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We present here a systematic study by quantum mechanical methods of a series of molecules (HOOF, HOOCI,
HOONO, HOOCN, FOOF, CIOOF, CIOOCI, and FOONO), corresponding to substitutions of one or both
hydrogens in hydrogen peroxide. The emphasis is on the structural and energetic properties and on the features
of the internal modes, in particular, the torsion around theQCbond, which leads to the chirality changing
isomerization. The cis and trans barriers appear to vary remarkably upon substitution by halogen groups.
They are compared with experimental and theoretical information, when available, and analyzed by reference
to a previous systematic analysis of the effects of alkyl substitutions. Torsional levels were calculated, and
their distribution as a function of temperature was determined. This information is of interest for statistical
approaches to equilibrium properties and to rates of processes where torsional anharmonicity is relevant, as
required for recent atmospheric modeling studies and also for prototypical chiral separation experiments, in
view of a possible dynamic mechanism for chirality exchange by molecular collisions. Dipole moments are
also presented.

1. Introduction produces results in agreement both with CCSD(T)/aug-cc-pVTZ
computations and with experimental data. On the basis of these
results, it has been possible to build a potential energy surface
rofile as a function of the dihedral angle for substitutions of
ydrogens in HO, and in particular for the alkyl derivativés,
also of interest for applications in atmospheric sciehce.

The simplest examples in this series are methyl hydroperoxide
(CH3;O0H) and ethyl hydroperoxide (Bs00H). For both
compounds, the quantum mechanical studies involving them and

Peroxides are interesting because of the peculiar nature of
the O-0 bond, which has profound relevance in wide areas of
research, such as biological and combustion chemistry. We focu%
in this work on the effects of halogen substitution, and further
motivation comes from the role of halogen peroxides in
atmospheric chemistry (see ref 1 and references therein).
Features of the torsional levels around the @ bond will be
presented: this is a very important case where anharmonicity ! -
has to be explicitly taken into account in statistical mechanics other alkyl perqmdes have been reported |n.ref 23. The effect
of equilibrium or rate processes (see refs 2 and 3 and referencee?f the substitution of one of the hydrogens in({ by larger

therein). Torsion also provides the simplest example of chirality alkglt_?r?ups, suchlas, for texglmplg;butyl, or of doultgle th
changing processes (see ref 4 for a discussion of possibleSu stitution were aiso reported In he same paper. For the
collisional mechanisms for such processes). monosubstituted alkyl peroxides, the torsional barriers (cis and

In recent decades, several investigations have been dedicateHanS) are lower than for hydrogen peroxide. Besides, for double

toward the understanding and control of the reactions involved SUbSt.'tUt'on.' the effec_t of the dimension of the groupsis to make
in phenomena of strong environmental impact, such as, for the cis barriers practically double that of monosubstitution and

example, acid rain and the decrease of the ozone Bhéil. !{eads go an |ncrea§e||;1 trleh @t bqnd Ilengt(tj'ls. Reg;arﬂng the it
both processes, the participation of peroxides and of the rans barriers, crucial for the torsional modes, a striking resu

corresponding radicals has been observV&Hese systems are was _found_that they are apparently small or negligible. For a
being investigated under different points of view, and several previous discussion, see ref 24,

recent works have been concerned with the simplest of these .In this paper, we are intergstgd in the study of these effects,
molecules, HO,.822 with references to the substitution of the hydrogen of HOOH

T . : by halogens and in the comparison of these results with those
Hydrogen peroxide is well-known as the major oxidant of : S

sulfur dioxide, producing sulfuric acid in clouds, and another gpta;:ned forlgllkyldgrou%s. .SUPS“:]U“(?” t.’thO and CN was also
group of peroxides is of great importance in the formation of °Hefly considered to obtain further insight. ,
acid rains’ the alkyl peroxides studied in ref 23. In a previous ~ Additionally, in ref 23, some divergences between properties
study?? a systematic and detailed analysis on the effect of the SUch @s dihedral angles and dipole moments as obtained by
choice of both theory level and basis set has been carried outeXPerimental techniques and by theoretical methods have been
for hydrogen peroxide with respect to the determination of discussed and clarified. Specifically, regarding the dipole
equilibrium geometry, dipole moment, and cis and trans barriers. Mement of HO,, the consideration of both energy and wave-
Our results have shown that the use of a DFT method with functions of torsional levels as well as of their temperature

