
1. Introduction
Secondary ozonides (SOZes) of alkenes play 
important role in atmospheric chemical reactions. 
The ozonides are usually formed in the troposphere 
where unsaturated hydrocarbons products of plant 
vegetation as well as various pollutants and ozone are 
present [1-6]. Ozone breaks the double C=C bond of 
an unsaturated hydrocarbon forming primary ozonide, 
which instantly dissociates. One of the dissociation 
pathways is the formation of a more stable product of the 
reaction – secondary ozonide. Ozonization of alkenes 
is multi-step chemical reaction which goes according 
to the Criegee scheme [7]. The chemical properties of 
secondary ozonides are defined by structure of the five 

membered COOCO ring and by the chemical structure 
and conformations of the radicals attached to the ring.  
The structure of the ring was main target in early studies 
of secondary ozonides [8-10]. Kuczkowski’s [10-12] and 
Bailey’s [9] pioneering work have proven that the five 
membered ring of ethene secondary ozonides arenot 
planar. It has spatial structure of a CO half chair where 
only three of the adjacent OCO atoms are in plane, while 
two remaining oxygen atoms are out of plane. At a later 
date, nonplanarity of the ring was confirmed for other 
ozonides [11,13-15].

The structure of the radical is a more complicated 
issue with the study of secondary ozonides. This is 
particularly true for the 1-alkene ozonides. For this type 
of ozonides the radical can be attached to the ring in two 
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Theoretical calculations of structures, stability and vibrational spectra of 1-butene secondary ozonide (SOZ) conformers were performed 
using DFT method B3LYP with a 6-311++G(3df, 3pd) basis set. The calculations predict six staggered structures of 1-butene SOZ. 
The FTIR spectra of 1-butene SOZ isolated in Ar, N2 and Xe matrices were recorded. It was found that nitrogen is the best suited for 
the matrix isolation of 1-butene SOZ. The bandwidth of the spectral bands of the ozonide isolated in nitrogen was as narrow as 2 cm-1. 
For the first time the existence of five conformers of 1-butene SOZ were confirmed experimentally by means of matrix isolation infrared 
absorption spectroscopy. The equatorial gauche (∠OCCC=-66.1o) conformer was proved theoretically and experimentally to be the 
most stable. It was found that due to high potential barriers of the conformational transitions annealing of the matrix is useless for 
the assignment of spectral bands to various conformers of 1-butene SOZ. Using the hot nozzle technique the van’t Hoff experimental 
plots were made for three additional conformers of 1-butene SOZ and experimental ∆H values for these additional conformers were 
established. The crystallization problems of 1-butene SOZ are discussed which accounts for the  rich conformational diversity of the 
ozonide as well as high conformational barriers for axial-equatorial transitions.
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different positions. (I) an axial position, where chemical 
bond between terminal carbon of aliphatic chain and 
carbon of the five membered ring is parallel (or almost 
parallel) to the axis of the ring. (II) an equatorial position, 
where this C-C bond is lying in plane of the ring. In both 
axial and equatorial structures due to rotation about 
this C-C bond, staggered structures are also possible. 
The conformational analysis of secondary ozonides 
by means of vibrational spectroscopy is not a simple 
task. Due to instability of these compounds Raman 
spectroscopy cannot be used and the studies have 
to be limited to infrared spectroscopy. According to 
quantum chemical calculations, the vibrational spectral 
bands of different conformers have similar frequencies 
and are separated only by a few wavenumbers. The 
bands in both gaseous and condensed phase are nearly 
completely overlapped which makes conformational 
analysis complicated [16]. In [16] it was shown that matrix 
isolation infrared spectroscopy is an effective method 
for the conformational analysis of the first members of 
homological row of secondary ozonides - ethene and 
propene SOZes. Nevertheless, conformational analysis 
of aliphatic secondary ozonides with a longer radical 
chain is still challenging task due to the high number of 
possible stable conformers. In our previous paper [17] 
we demonstrated that 1-heptene secondary ozonide 
in CO2 matrix exists as mixture of three conformers: 
two equatorial gauche and equatorial anti, while 
theoretical calculations predict six different conformers. 
Crystallization of the compound was one of the main 
arguments for the assignment to the spectral bands 
of various conformers. After the crystallization only the 
most stable equatorial gauche conformer was found 
in the crystalline sample. Conformational analysis of a 
relatively simpler 1-butene SOZ until now has not been 
successful  due to the fact that this molecule cannot be 
easily crystallized.

