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Abstract: The geometries of HOOH, CH300H, and CH300CH utro 

optimized with different basis sets (3-216. S-316 et4 ana 
995*') at different levels of theory (HF. HP2, fiP4, and CI). 

HF/3-2lC optirizations result in planar trans conformations 

for all three peroxides. HF/6-3lG*+ calculations predict Skew 

conformations for HOOH and CH300H, but a planar trans Stru- 

ture for CH300CH3. For the larger basis set the calculated 

bond lengths, especially the O-O bonds, are too short. Op- 

ti~lzatlons for HOOH including electron correlation at the 

XP2, l4P3. liP4, Cl, and CC0 level improve the ayreemtnt for 

bond lengths and the OOH angle, but result in dihedral ang- 

les which are too large by 3 - 8'. In the case Of CH300CH3, 

similar calculations at the BP2 and CI level predict planar 

trans structures instead of the exptrirentally observed skew 

conformation. On the other hand, HP4 single point calcula- 

tions at HP2 optimized paranetcrs result in a correct skew 

structure. For all three peroxides a computationally *eco- 

nomic' method. i.e., single point calculations rt HP2 or HP4 

level with HF/3-2lC optimized parameters, result in close 

agrteetnt between CdlCutatt?d and exptrioental structures. 

Introduction 

The peroxides considered in this study are wall molecules, but their structures, 

nevertheless, appear to be tough problens for exptrimtntalists and theoreticians 

and thus present a particular challenge to structural chemistry. Naturally, among 

these peroxides, hydrogen peroxide has attracted the largest attention over the 

past decades. *-” Two experimental values for the equllibriua dihedral angle g 

have been reported fn the 11 ttraturt, Be m 111.5’ deterrtned by hunt et al .3 fro: 

Infrared data using a semi-rigid model and 6, = 119.1(18)’ derived by Khachkururov 

et al. ' froa microwave data using a rigid model. This discrepancy has recently 

been resolved by J.Koput" by fitting infrared and microwave transitions sirul- 

taneously to a large amplitude Haailtonian which accounts for vibration-torslon- 

rotation interaction. This analysis (6 

et al. 
e = 111.6”) confirms the result of nunt 

In extensfvt ab inftio calculations on hydrogen peroxide (PO) Cremer studied the 

effect of basis sets and electron correlation on the equilibrium structure and 

on the barriers for the tranr and cis conformation, 16 According to these cal- 

culations the barriers do not depend strongly on correlation effects, whereas 

the optimized geometries, especially the O-O bond 

art affected considerably: O-O - 1.390 R and 8, - 

ntvtldt's lls6p2d16s2p unrestricted basis1 versus 
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length and the dihedral angle, 

111.2' at HF level (with Duij- 

o-o l 1.451 8 and Be = ll9.3@ 
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at HP2 level with a rescalcd version of the (4s3pld/2slp) basis set of Dunning 

bnd Uinter. Since Cremer considered Khachkuruzov's value for Cl, (119.1’) as cor- 

rect. he concluded that an electron correlation treatment at the HP2 level Is es- 

sential and In combination with the above basis set sufficient for an accurate 

calculation of the H202 structure. Koput'r recent experimental study deronstra- 

tes however. that Khachkuruzov's value for 9, and thus Cremer's HP2 result are 

erraneous and that the HF value (111.2') reproduces the experiment much closer. 

On the other hand, the HF approximation predicts the O-O bond too short, whereas 

the HP2 value Is close to the r', value of Koput (1.464(11) 8). 

CVB calculations Including CI17 lead to results which are almost Identical to 

Cremer's HP2 values (O-O = 1.464 8. 0, - 119.1'). Carpenter and YeInholdlg demon- 

strated that additional polarization functions are required for a correct des- 

cription of the dihedral angle. Ylth a basis set Including triple polarization, 

6-3llG(3d,2p), the experinental geometry of Koput Is reproduced very closely at 

the HP2 level, resulting In 8, = lll.El” and O-O = 1.450 1. 