B3LYP parametrization and a sufficiently large basis set distributions leads to an excellent agreement between our
calculated value, 1.58 B,and the experimental value, 1.57D.

t Part of the “Giacinto Scoles Festschrift”. The same type of calculations can be extended to other systems,
* Corresponding author. E-mail: ciete@dyn.unipg.it. and corresponding results are presented in this paper for FOOF,
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Figure 1. Profiles of the torsional potentials for the ROQ#Rroxides, Figure 2. Profiles of the torsional potentials for the ROQgeroxides,
where R=H and R =H, F, Cl, CN, and NO, as a function of dihedral  Where R and R=_ H, F, Cl, and CH_, asa _functlon of dihedral angles
angles ¢) for the optimized DFT calculations with B3LYP/6-3+3G- (¢) for the optimized DFT calculations with B3LYP/6-31#G(3df,-
(3df,3pd) parametrization and basis set. For HOOH, shown for 3pd) parametrization and basis set. For s0BCH, shown for
comparison, see also ref 22. comparison with the case of double alkyl substitution, see also ref 23.
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The work here is organized as follows: in section 2., we 1,70 P A i

report the quantum mechanical methods of calculations and othel
methodological aspects, the issues being the choice of basis set§
and theory levels that reproduce known information on features E
such as equilibrium geometry and cis and trans torsional barriers§g 155 - .
around the G-O bond. Section 3. reports an estimate of torsional £ 150 | ]
levels and their distribution as a function of temperature of each
system, in view of experimental and theoretical studies of the
dynamics of chirality changing transitions induced by collision i
and of statistical analysis of torsional levels. Section 4. briefly 135

discusses dipole moments, while section 5. contains conclusions 1,30 |
and further remarks, while additional data are reported as [ . , . + . + . . 4 . . 4 . |

166 -
1,60 | ]

1,45
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2. Energetic and Geometrical Aspects Figure 3. Bond lengths for CIOOF as a function of dihedral angles

2.1. Quantum Chemical Calculations.The calculations of Zﬁéhﬁaziz TsrgtemOd with B3LYP/6-3H-+G(3df,3pd) parametrization

the structural aspects and electronic energy were carried out
using the Gaussian 03 program pack&ygEor the choice of 2), calculated by optimizing other degrees of freedom at@ny
appropriate basis set and level of theory, we have alreadyvalue. In this study, a comparison is made among the different
studied? hydrogen peroxide as a prototypical molecule and profiles obtained for HOOH and its derivatives, including the
performed several calculations using progressively larger basiscompounds having as substituents not only the halogen atoms
sets employing both the Pople-type basis sets and the Dunningout also alkyl groups (see ref 23). We calculated these profiles
correlation consistent basis sets. The MP2, DFT, and CCSD-using DFT with B3LYP parametrization and the 6-311G
(T) levels of theory were compared, and the appropriate balance(3df, 3pd) previously chosen basis set, and in this way, we can
of quality and computational cost, between each level of theory obtain a consistent systematic investigation of the energetic
and basis set, was used as criterion of the choice. This properties as a function of the substituent groups in the peroxidic
methodology has been used for other systems, such as the alkyseries, with comparable computational tools that yield a coherent
peroxides, which have been presented elsewHere. picture of the substituent effects. Detailed analysis is also
The systems investigated in this study are the derivatives of devoted to the behavior of bond lengths and bond angles when
hydrogen peroxide (HOOH), where one or both hydrogen atoms the dihedral angle spans the-080° range, as illustrated in
in the molecule are substituted by one or two halogen atoms Figure 3 for the bond lengths of the CIOOF molecule.
(HOOF, HOOCI, CIOOF, FOOF, and CIOOCI) or NO and CN. Once that the DFT method has provided the general depen-
See ref 22, where we presented in detail the effects of the choicedence of energetic properties of the compounds as a function
of the theory level and of the basis set employed for the of the dihedral angle, we focused our attention on three points
determination of the structure and of the energetic properties for each profile, which are specifically of crucial interest: the
of hydrogen peroxide. As already remarked, that study provided minima, which correspond to the equilibrium geometries, and
the starting point for the choice of the methodology utilized the structures having dihedral angles at 0 and®18thich
subsequently. A primary goal of this article consists of the study correspond, respectively, to the cis and trans configurations,
of the energy profile of the systems as a function of the variation representing the barriers to stereomutation. For these three points
of the dihedral angle around the G-O bond (Figures 1 and  for each system, detailed calculations were made using coupled
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TABLE 1. Geometries, Dipole Moments, cis and trans Barriers, and Energies for ROORCalculated by B3LYP/
6-311+-+G(3df,3pd) Method