In this work we present conformational analysis 
of 1-butene secondary ozonide. The analysis was 
conducted by combining various matrix isolation 
techniques [18] as well as hot nozzle [19] and annealing 
techniques. Such analysis for this compound is done for 
the first time.

2. Experimental procedure
1-butene (99%) from Aldrich, Oxygen (99.995%) from 
AGA, Nitrogen (99.99%) from AGA, Xenon (99.995%) 
from Fluka were used without additional purification. 
Ozone was prepared by electric discharge through 
oxygen gas in 200 mL glass vessel filled with 1 bar 

of oxygen. Walls of the vessel were cooled by liquid 
nitrogen insuring 62 torr pressure of gaseous oxygen. 
Ozone was separated from oxygen by trapping it on 
the cold walls of the vessel. After 45 minutes discharge 
residual oxygen was removed by pumping of the vessel 
for 30 minutes. Afterwards ozone was transferred to 
silica gel placed on the bottom of the vessel by slow 
warming of the walls. In this way safe storage of ozone 
in silica gel was insured.

The ozonization reaction was performed in the 
condensed phase in the stainless steel reactor cooled to 
77 K [17]. Liquid nitrogen placed in gap between double 
walls of the reactor was used for cooling of the reactor. 
Gaseous ozone and 1-butene were consequently 
inserted in to the reactor in small 10 torr×l portions thus 
forming multi-layered film on the reactor walls. The ozone 
and the 1-alkene reacted instantly during condensation 
of the reactants on the walls. After forming of 10-layered 
film on the walls the reactor was slowly warmed up in 
order to bring the reaction product in to gaseous state 
selectively. Continuous pumping out products from the 
reactor during the warm up allowed us to separate the 
secondary ozonide from the other reaction products. For 
instance, formaldehyde was almost completely pumped 
out at 180 K temperature, while unreacted 1-butene - 
at 190 K. Only the products, which evaporate from the 
walls of the reactor at 220 - 230 K temperature range, 
were transferred to the vacuum system and used for 
preparation of the matrix samples. Such separation 
is not perfect and weak spectral bands of ethene 
secondary ozonide and 1-butene were observed in the 
matrix spectra.

The matrix mixture (ratio of 1-butene SOZ /matrix 
gas – 1:500) was prepared in conventional vacuum line 
and deposited on the CsI window of the closed cycle 
Helium cryostat Leybold RW2. The gaseous mixture 
was kept at room temperature during the deposition. 
The deposition temperature was selected depending on 
type of gas used for solid matrix preparation. The matrix 
mixture with Xe gas was deposited at 40 K temperature, 
while the mixtures with Ar and N2 gases - at 10 K 
temperature. 

Photolysis of the ozonide isolated in nitrogen matrix 
was performed using a high pressure Hg arc lamp 
(P = 250 W) providing UV radiation in the spectral range 
of 170 - 400 nm. For the hot nozzle experiments the 
inlet quartz nozzle was heated electrically up to 850 K. 
Infrared absorption spectra were recorded with vacuum 
FT-IR spectrometer BRUKER IFS 113 at 1 cm-1 spectral 
resolution, using glowbar source, KBr beamsplitter and 
MCT detector. More experimental details are presented 
in [20].
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3. Theoretical calculations
The theoretical calculations of the vibrational spectra 
and the structures of the staggered 1-butene SOZ 
conformers were performed by Gaussian 03 program 
package at DFT B3LYP theory level with a 6-311++G(3df, 
3pd) basis set. Only the equatorial and axial staggered 
conformers formed due to the rotation of the aliphatic 
radical about the nearest to the five membered ring C-C 
bond were taken into account. The rotation about other 
-C-C- bonds of the aliphatic radical can yield only low 
stability conformers and therefore such rotation was 
excluded from this study. The results of the calculations 
are presented in Tables 1 and 2. Three equatorial 
and three axial conformers with ∆H values from 
0 to 6.2 kJ mol-1 are predicted by the calculations. 
The representative structures of the axial and equatorial 
1-butene SOZ conformers are presented in Fig. 1. 
According to the Boltzmann distribution, the abundance 
of the most unstable conformer O-O half chair axial with 
∆H=6.2 kJ mol-1 should be too low for its detection in 
the conformational mixture. The other five conformers 
are theoretically predicted to be rather stable with 
∆H not exceeding 3.2 kJ mol-1, which is sufficient for 
them to be observable in the infrared spectrum of the 
conformational mixture.