Methylhydroperoxide (HPO) was studied by MY spectroscopy and the analysis which 

was based on a large-amplitude Hamiltonian, resulted In an O-O bond length of 

1.443 R and a COOH dihedral angle Be = l14°.21 lo our knowledge no HF cslculation 

for this peroxide has been published. The CVB-Cl value"] for the O-O bond (1.452 

1) Is In close agreement with the experiaent, but the predicted dihedral angle 

of 126’ Is too large by dbout 10'. just ds In the cdse of HOOH, when the sdme me- 

thod Is applied. 

For dloethylperoxIde (OMPO) experiments ds well df theoreticdl Cdlculdtions pro- 

duced rather controversidl results for the dihedrdl dngle. An electron diffrdc- 

tion study" based on d large-amplitude model resulted In an O-O bond length of 

1.457(12) 1 dnd In d dihedrdl angle of 1190)‘. This Is in qualitative dyree- 

l ent with VibrdtIOndl spectra 23 which predict d skew conformdtion of C2 symmetry, 

but is in contrdst to earlier PCS Investigations 24*25, which Interprete the split- 

ting of oxygen lone pair Ionirdtlon energies In terms of a pldnar or nearly pld- 

ndr trdns conformation (C2h symmetry). Microwave spectra for OMPO hdVe been recor- 

ded in four different 1dbOrdtOrieS 26-29 , but so far the very dense spectrum caused 

by large dmplitude torsions around the O-C dnd O-O bonds could not be assigned. 

HF cdlculdtions by Case dnd 8ogys with d 4-21G bdSiS set including poldrirdtion 

functions on oxygen only reproduce the electron diffraction value for Be (115.6') 

very well. but predict the O-O bond too short (1.411 8). GVB-Cl calculationsl' 

ledd to perfect dgreeaent for the O-O bond, but result In a plrnar trans confor- 

mrtion with Be = 180'. At the time when these cdlculdtions uere published (1982). 

the result of the electron diffraction study 22 uds not yet known dnd the cOnfOr- 

uer obtdined by the GVB-Cl method uds considered to be confirmed by the Interpre- 

tation of the PCS spectrd. 24.25 The vibrdtiondl spectrdZ3 which definitely ex- 

clude d pldndr trdns structure (Czh symmetry), nere not considered to Contradict 

this result. 

This short hirtoricdl review demonstrdtes thdt db Initio cdlculdtions for these 

sirple peroxides dre not strdightforudrd. The cdlculdtions of Carpenter and ueln- 

hold show that both, O-O bond length dnd dihedral dngle In PO can be reproduced 

Correctly Only by d suitdble COEbindtIOn Of bdSIS Set dnd level Of theory. 

In the present investigation ue report cdlculdtions for tip0 dnd OHPO dpplying 

different basis sets and vdrious levels of theory with the dim to find the dppro- 
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ptiate method for reproducing the experimental geometries. Although the PO problem 

has been solved by Carpenter and Yeinhold, we also include additional calculations 

for this smallest peroxide to determine more systematically the effects of basis 

sets and level of theory on the individual geouetric parameters. 

Computational methods 

All calculations were performed with the GAUSSIAN 82 program system " on a 8ASF 

7/88 and on a CONVEX C-l XP cooputer at the University of Tilbinyen. Standard basis 

sets, 3-21C, 6-31C*(*) and the Dunning-Huzinaga (9sSp.4s.2p) basis set32 augmen- 

ted by d-shells on oxygen and carbon and p-shells on hydrogen (095**). were used. 

To avoid convergence problems due to the flat torsional potential, geometric para- 

meters in the case of MPO and OHPO uere optimized at fixed dthedral angles and the 

energy minima were determined by interpolation. Electron correlation was taken 

into account at the HP2, MP4(SDTQ) or CI leve‘l with either direct optimization 

of the geometry or by single point calculations at the corresponding HF optiaized 

structures. This latter method will be referred to as .economic. procedure. 