geometry
r(0—0) r(R—0) r(O—-R) ROO OOR' ¢(ROOR) dipole (D) barrier (cm?) energy (Hartree)
HOOH®
eq 1.446 0.966 0.966 100.9 100.9 112.4 1.776 —151.6131930
cis 1.457 0.966 0.966 105.2 105.2 0 3.105 2575.53 —151.6014580
trans 1.457 0.965 0.965 99.2 99.2 180 0 386.25 —151.6114331
HOOF
eq 1.359 0.973 1.467 103.8 106.2 84.9 2.275 —250.7803721
cis 1.428 0.970 1.423 102.7 105.5 0 1.439 3338.65 —250.7651601
trans 1.441 0.971 1.400 98.7 101.7 180 2.177 3542.21 —250.7642326
HOOCI
eq 1.410 0.970 1.730 102.4 110.1 88.8 1.729 —611.1825081
cis 1.454 0.969 1.692 104.3 110.9 0 1.908 2317.83 —611.1719473
trans 1.467 0.970 1.676 98.2 106.0 180 1.208 1617.77 —611.1751317
HOONO
eq 1.417 0.968 1.479 102.1 106.9 99.6 1.770 —280.9436298
cis 1.426 0.974 1.432 102.8 108.2 0 1.690 935.40 —280.9393678
trans 1.436 0.967 1.446 99.0 104.9 180 1.845 744.13 —280.9402393
HOOCN
eq 1.475 0.970 1.290 99.6 108.6 111.9 3.630 —243.8517734
cis 1.481 0.972 1.283 103.6 111.5 0 1.915 1420.90 —243.8452993
trans 1.483 0.970 1.284 97.9 107.9 180 4.188 213.50 —243.8508063
FOOP
eq 1.222 1.524 1.524 109.2 109.2 90 1.371 —349.9503046
cis 1.509 1.384 1.384 108.2 108.2 0 0.211 9728.50 —349.9059783
trans 1.474 1.394 1.394 99.5 99.5 180 0 8303.99 —349.9124734
CloOocCP
eq 1.362 1.748 1.748 111.5 111.5 84.8 0.53 —1070.7516783
cis 1.573 1.646 1.646 115.1 115.1 0 1.48 3523.66 —1070.7356233
trans 1.506 1.672 1.672 104.5 104.5 180 0 2166.81 —1070.7418056
CIOOF
eq 1.281 1.802 1.497 112.9 108.0 86.1 1.148 —710.3496955
cis 1.516 1.660 1.391 114.1 109.7 0 0.886 6037.46 —710.3221868
trans 1.481 1.674 1.397 103.1 101.0 180 1.184 4718.40 —710.3281969
FOONO
eq 1.308 1.494 1.662 106.9 107.0 88.6 2.561 —380.1089509
cis 1.365 1.471 1.672 109.7 129.1 0 2.194 5344.86 —380.0845979
trans 1.429 1.406 1.524 102.0 104.4 180 1.214 4461.57 —380.0886225

aBond lengths in angstroms and angles in degreEsr comparison, experimental data of HOOH, FOOF, and CIOOCI systems are available
in refs 44, 39, and 41, respectively.