According to the theoretical calculations 
(Table 2) the spectral region between 900 - 1040 cm-1 are 
represented by the five membered ring vibrations and 
rocking vibrations of the aliphatic radical terminal CH3 
group should be the most suited for the conformational 
analysis of 1-butene SOZ. The spectral bands belonging 
to the different conformers are separated from each other 
by 4 - 10 cm-1 in this spectral region, and the spectral 
positions of the bands nearly completely coincide in the 
other spectral regions.  The separations of the spectral 
bands by 4 - 10 cm-1 are large enough for assigning 
them to different conformers if you consider  that usual 
band width in Ar, N2 and Xe matrices is in the range of 
2 - 5 cm-1.  

From the numerous conformational studies of 
aliphatic compounds it is known that the rotational 
barrier about single C-C chemical bonds in the aliphatic 
chain varies in the range of 10 - 15 kJ mol-1 (for example, 
rotational barrier for ethane is 12 kJ mol-1, for butane – 
15 kJ mol-1) [21]. However, in case of an aliphatic chain 
attached to an ozonide ring this value can be much 
higher due to the additional van der Walls interactions 
between the chain and the ring. Therefore in order to 
evaluate the potential barrier between the conformers 
of 1-butene SOZ, formed due to the rotation about 
closest to the ring C2-C3 bond, quantum mechanical 

Figure 1. Theoretically (B3LYP \6-311++G(3df, 3pd)) calculated structures of an equatorial conformer I and axial conformer IV of 1-butene SOZ 
        (for notation see Table 1).

Table 1. DFT calculated (B3LYP \6-311++G(3df, 3pd)) relative heats of formation ∆H of the six 1-butene SOZ conformers.

Conformer τOCCC ∆H, kJ mol-1 µ, D

I O-O half chair equatorial -66.1o 0 1.5

II O-O half chair equatorial -177.5o 0.3 1.3

III O-O half chair equatorial 56.2o 1.6 1.4

IV O-O half chair axial 175.5o 2.1 1.2

V O-O half chair axial 62.6o 3.2 1.3

VI O-O half chair axial -60.6o 6.2 1.3
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calculations of the torsional potential were performed. 
The geometry was optimized and the potential energy 
calculated (B3LYP/6-311++G(3df, 3pd) basis set) for 
different values of the dihedral angle. The angle was 
changed from 0 to 360 degree using 10 degree steps 
and the remaining degrees of freedom in the molecule 
were then optimized. The potential energy curves for 
the equatorial and axial conformers are presented 
in Fig. 2. The calculations predict that the rotational 

energy barriers between different conformers are in the 
range between 11 kJ mol-1 and 23 kJ mol-1. In addition, 
the potential barrier between the axial and the equatorial 
conformers was estimated. The conformational transition 
equatorial - axial involves the deformation of the ring and 
the potential barrier for equatorial - axial corresponds 
to the structure of a flat ring. The highly strained flat 
five membered COCOO ring is the reason for the 
elevated value of the equatorial - axial potential barrier - 
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potentials for equatorial (top) and axial (bottom) conformers. 
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Figure 2. DFT calculated (B3LYP \6-311++G(3df, 3pd)) torsional (OCCC) potentials for equatorial (top) and axial (bottom) conformers.
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30 kJ mol-1. The kinetics of a conformational transition 
depends on the corresponding potential barrier and 
temperature of the sample. According to Klaeboe et al. 
[22], using working temperatures of argon and 
nitrogen matrices, the transitions are fast enough to be 
observable when potential barrier between two 
conformers does not exceed 10 kJ mol-1. Our theoretical 
calculations predict that all barriers actually exceeds 
this limit and therefore prevents experimental 
observation of conformational equilibrium changes in 
the matrix isolated 1-butene SOZ by annealing of the 
matrices.