Hydrogen Peroxide 

The most simple calculations at the HF level with a 3-21C basis set results in 

close agreement for the bond lengths and the OOH angle, but predicts a planar 

trans conformation with Be = 180' (see Table 1). If the basis set is increased and 

polarization functions are included (6-31G** or D95**), the predicted conformations 

are skew with dihedral angles only slightly larger (2 - 5') than the experimental 

value. The calculated bond lengths, however, are too short by ca. 0.07 fi for the 

O-O and 0.02 # for the O-H bond and the bond angle is too large by ca. 3' (Table 

1). Cremer" demonstrated that the experimental dihedral angle of 111.8' can be 

reproduce0 almost exactly (111.2') at the HF level by further increasing the ba- 

sis set, but all basis sets which include polarization functions underestimate 

the bond lengths, especially the O-O bond, and overestimate the bond angle as long 

as electron correlation is neglected. This observation suggests, that simulta- 

neous agreement for all geometric parameters can only be achieved at a hiyher 

level of theory. At the MP2 level the bond lengths and OOH bond angle are repro- 

duced very closely, but the dihedral angle is too large by about 6 - 8'. The Dun- 

ning 095** basis set leads to a slightly better agreement for this parameter ano 

was therefore chosen for further calculations at still higher levels of theory 

(Table 1). Higher approximations for electron correlation (MP3, MP4, CISO and 

CCD) affect the O-O bond length by up to 0.03 fi and Be by ca. 6'. but these chan- 

ges are not systematic, and furthermore, the experimental dihedral angle is not 

reproduced COrreCtly by just increasing the level of theory for this standard 

basis set. Carpenter and Ueinholdl' showed that simultaneous agreement for all 

geometric parameters requires only a low approximation for electron correlation 

(HP21 but large basis sets with additional polarization functions (6-311G(3d,2p)). 

As was pointed out above, HF calculations with a small basis set (3-216) repro- 

duce geometric parameters, except for the dihedral angle, quite uell. This l iyht 
suggest that an economic procedure for obtaining a reasonable overall structure 

consists of correlated single point calculations for various dihedral angles at 

the corresponding HF/3-216 optirized geometries. This treatment results in energy 

uinima for the dihedral angles betueen 115-120'. depending on the basis set (095** 

or 6-31G'*) used in the single point calculation. The approximation for electron 

correlation (HP2 or HP4) has almost no effect for a given basis set. The result 

for the 095** basis set and HP4 approximation is given in Table I. 
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Table 1: H202. - - 
Fully optlnlzed geometries with different basis sets and at various 

levels of theory (bond lengths In 8, angles In 'I. 

o-o O-H OOH 

HF/3-216 I.473 

HF/6-316C'b 1.396 

HF/O95** 1.391 

HP2/6-31G** 1.460 

IlP2/095” 1.465 

nP3/i)95*’ 1.440 

MP4SOTQ/D95'* 1.471 

CISo/o95'* 1.437 

CCo/095*'C 1.451 

CVB-Cld 1.464 

HP2/6-311G(3d,2pIe 1.450 

MP4SOlQ/O95"//tiF/3-216 
f 

1.467 

Experiment9 1.464 0.965 99.4 111.8 

0.970 99.5 180 

0.946 102.3 116.2 

0.947 102.8 113.8 

0.969 98.6 120.3 

0.970 99.1 117.7 

0.966 100.3 114.5 

0.970 99.3 116.3 

0.962 100.7 114.5 

0.968 100.2 114.8 

0.967 99.9 119.1 

0.962 99.5 111.1 

0.972 100.9 115.0 

‘e Etot 
a 

-149.945820 

-150.776965 

-150.620105 

-151.152040 

-151.218783 

-151.191792 

-151.214285 

-151.174035 

-151.201651 

-151.0216 

-151.214129 

a : Total energies In Hartree. 
b : l * denote d-shell on oxygen and p-shell on hydrogen. 

': Coupled cluster calculation with double substitution from the HF determinant. 

': Ref. 17. 
e 

f 
: Ref. 19, no EtOt reported. 