cluster theory, including simple and double excitations including except HOOF, the cis barriers are lower than HOOH. For
triple excitations non-iteratively (CCSD(T)), with aug-cc-pVDZ halogen groups, the cis and trans barriers are of similar height,
basis set. Tables 1 and 2 show results of geometries and otheso that the energy profile looks reasonably symmetric, and
features for equilibrium and cis and trans configurations from dihedral equilibrium angles are close t0°36r HOOX (where
both methods. X = F and CI) and 100for HOONO. For CN, we have an
2.2. Energy Profiles along the Torsional AnglesTables 1 equilibrium dihedral angle of 109 1perhaps fortuitously close
and 2 demonstrate the general consistency of results from theto the value of 1125for HOOH (Table 2). In general, the larger
two levels of theory. As a general trend, main (although minor) the dihedral angle at equilibrium, the lower the trans barriers.
differences are that the CCSD(T) method appears to give slightly Regarding the NO substitution on peroxidic bonds, for
larger bond lengths and dipole moments and smaller bond previous work, see refs 283. Our interest is in the behavior
angles. The dihedral equilibrium angles, a very significant with respect to torsion around the @ bond, and the
parameter for these systems, are in agreement, the largestlesignations as cis or trans refer to the HOON dihedral angle,
difference being 1.5for FOONO. The discussion in this section  while the OONO dihedral angle is 18@n all our structures
is based only on the CCSD(T) results (Table 2). However, the (trans configurations). Ref 33 gives an extensive account of the
discussion of energy levels in the next section will be based on cis configurations for the OONO dihedral angle. The chosen
profiles as a function of the torsional angles obtained by DFT, orientation of the NO group is the one expected to show minimal
for which it was practical to compute a very fine grid. influence from the O atom on the peroxide bond under focus
Monosubstitution: Figure 1 shows energy profiles along the here. The same choice was made for CN substitution.
dihedral angles for substitution of one of the hydrogens in  Double substitution: regarding peroxides with double sub-
hydrogen peroxide by F, Cl, CN, and NO. Taking the case of stitutions by halogens (Figure 2), both cis and trans barriers
HOOH as a reference for comparison, the trans barriers for CN, appear to increase consistently, the effect of F being larger than
NO, Cl, and F substitution are progressively higher in this order, that of Cl, as just observed in the case of single substitution.
while for alkyl substituents, they are consistently lofdsut The cis and trans barriers turn out to be of similar magnitudes
increase with the group size. For all monosubstituted systems,in these cases. Equilibrium dihedral angles are only slightly less
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TABLE 2: Geometries, Dipole Moments, cis and trans Barriers, and Energies for ROORCalculated by the CCSD(T)/
aug-cc-pVDZ Method

geometry
r(0—0) r(R—0) r(O-R) ROO OOR' ¢(ROOR) dipole (D) barrier (cm?) energy (Hartree)
HOOH
eq 1.480 0.972 0.972 99.3 99.3 112.6 1.905 —151.2433406
cis 1.492 0.972 0.972 103.7 103.7 0 3.321 2608.30 —151.2314563
trans 1.495 0.971 0.971 97.9 97.9 180 0 404.14  —151.2414992
HOOF
eq 1.387 0.978 1.501 102.1 105.0 84.8 2.430 —250.1969359
cis 1.465 0.976 1.458 100.5 103.8 0 1.514 3309.94 —250.1829766
trans 1.475 0.977 1.435 97.5 100.2 180 2.607 3063.71 —250.1815471
HOOCI
eq 1.439 0.976 1.775 100.9 108.4 88.5 1.859 —610.2561892
cis 1.491 0.975 1.744 102.6 109.1 0 2.110 2297.77 —610.2457198
trans 1.499 0.975 1.728 97.3 103.9 180 1.319 1611.25 —610.2488478
HOONO
eq 1.450 0.974 1.497 100.6 104.8 98.4 1.938 —280.2634350
cis 1.467 0.980 1.455 101.3 106.0 0 2.107 1227.26 —280.2578432
trans 1.476 0.974 1.467 97.8 102.5 180 1.731 882.73 —280.2634350
HOOCN
eq 1.504 0.977 1.319 98.5 106.1 109.1 4.020 —243.2353352
cis 1.517 0.980 1.311 102.3 108.9 0 2.166 1544.79 —243.2282966
trans 1.515 0.976 1.313 97.02 105.1 180 4.692 309.00 —243.2339273
FOOF
eq 1.209 1.628 1.628 109.2 109.2 88.7 1.774 —349.1568952
cis 1.562 1.416 1.416 106.8 106.8 0 0.570 9867.97 —349.1119334
trans 1.507 1.430 1.430 97.9 97.9 180 0 8332.38 —349.1189301
CloocClI
eq 1.384 1.794 1.794 109.6 109.6 84.2 0.905 —1069.2700103
trans 1.530 1.726 1.726 102.4 102.4 180 0 2289.67 —1069.2595778
CIOOF
eq 1.277 1.877 1.567 111.9 107.3 86.3 1.772 —709.2111605
cis 1.562 1.711 1.424 112.4 108.8 0 1.029 6086.51 —709.1834283
trans 1.511 1.728 1.433 101.1 99.3 180 1.598 4618.38 —709.1901176
FOONO
eq 1.335 1.533 1.668 105.7 104.4 87.1 2.887 —379.2168421