4. Results and discussions

4.1. 1-butene SOZ in various matrices
Starting from pioneering works of Pimantel et al. in 1954 
[23], the matrix isolation method is used in various areas 
of spectroscopy including the study of molecular species 
which are unstable under conventional conditions. 
Numerous spectroscopic studies employing different 
environments as matrix hosts have revealed that correct 
choice for a matrix molecule might be very important 

for the studies of particular processes in the molecular 
systems. For example, it was shown that some 
dynamical processes are slowed in nitrogen matrices 
much more than in argon or neon [24,25]. In order to find 
the best environment to study conformational diversity 
of the 1-butene secondary ozonide we have performed 
a number of experiments using different gases as a 
matrix host. An FTIR spectra of 1-butene secondary 
ozonide isolated in argon, xenon and nitrogen matrices 
are presented in Fig. 3. A spectra of 1-butene SOZ 
isolated in argon and xenon matrices are represented 
by broader spectral bands than corresponding spectra 
of the ozonide isolated in the nitrogen matrix. Solid 
nitrogen is a more rigid environment in comparison to 
the rare gas matrices. Usually a dynamic process within 
a nitrogen matrix is more efficiently quenched than in 
the rare gas matrices [18]. The rigid a matrix tends to 
result in more defined trapping sites of the matrix, and 
thus the density of very close laying energy states of 
the molecules within the matrix is decreased. The matrix 
splitting in case of 1-butene secondary ozonide isolated 
in nitrogen seems to be very small which simplifies 
spectrum of the conformational mixture present in the 
matrix. 

Figure 3. IR absorption spectra of 1-butene SOZ isolated in: (a) nitrogen matrix; (b) xenon matrix; (c) argon matrix. (•) denotes spectral 
          bands of ethene SOZ. Spectral band of 1-butene SOZ isolated in nitrogen matrix are as narrow as 2 cm-1.
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Our observations revealed that the nitrogen matrix 
is the most suited for the studies of the different 
conformers of 1-butene SOZ. In the nitrogen matrix, the 
spectral bands of the ozonide are as narrow as 2 cm-1 
(see Fig. 3). Another advantage of the nitrogen matrix 
is the additional stabilization of the conformers with a 
higher dipole moment. Indeed, theoretically predicted 
∆H value for the conformer II is only 0.3 kJ mol-1. The 
temperature evolution of the relative population of the 
I and II conformers can be too small to be observed 
spectroscopically. In the case of 1-butene SOZ, due 
to the difference in dipole moments of the conformer I 
and II (1.5 and 1.3 D), one can expect an increase of 
∆H for the conformer II, when the ozonide is isolated in  
polar nitrogen matrix. Therefore the nitrogen matrix was 
chosen to be used for the more detailed studies of the 
ozonide. Matrix splitting and broadening of the spectral 
bands are not the only reason complications are seen 
in the  infrared spectra of matrix isolated molecules. 
Impurities also have to be taken into account. The 
evaporation of 1-butene secondary ozonide from the 
mixture of the ozonization reaction products is also 
not very selective process. The ozonization reaction 
products, which have similar saturated vapor pressure 
as 1-butene SOZ can be isolated in the matrix together 
with 1-butene SOZ. For this reason some ethene SOZ 
is expected to be present in the matrix as an impurity of 
1-butene SOZ. The spectral bands at 1077, 1030 and 

950 cm-1 (Fig. 3) according to results of our previous 
study [20] can be assigned to ethene SOZ.

4.2. 1-butene SOZ photolysis
In order to increase the assignment of spectral bands 
belonging to SOZ, the matrix was photolysed by UV 
radiation. The spectra of the ozonization reaction products 
in N2 matrix before and after photolysis are presented in 
Fig. 4. The spectral band at 1119 cm-1 should be attributed 
to formic acid [26], but this band is also visible in the 
1-butene SOZ spectrum before photolysis. Indeed, the 
1-butene SOZ C-C-C out of plane deformational band 
at 1119 cm-1 gains in intensity after photolysis, which 
can be explained by fact  that position of 1-butene SOZ 
band coincides with position of the formic acid COH-CO 
deformational band.  It is known that final decomposition 
products of secondary ozonides are carboxylic acid and 
some carbonyl compound (e.g. aldehydes in 1-alkene 
SOZ case). A few decomposition pathways are possible: 
decomposition to (I) hydroxyl ester which consequently 
decomposes to carboxy acid anhydride (with presence 
of methane or ethane in 1-butene SOZ case) and  (II) - 
to carboxylic acid and aldehyde [27]. The spectral bands 
at 1094 and 999 cm-1  (see Fig. 4) were assigned to 
formic acid anhydride and a weak band at 1305 cm-1 
(not shown in Fig. 4) to methane. The absorptions 
in the region of 1000-1100 cm-1 are associated with 
various C-O vibrations, therefore the bands at 1039 and 