: HP4 single point calculation at the HF/3-216 optimized geometry. 

O: Ref. 20. 

Methylhydroperoxlde 

The microwave spectrum of the parent isotopic species of this compound does not 

allow the determination of the complete structure. In the analysis, which Is based 

on a large-amplitude Hamiltonian, the skeletal parameters and barriers were ad- 

justed to the rotational transltlons.21 Ye are unable to estimate error limits 

for these parameters, but believe them to be definitely smaller than 0.02 8 for 

O-O and O-C bond lengths and smaller than 2' and 5' for bond angles and dlhearal 

angle, respectively. 

The HF calculations with a small basis set (3-216) again predict bond lengths and 

bond angles In reasonable agreement with the experiment but result in a trans pla- 

nar instead of skew conforaatlon (Table ?I. Parameters for the CH3 group were op- 

timized but they are not given in Table 2 because they are not considered rele- 

vant for the present discussion. The larger basis set which includes polarization 

functions (6-3lC**) results In a skew structure with Be = 118.'. l.c., slightly 

larger than the experimental value, and In bond lengths which are too short. These 

HF results for HP0 parallel the observations made above for PO. The 'economic' 

procedure, i.e., correlated single point calculations with a 6-31C** at the HF 
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/3-21C geometries result in energy rinima at 122' and 119' for 8, at the WP2 and 

HP-4 level, raspectfvely. All parameters except for the dfbedral angle are close 

to the GVB-CI results reported by Bait and Goddard. 
17 Since in the case of PO 

dfrcct gcoretry optmimizations at the MP2 or HP4 levrl lead to similar results as 

the GVB-Cl methodl’l, no such calculations utre performed for IIPO. The treatment, 

which is most successful for PO. f.e., larya basis sets with triple polarization 

and geometry optiairatlon at the HP2 levell', would probably further improve the 

agreement with experirent. Considering the still preliminary experimental values 

for geoaetrfc parameters and trans barrier and their unknown error llrfts, such 

expensive calculations, however, do not appear to be justified at this stage. 

All calculations, except HF/3-21G predict the trans barrier Vtrans in close agree- 

uent with the experiment. 

Table 2: CH300H. 

Calculated skeletal geooetries with different basis sets and 

at various levels of theory (bond lengths in II, angles in *). 

o-o o-c O-H ooc OOH 

HF/3-2lC 1,468 1.445 0.971 103.9 99.9 

HF/6-3lG** 1.393 1.399 0.946 107.4 102.4 

NP4/6-3lG*// 1.464 1.448 0.972 105.1 100.8 

HF/3-21G 

UP2/6-3lC”ll 1.394 1.399 0.946 107.3 102.2 

HF/6-3lG’* 

GVB-CIC 1.452 1.446 0.967 105.0 99.6 

Experfcentd 1.443 1.437 0.967 105.7 99.6 

‘e 

180 

118 

119 

115 

126 

114 

V'trans 
b 

Etot 

_ -188.763113 

0.35 -189.807566 

0.36 -190.326665 

0.32 -190.321146 

0.23 -190.0302 

0.25 

b 
: Vtrans in kcrl/aole. 

: Total energies in Hartree. 
C : Ref. 17. 
d : Ref. 21. 

Oimethylperoxide 

The smc strategy which was used for HP0 uas also applied to OUPO. Agsin, HF/ 

3-21G cslculrtfons reproduce bond lengths and OOC angle very well and predict ,I 

planar trans conffguration. In Contrast to PO and HPO, however, also lrrye basis 

sets (6-31G** or D95** 1 lead to energy l iniaa dt 8, l 180' at the HF level. The 
gcooetric parrmetcrs for the 6-3lG** basis stt only are given in Table 3. It fs 