aBond lengths in angstroms and angles in degrees.

than 90, while for double substitution by alkyl groups, the trans  of the order of+3°. For monosubstitution, the T®angles
barriers appeared to vanidhand the equilibrium dihedral angle  increase with respect to the ®0n hydrogen peroxide by-56°
moved toward 180 see the example of GOOCH; in Figure in most cases, similar to what is observed in the alkyl cases.
2 and ref 23. This increase is somewhat smaller for substitution by F of one
2.3. Bond Lengths and AnglesThe behavior of bond lengths  of the hydrogens.
with substitution and with configuration can be presumed by ~ The OON angles show values around 104®th in HOONO
inspection of data in Tables 1 and 2. The constancy of the OH and in FOONO. Regarding the angle ©Qhat in the FOONO
bond length £0.97 A) for all systems is remarkable. Most case is practically the same as in HOOF and increases by 2 and
interesting is the peroxidic bond length, which had been found 3° in the equilibrium configurations obtained for substitution
to be practically invariant with alkyl substitutions in,E; of H by CI and F, respectively. Likewise, the @Dangle
(~1.45-1.46 A)2 For CN substitution, it is larger, 1.50 A.  increases slightly (1 or°2 by insertion of a second electrone-
However, the G-O length shortens to 1.42, 1.41, and 1.36 A gative atom.
for monosubstitution by NO, CI, and F at the equilibrium With reference to structural features for HOOCI, our results
configuration, for which still greater is the shrink for double are in agreement with previous work (see ref 34 and particularly
substitution (1.36 A for CIOOCI, 1.34 A for FOONO, 1.28 A ref 35). This is similar to FO,, for which merits of various
for FOOCI, and 1.22 A for FOOF: the latter value is similar to  basis sets and methods have been extensively stidié(see
that in @). There appears to be a qualitative correlation between also ref 39 for experimental information). For CIOOCI, the
the energy profile and the lengths of the-O bond and those literature is also ample, and Quack and Wilkeport a state-
of the OX bond, where Xis Cl or F, as a function of the dihedral of-the-art computational study with detailed reference to both
angle (Tables 1 and 2). Figure 3 for the case of CIOOF details previous theory and experimental data. With respect to geom-
an example of the shortening at equilibrium of the @ bond, etries of equilibrium and cis and trans configurations, our results
accompanied by lengthening of the-® and O-Cl bonds. agree with theirs. They also discuss torsional dynamics, with
As far as bond angles are concerned, in the case of alkyl particular reference to parity violation in tunneling switching
substitutiorz® the effect on the O& angle of hydrogen peroxide  stereomutation. Our results for cis and trans barrier heights
has been found to be negligible, and for halogens, CN and NO confirm deficiencies of previous analysis of available experi-
substitution (Tables 1 and 2) is also small, fluctuations being mental dat& (see also ref 42). New spectra and their analysis
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TABLE 3: Zero-Point Energies (cm™1) TABLE 4: Population of Torsional Levels at 300 K
molecule accurate fitting truncated fittihg n
HOOP 275.27 271.68 molecule 7 0 1 2 3 4 5 6 7 8
:88(,\‘7& igg-g; igg-gg HOOF 14 9252 6.83 058 0.06 0.01 0.00 0.00 0.00 0.00
: : HOOCI 1-4 8455 12.60 2.20 0.47 0.13 0.04 0.00 0.00 0.00
143.01 130.83 HOONO 1  17.35 4.81 170 0.81 0.41 0.22 0.08 0.02 0.00
HOOCN 94.84 93.24 2 17.35 4.81 1.70 0.80 0.35 0.14 0.04 0.01 0.00
100.65 98.98 3 17.34 4.78 157 0.61 0.31 0.14 0.04 0.01 0.00
FOOP 128.90 164.73 4 1734 478 157 058 0.22 0.08 0.02 0.00 0.00
cloopP 103.33 124.05 HOOCN 1,2 29.60 1521 6.68 2.15 0.61 0.17 0.05 0.02 0.01
cloocep 94.84 84.75 3,4 29.20 13.21 5.28 1.65 0.47 0.14 0.04 0.00 0.00
FOONC 70.37 105.59 FOOF 14 81.63 14.99 2.76 0.51 0.09 0.02 0.00 0.00 0.00
CIOOF 1-4 75.32 18.40 4.63 1.20 0.32 0.09 0.03 0.01 0.00
b _
® See ref 447 For these systema,= 0 levels (degenerate far=1, ClOOCI 1-4 62.01 23.00 8.83 352 1.46 0.63 0.28 0.13 0.06
2, 3, and 4) are givert.For these systems) = O levels are given,  tooNO 14 6452 22.69 810 2.94 1.09 041 016 006 0.02