I conformer
Equatorial

τOCCC = -66.1 o 

II conformer
Equatorial

τOCCC = -177.5o

III conformer
Equatorial
τOCCC = 56.2o

IV conformer
Axial

τOCCC = 175.5o

V conformer
Axial

τOCCC =62.6o

Assignment

ν* 
(cm-1)

I 
(a.u.)

ν* 
(cm-1)

I 
(a.u.)

ν* 
(cm-1)

I 
(a.u.)

ν* 
(cm-1)

I 
(a.u.)

ν* 
(cm-1)

I 
(a.u.)

873 12 878 5 853 12 856 11 856 7 O(1)-C(2)-C(3)-C(4) deformation, O(2)-O(3) 
stretch

879 8 886 5 878 5 868 1 871 4 C(3)H2, C(4)H3 rocking

927 13 913 5 912 16 914 11 913 17 O(2)-C(1) stretch, O(1)-C(2)-O(3) asym. 
stretch, O(2)-C(1), O(3)-C(2) stretch

954 24 973 49 945 28 962 55 948 25 C(4)H3 rocking , O(2)-C(1)-O(1) asym. 
stretch, O(2)-C(1)-O(1)-C(2) deformation

1017 23 991 12 987 61 994 7 1005 30 C(3)-C(4), C(2)-O(3), C(1)-O(2) stretch, C(3)-
C(4), C(2)-O(3) stretch

1055 57 1057 33 1058 100 1055 15 1052 23 O(2)-C(1)-O(1) sym. stretch, O(1)-C(2)-C(3)-
C(4)- in plane deformation 

1098 100 1086 100 1096 7 1077 69 1077 59
C(1)-O(1)-C(2) asym. Stretch, C(2)-C(3)-C(4) 

in plane deformation, O(1)-C(2)-O(3) sym. 
stretch

1120 23 1127 21 1120 82 1109 100 1113 85 O(1)-C(2)-O(3) sym. stretch, O(1)-C(2)-C(3)-
C(4)-deformation

1140 6 1141 9 1136 12 1142 7 1142 5 O(3)-C(2)-C(3)-C(4)-deformation, C(1)H2 
rocking

1156 1 1158 3 1146 21 1149 8 1150 7 C(2)-C(3)-C(4) out of plane deformation 
*The calculated wavenumbers are scaled by 0.99

Table 2. DFT calculated (B3LYP\6-311++G(3df, 3pd)) normal  vibrations of five most stable 1-butene SOZ conformers in the spectral region 
       of the five membered ring vibrations.
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1078 cm-1 can be assigned to hydroxyl esters. 
The spectral bands of propanal were found at 901, 
890 and 1114 cm-1 witha  weak band of formaldehyde - 
at 1167 cm-1 (not shown in Fig. 4).

During the ozonization reaction three types of SOZes 
may be formed – ethene secondary ozonide, 1-butene 
secondary ozonide (see Fig. 1) and 2,2 – diethyl-1,2,4-
trioxolane with two ethyl groups attached to C1 and 
C2 atoms (heavy ozonide). According to Kuczkowski 
[27] the yield of heavy ozonide does not exceeded 
2%. Therefore the spectra (see Fig. 3) consists only of 
spectral bands of ethene and 1-butene ozonides, while 

the bands of heavy ozonide are lacking this could be due 
to a large mass of this ozonide remaining on the reactor 
walls during the evaporation of the reaction products 
at temperatures not exceeding 230 K. We expect the 
evaporation temperature of the heavy ozonide to 
be ca. 295 K, e.g. similar to 1-heptene SOZ [16,17] 
since 1-heptene SOZ has nearly the same molecular 
mass as heavy SOZ. Ethene SOZ cannot be completely 
separated from 1-butene SOZ due to the small 
difference in their temperatures of intensive evaporation 
– 200 K for ethene SOZ [20] and 220 K – for 1-butene 
SOZ. 
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Fig. 4. IR absorption spectrum of 1-butene SOZ isolated in N2 

