9 ° 
(STO-3G)  to 179.6 ° (6-31G and 6-31G**). J5 

The use of Eq. (I)  for the calculation of AfH°[O - 
(O)21 and then All/° of trioxides results in a calculation 
accuracy of 1lot less than gEl2.  To avoid this, Eq. (I)  
should be divided into two equations: 

~rH°lO-(O)2l = Ar/-/o(ROOOR) - ArH°(ROOR) - AE, (4) 

AftP[O--(O)21 = AftP(ROOOOR) - AftP(ROOOR). (5) 

Thus, the values of ArH°[O--(O)2] calculated previ- 
ously 16,2° are overestimated by at least 10 kJ tool - j ,  
and the real value of this inc rement  is equal to 
48_+6 kJ tool -I .  

This work was financially supported by the Russian 
F o u n d a t i o n  for Basic Research (Projec t  No. 
93-03-05231). 
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