upper values for degenerate= 1 and 2 symmetries and lower values

for degenerate = 3 and 4 symmetries. numbern = 0, 1, 2, ... The energy separation between levels

are needed (see ref 43 in addition to refs7l where also further with samen and differentr is associated to tunneling through

discussion of the relevance of these molecules in atmosphericSiS @nd trans barriers. Specifically, splitting between 1 and
science is reported). 2 and between 3 and 4 is for tunneling through the cis barriers,

which are practically degenerate for lower levels. The trans
3. Torsional Dynamics tunneling is respo_nsible for the separation between levels with
) . 7=1and 3 or with 2 and 4.

The floppy nature of these molecules poses the mFerestlng In ref 23, we showed, for the case of HOOH, a comparison
problem of the dynamics around the very anharmonic mode peqyeen the obtained levels with both approaches and those
associated with torsion around the-O bond. observed experimentally. For FOOF, the corresponding se-

In a previous papét on H0,, the observation that the i ences of obtained levels for the four symmetries are repre-
torsional dynamics in bO; is best described in local orthogonal  gented graphically in Figure 2 of the Supporting Information.
coordinates was crucial, which amounts to interpreting the OH The corresponding wavefunctions were also obtained; some
groups as rigid rotors executing a torsion motion around a nmerical information is indicated in the captions, while more
(Jacobi) vector joining their centers of mass. The corresponding complete data are made available as Supporting Information,
dihedral angle is thus the variable, while the other five degrees 54 for the other systems.
of freedom are frozen at the equilibrium configuration. Formulas  gnce the energfn of levels has been obtained, another
relating geometrical and local vector parameters are given in inieresting property of these molecules can be easily calculated,
ref 22. In both cases, one has to consider the Hamiltonian Snamely, their relative populationNg,/N) as a function of

involving three vectors, which for the local vector parametriza- temperatureT, using the Boltzmann distribution formula
tion, in view of their orthogonality, leads to very simple ’

expressio.ns, rigorously eliminating couplings. As discussed in N, exp[—E, /ksT]

ref 23, this approach is not easily extendable for the case of = )
substituents. Accordingly, energy levels were estimated using N E

the torsional potential profile as a function of the dihedral angle. ; exp[=En/ksT]

The Supporting Information lists calculated data for these

profiles, for a 10 spacing; a finer grid is available on request. \yparek; is Boltzmann's constant. Results are exhibited in Table
The simplified procedure adopted beféfaamely, an expan- 4 tor the distributions at room temperature for all systems. An

sion of the torsional potential as extensive recent study of a set of approaches to the level
_ distributions, also for isotopic substitutions in®, is to be
Vig) = Z Cycosky @) consulted for the general issue of the statistical thermodynamics

of bond torsional modes.