matrix at 10 K (top) before photolysis and after photolysis 

(bottom). a - formic acid, b- propionic acid, c- propanal, d - 
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Figure 4. IR absorption spectrum of 1-butene SOZ isolated in N2 matrix at 10 K (top) before photolysis and after photolysis (bottom). 
          a - formic acid, b- propionic acid, c- propanal, d - formaldehyde.

Figure 5. IR absorption spectrum of 1-butene SOZ isolated in N2 matrix (top). Theoretically calculated spectra of five most stable conformers 
         in the spectral region of the ring vibrations. Asterisk (*) denotes spectral bands of ethene SOZ, (•) denotes impurity spectral band.
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4.3. Interpretation   of  the  spectral  bands  of  
       conformational mixture of 1-butene SOZ 
The infrared absorption spectrum of 1-butene SOZ 
isolated in a N2 matrix is presented in Fig. 5. The 
spectrum is recorded at 20 K immediately after deposition 
and represents a thermodynamically non-equilibrated 
matrix.  The conformational equilibrium of the gaseous 
matrix mixture before the deposition (e.g. at 300 K 
temperature) remains in the matrix due to high potential 
barriers resulting in the separation conformational the 
minima of 1-butene SOZ.

 The spectral region from 1040 to 900 cm-1 
(see Table 2) where spectral bands of the ring vibrations 
are located seems to be the most promising for the 
conformational analysis of 1-butene SOZ. Taking into 
account the results from the theoretical calculation, 
the spectral bands at 1024, 959 and 932 cm-1 can be 
assigned to the most stable equatorial gauche conformer 
(∠OCCC=-66.1o), the band at 980 cm-1 – to the second 
most stable equatorial anti conformer (∠OCCC=-177.5o), 
the band at 967 cm-1 - to the forth most stable axial anti 
conformer (∠OCCC=175.5o) and the bands at 1011 cm-1 
and 945 cm-1 - to the fifth axial gauche conformer 
(∠OCCC=62.6o) (Fig. 5). The theoretical calculations 
predict that the experimental band at 951 cm-1 should 
belong to the third (equatorial gauche with ∠OCCC=56.2o) 
conformer. From our experience we know that ethene 
SOZ also has a band at around 951 cm-1. Therefore the 
band at 951 cm-1 cannot be considered as pure band 
of conformer III and cannot be used for estimation of 
abundance of this conformer. The calculations also 
explain the appearance of the overlapped spectral bands 

at 951, 997 and 923 cm-1 which also are unsuitable for 
the estimation of the stability of various conformers. 

Standard procedure for changing of thermodynamic 
conformational equilibrium of molecular species isolated 
in matrix is by annealing of the matrix.  An annealing 
temperature of the N2 matrix cannot exceed 30 K e.g. 
diffusion temperature of nitrogen. In case of annealing 
of 1-butene SOZ isolated in nitrogen matrix, we found 
no spectral changes and this is understandable 
considering the high conformational barriers of 1-butene 
SOZ predicted by the calculations. The barriers of the 
aliphatic radical rotation about the first to the ring C-C 
bond is in the range 11 - 23 kJ mol-1, while barriers for 
transition axial-equatorial are around 30 kJ mol-1. It 
makes the conformational transitions in this molecule too 
slow to be observable by a matrix isolation technique.

It is well known that crystallization of an amorphous 
solid consisting from the mixture of conformers usually 
leads to a crystal containing only one conformer. In our 
previous work the conformational analysis of 1-heptene 
SOZ [17] showed that after crystallization of the 
amorphous sample only equatorial gauche (OCCC=-
600) conformer remains in the crystal. Unfortunately our 
attempts to crystallize 1-butene SOZ were not successful. 
The crystallization process highly depends on (I) the 
number of conformers present in the conformational 
mixture of the sample before crystallization, (II) the height 
of the potential barriers separating the conformational 
minima.  