SUrpffSln9 that the HF method with a small basis sCt fncludiny polarization func- 

ttons on oxygen atoms only, 30 which uas used by Cast and Boggs , prrdicts a skew 

conformrtfon with a correct dihedral rnglc. In thase calculations the shortening 

of the skelrtdl bond lengths is not as pronounced as for the 6-3lG** basis set, 

but the O-O bond is too short by about 0.04 R. Tha *economic" procadurc leads 

to energy minima at 6 = 123' or 116' and to trrns barrjers of 0.06 or 0.22 Kcal/ 

mole, depending on whether the HP2 or WP4 method is applied. This latter l ethoo 
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reproduces all experluental geometric parameters ana the tranr Barrier very cluse- 

1Y. If the 6-31C** optimized parameters are used in the correlate0 sfngle point 

calculations the dihedral angle is 122'. but the agreement for bond lengths be- 

comes worse. Equivalent calculations with the D95** basis set ~HP4/D95"//HF/D9Sf~~ 

produce a flat single mlnfeum potentldl, i.e., the wrong conformdtion. This ob- 

servation differs fror that made for PO, where D95** basis sets gave slightly 

better values for the dihedral angle. 

Table 3: CH300C~3. 

Calculated skeletal geoaetries with different basis sets sn0 

at various levels of theory (bond lenyths in R. angles in '1. 

HF/3-21G 

tiF/6-31G** 

HF/4-21GC 

MP4SDTQ/6-31G*// 

HF/3-21G 

MP4SDQ/6-31Grf// 

HF/6-31G** 

HP2/6-31G’ 

CISO/6-31G* 

CVB-Cl0 

r!P4SDTQ/6-31G*// 

HP2/6-31G* 

Experiment' 

(error limits) 

o-o 

1.464 1.445 104.3 

1.399 1.397 106.0 

1.411 1.422 105.4 

1.462 1.440 105.1 

1.393 

1.470 1.419 103.2 

1.450 1.417 104.2 

1.450 1.444 104.1 

1.471 1.421 104.3 

1.457 

(12) 

o-c 

1.399 

1.420 

(7) 

ooc 

107.3 

105.2 

(5) 

‘e 'dtrans 

180 - 

180 - 

115.5 0.52 

116 0.22 

122 0.13 

180 - 

180 - 

180 - 

121 0.10 

119 0.25 

Eb tot 

-227.5W306 

-228.838203 

-228.368522 

-229.503770 

-229.533131 

-229.465520 

-229.405618 

-229.0391 

-229.505476 

(4) (*25/-15) 

d 

b 
: Vtrans in kcal/mole. 

: Total energies in Hattree. 
C 

: Ref. 30. 
d 

: Ref. 17. 
e : Ref. 22, error limits for the last digit. 

Ue have performed addltional calculations for DMPO to test whether the experfmen- 

tal geometry can be reproduced also with other computational procedutec. Direct 

optfairatfons at the NP2 level with the 6-31Gff brsls set results fn a very fldt 

single minimum potential curve corresponding to a trrns planar equillbriuu struc- 

ture. This result Is difficult to rationalize, because the bond lengths and OOC 

bond angle obtained by this method are close to the HF/3-21G values. which led 

to .s skew conformation at the MP2 level (see .economfc. crlculatfons). Such d 

sfngle minimum potential Is also found by optimlrstton dt the CI level. The qua- 

litatively wrong predictions of these two correldted treatments, 4.e.. a planar 

instead of skew conformation, parallel the result of Bafr an0 Godoard obtaineo 

by the CVB-Cl calculations. 17 All optlmirations including l iectron COrreldtiOn 
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effects predict skeletal bond lengths Jnd the OOC Jngie much closer to the cx- 

periaent compared to cotrespondiny HF optio~rations, but predictions concerning 

the conforortion iplrnrr fnstead of skew) Jr% still arraneous. Inclusion of elec- 

tron correlrtion leads only to flattening of the potentfrl curves relative to the 

HF potentirls. A rkcu conforaation Jgcrtn is found by single point MPI crlculd- 

tions with the MP2 optirrized par&octets (8, = 121'. Ytrans 0 0.10 Kcal/sole). 