truncated to only four terms according to a recipe given in ref
44, which used as input cis and trans barrier heights, and the
equilibrium dihedral angle is now compared to a more accurate As we have seen in a previous paper oiObf?? there have
expansion where momeng were obtained by a Newten been in the past controversies regarding the important feature
Raphson fitting including at least six terms. See the Supporting of the equilibrium dihedral angle, and correspondingly, uncer-
Information for a list of expansion coefficients. As beféfe, tainties were also reported in a property such as the dipole
basis sets in terms of sine and cosine functions were used, givingmoment, for which there are conflicting experimental values in
rise to secular equations, where the matrix elements arethe literature, obtained with different methodologies. To explain
analytical integrals over trigonometric functions. Table 3 the large discrepancy that has been observed between experi-
compares zero-point energies from the two approaches, exhibit-mental and calculated dipole moments, we have considered the
ing the level of accuracy that can be obtained by truncation to correlation between the dipole moment and the dihedral angle.
only four terms, when only equilibrium and cis and trans Such a relationship explains the discrepancies. In fact, in the
information is available. calculations, the molecule is considered to be frozen in the
Note that in view of the symmetry of the torsional potential vacuum, while in the measurements, it is in the gaseous state
by reflection on the two (cis and trans) planar configurations in an ensemble of torsional levels, and the corresponding
(¢ = 0 andrn), the problem block diagonalizes in four symmetry distribution of dihedral angles must be taken into account (for
classes, denoted by the quantum label 1, 2, 3, and 4. Levels  a detailed discussion, see ref 22). This would lead to averaged
within each symmetry classes are denoted by the quantumdistributions more probably toward the trans rather than the cis

4. Dipole Moments
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1,324 —— — T T T T is also being reported elsewhere on the torsional modes of the
S—S bond by substituent groups of the hydrogens iSHalso
of relevance for stereomutation issyés.

Regarding intermolecular interactions, of specific importance
for collisional chirality exchangéa study has been completed
on the HO; rare gas systent8,for which information should
also come from molecular beam experiments in our laboratory.
This will extend to these systems the joint experimental and
theoretical approach already tackled for interactions gb¥
and HS! with the rare gases.

Attention has also been dedicated in this work to a study of
energy levels in the very anharmonic torsional potentials,
obtaining their distributions as a function of temperature. This
has been shown to be of relevance for the comparison of

—_— L L L Ll calculated and experimental quantities such as dipole moments
0 50 100 150 200 250 300 350 400 . . .
but can be straightforwardly extended to prospective estimates

Temperature (K) of torsional partition function&
Figure 4. Dipole moment of FOOF as a function of temperature (K).
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configuration, so that dynamically one may observe an effective
larger dihedral angle and thus a dipole moment, lower than that
corresponding to the calculated equilibrium structure. Using the
fact that, as discussed previolZl§® and in section 3., we can
compute the wavefunctions for the torsional states populated
as a function of temperature, it is possible to compute also the
effective dipole moment by averaging the calculated dipole
moment dependence from the torsional angle over the squar
of the wavefunction and over the torsional level distribution.
In the case of KO,, this led to reconciling theoretical and
experimental results

Tables 1 and 2 list dipole moments calculated with specific
geometric configurations. As stressed in ref 37 for FOOF, for Ad 1) Maltcitéth- zsdbgei%pelletti, D.; Grossi, G.; Pirani, F; Aquilanti, V.
which experimental comparison is possible, such a comparison U.(ZQ)US;?ig.SOn,emB. A_;'Lyr'"':’;]'p\'/e_sz'_; Mielke, S. L.: Truhlar. D. Q.
is a sensitive antenna for the quality of theoretical descriptions chem, phys2006 125 84305.
of this molecule. The results on torsional levels, and the (3) Sturdy, Y. K.; Clary, D. CPhys. Chem. Chem. Phy007, 9, 2397.
temperature dependence of their distribution for FOOF, served  (4) Aquilanti, V.; Maciel, G. S.Origins Life Evol. Biosphere2006

X . . - 36, 435,
for the calculation of the effective dipole moment as a function (5) Cacace, F.. de Petris, G.: Troiani, Rapid Commum. Mass

of temperature following the same steps outlined previously for spectrom1999 131903. Lee, M.; Heikes, B. G.; O'Sullivan, D. VAtmOs.
H,0,?? (Figure 4). Such a dependence is weak in this case andEniron. 200Q 34, 3475. Franais, S.; Sowka, |.; Monod, A.; Temime-
does not improve the agreement with experiment: in fact, our SOLIJStseJL B};h'—?ugler' 3}2 g/'dJSV\;Ofégaf{‘/ ‘I‘*ml‘osé- R§§005\A7/41 235-_3/51“‘1&'
_ . _ V. nt. J. otoenerg y . Volgel, b.; Feng, . reipel, .