Both the higher barriers and higher number of the 
conformers are preventing the crystallization. Indeed, 
1-butene in comparison with 1-heptene SOZ has 
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Fig. 6. IR absorption spectra of 1-butene SOZ isolated in N2 matrix using hot 

nozzle technique.  The nozzle was heated to 300, 470 and 850 K. Arrow denotes 

temperature evolution of “pure” spectral bands, belonging to various conformers. 

Asterisk (*) denotes spectral bands of ethene SOZ, (•) denotes spectral band of 

formic acid. 
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Figure 6. IR absorption spectra of 1-butene SOZ isolated in N2 matrix using hot nozzle technique.  The nozzle was heated to 300, 470 and 850 K. 
Arrow denotes temperature evolution of “pure” spectral bands, belonging to various conformers. Asterisk (*) denotes spectral bands of 
ethene SOZ, (•) denotes spectral band of formic acid.
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two additional axial conformers. Due to high potential 
barrier for conversion axial-equatorial conformer 
(ca. 30 kJ mol-1) such conversion (which is necessary 
condition for crystallization) is expected to be slow at 
temperatures below melting point of 1-butene SOZ. 
Therefore, the existence of the axial conformers can 
be the main reason for the failure to crystallize the 
ozonide.

Another experimental argument for correct 
assignment of the spectral bands belonging to different 
conformers is a matrix experiment with the hot nozzle 
technique. The matrix mixture deposited at 10 K 
temperature preserves conformational equilibrium of the 
gaseous ozonide at the nozzle temperature. A spectra 
of the matrix isolated 1-butene SOZ after deposition 
through a nozzle heated to various temperatures in 300-
850 K temperature range are presented in Fig. 6.

The “pure” spectral bands were found for only 
four conformers - equatorial gauche (∠OCCC=-
66.1o), equatorial anti (∠OCCC=-177.5o), axial anti 
(∠OCCC=175.5o) and axial gauche (∠OCCC=62.6o). 
∆Η  values were estimated from the van’t Hoff plots for 
the three pairs (1024/980, 1024/967 and 1024/1011) of 
the spectral bands belonging to the various conformers 
(Fig. 7). We found that ∆Η  for conformer II is equal to 
1.1±0.2 kJ mol-1 (spectral bands at 1024 and 980 cm-1), 
for conformer IV is equal to 1.9±0.2 kJ mol-1 (spectral 
bands at 1024 and 967 cm-1); for conformer V is equal to 
2.5±0.3 kJ mol-1 (spectral bands at 1024 and 1011 cm-1). 
These values are in the satisfactory agreement with the 
calculated ones (Table 1).

5. Conclusions
In this work it was predicted by B3LYP/6-311++G(3df,3pd)  
theory level, that 1-butene SOZ will form six staggered 
conformers. Existence of five conformers was 
confirmed experimentally using matrix isolation infrared 
spectroscopic technique. It was found that a nitrogen 
matrix is the best choice for the conformational analysis 
of 1-butene SOZ by means of matrix isolation infrared 
spectroscopy. Rather small bandwidths of the bands 
down to 2 cm-1 can be explained by rigidness of the 
nitrogen matrix. Site effects for the ozonide trapped 
in softer matrices such as Xe and Ar are more critical, 
resulting in the broadening of the infrared spectral bands 
of the ozonide up to 7 cm-1 and makes conformational 
analysis of 1-butene SOZ isolated in such matrices 
nearly impossible. It was found that the standard 
procedure for conformational analysis - annealing of the 
matrix is useless in the case of 1-butene SOZ, and can 
be explained by rather high barriers of conformational 
transitions. The van’t Hoff plots obtained from the 
spectra of the non- equilibrated matrix permits the 
determination of experimental ∆H values for the various 
conformers. The experimental ∆Η values for conformers 
II, IV and V are found to be equal to 1.1±0.2 kJ mol-1, 
1.9±0.2 kJ mol-1 and 2.5±0.3 kJ mol-1, respectively. It is in 
satisfactory agreement with B3LYP/6-311++G(3df,3pd) 
predicted values of 0.3, 2.1 and 2.3 kJ mol-1 and differ 
from them less than 0.8 kJ mol-1, which is acceptable 
at this level of calculations. Experimental ∆Η values 
for conformer III cannot be defined from the matrix 
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