Discussion 

In general, the qurlity of ab initio calculations should (ncrease uith increasing 

level of theory. It is well known33 that calculations at the HF level with suall 

double zeta basis sets (e.g. 3-216) reproduce bond lcnyths in aany CdS@S redso- 

nably uell and bond angles to within a few degrees. Larger brsis >ets rfth polJ- 

rizstion functions (e.g. 6-31C*) result in bond lengths which are too short, but 

improve the agreement for bond angles. especially at Jtotis including lone psirs. 

If electron correlation is taken into account, bond lengths increase again. thus 

foproving the agreeuent with experiment, #hereas the bond angles are hardly af- 

fected, All these changes in geometric parameters with increasing level of theory 

are in general $11611, a feu hundreds of an Rnystrou Jnd less than about 4'. and 

these changes are predictable. 

These general trends rrlso Jpply to the peroxides considered in this study, except 

for the dihedrrl Jnyle, which depends rauch more strongly on the COapUtatiOnal 

procedure. The differtnce between u planar configuration and u skew conftguration 

with J dihedral angle of Jbout 120' is not juSt qurntitstivc but is & qurlita- 

tive difference. PO and HP0 show similrr bchaviour. HF calculations with saall 

basis sets without polarization functions lerd to planar configurations and lar- 

gcr basis sets including polarization functions predict skew conformers with bond 

lengths which JrC too short. As is demonstrated for PO 19 , inclusion of electron 

correlation Jt the MP2 level snd further extended basis sets reproducc all geo- 

metric parsmeters correctly. Thereby, inclusion of additional polarftation func- 

tions seeus to bc more important thdn increase of level of correlstlon treatment. 

For both coupounds redsonable ayreerent with the experiaent can be achieved with 

the coaputationrlly more "econoaic" procedure outlined Jbove. DMPO, however, be- 

haves differently insofar, as the HF/6-31Gcf opti~irJtion predicts a qualitative- 

ly wrong planar conformrtion. Furtheraore. optiairstion Jt the HP2 and CI level 

also results in eneryy ainiaa at 0, = 180’. Possibly, additional polariratlon 

functions would produce J skew conformer, but this effect was not further in- 

vestigated. Using the standard 6-31G* bJsis Set, very elrborate calculations are 

required (nP4/6-31G'//NP2/6-3lG*) to rchfevc agreement with the experiment. On 

the other hand, such Jgreeaent is also obtained with the "econowic* method. Tne 

result of Gase Jnd 8oggs3', uhich reproduces the correct conforration at the ttF 

level, appears to be d fortituous exception. The tots1 energy of the ab initio 

calculation can not be used as a criterion for the quality of the calculation, 

as far Js the geowetric structure is concerned. 

Since the computationrl procedure, which results in closest agreeaent for all 

georetrlc prrraatcrs with the exp~rircntal values depends on the specific aole- 

cule, Jnd since changes ln tht dihedrrl Jngles Jt various lavels of theory Jre 

not predictJble. Jb initio CJlculJtions in such c.ssds are highly 'empiricrl'. 

Their qurlity CJn only be fudged by comparison with the exptrimtnt and thus de- 

pends on the quality of the experiment. This is clerrly deoonstrrtea by l rrlicr 

studies of PO Jnd XPO. Calculotlons. which resulted in dihedral angles of about 

119O for PO16*17 and of 180' for 0MP017, uerc considered to be correct beCJuSe 



they reproduced the experimental data which were chosen for comparison. In both 

cases, however, the chosen data were erroneous. The choice of other experiaentrl 

data for comparison, i.e.. Hunt's value3 for Be in PO instesd of Khrchkuruzov's 

value', and the interpretation of vibrational spectra 23 instead of PES24*25 for 

DMPO. would have led to different judgement of the quality of these calculations. 

Conclusion 

'Any valid use of ab lnitio procedures in chemistry hdS therefore to be on a pure- 

ly empirical basis, limited to sttuattons where specific tests have shown the 

procedure in question to give satisfactoiy results.' (M.J.S.Dewar, 198S13' 
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