DFT value for t_he room temperature dlp_ole moments_, account Miiller, R. Atmos. Chem. Phy&00 6, 3099.
ing for the relative population of the torsional levels, is 1.32 D, (6) Streibel, M.; Rex, M.; Von der Gathen, P.; Lehmann, R.; Harris,
to be compared with the accepted experimental value of 1.44N. R. P.; Braathen, G. O.; Reimer, E.; Deckelmann, H.; Chipperfield, M.;

47 Millard, G.; Allaart, M.; Andersen, S. B.; Claude, H.; Davies, J.; De Backer,
D.I Note, howeyer, tTaLprﬁbab_ll_y g;e ;nog a.ﬁcurate lCCfSD({;I') H.; Dier, H.; Dorokov, V.; Fast, H.; Gerding, M.; Kyrd.; Litynska, Z.;
values are consistently higher (Table 2). Similar results for the \joore. b.; Moran, E.: Nagai, T.; Nakane, H.; Parrondo, C.; Skrivankova,
other cases are available, but for them, there appear to be nap.; Stibi, R.; Vaughan, G.; Viatte, P.; Yushkov, Vwtmos. Chem. Phys.

experimental data for comparison. 2006 6, 2783. _
(7) Messer, B.; Stielstra, D. E.; Cappa, C. D.; Scholtens, K. W.; Elrod,

5 C USi M. J. Int. J. Mass. Spectron200Q 197, 219.
- Lonclusion (8) Cohen, E. A.; Pickett, H. Rl. Mol. Spectrosc1981, 87, 582.
A previous articlé3 was concerned with the extension of the (9) Carpenter, J. E.; Weinhold, B. Phys. Cheml98§ 92, 4295.

- . . (10) Koput, J.Chem. Phys. Lettl995 236, 516.
study presented in ref 22 on quantum chemical exploration of  (31) koot 3.Chem. Phys. Leti996 257, 36.

the potential energy surface of hydrogen peroxide to the case (12) Koput, J.; Carter, S.; Handy, N. Phys. Cheml998 102, 6325.
of alkyl substitutions. Torsional barriers around the @ bond (13) Moreno, R. R. M.; Grana, A. M.; Mosquera, R. 8truct. Chem.
have been shown to vary enormously by substitution of alkyl 2000 11, 9. o _ ' _
groups, and this paper is a report of the systematic investigationRa(r#;)n g’é‘;@?r‘gszog'zggysggg'.c' B. A; Zadkov, V. N.; Takahashi, .
of the effects of substitution by halogen atoms and CN and NO  (15) Kuhn, B.; Rizzo, R; T.; Luckhaus, D.; Quack, M.; Suhm, M.JA.
groups. Results are compared with limited experimental and Chem Phys.1999 111, 2565.

computational information, special attention having been de- (12)12Fehfensen, B.; Luckhaus, D.; Quack, ®hem. Phys. Letfl999
voted to the energy and dipole moment profile upon variation a7) Daza, M. C.: Dobado, A: J.: Molina, J. M: Villaveces, JRhys.
of the dihedral angle. The steric hindrance of the substituent chem. chem. Phy200q 2, 4094.

group has been seen to be a determining factor for energetic (18) Lee, J. SChem Phys. Lett2002 359, 440.

and geometric effec.In the case of halogens, the observed  (19) Lin, S. Y.; Guo, H.J. Chem Phys.2003 119, 5867.
systematics should be discussed by paying future attention tozzﬁ%)ll""atthews* J; Sinha, A.; Francisco, JJSChem. Phy=2005 122
more specific features such as electronegativity differences (21) glango, M.; Parthasarathi, R.; Subramanian, V.; Ramachandran,
between atoms or groups involved in the bonds. Further work C. N.; Sathyamurthy, NJ. Phys. Chem. 2006 110, 6294.

Supporting Information Available: Calculation procedures
and details of results for the study of the torsional mode around
the O-0O bonds of the title compounds. Tables of DFT data,
Sorsional profiles, and torsional energy levels. This material is
available free of charge via the Internet at http://pubs.acs.org.
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