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Abstract 

  In this work hydrogen peroxide has been studied with threshold photoelectron (TPE) 

spectroscopy and photoelectron (PE) spectroscopy. The TPE spectrum has been recorded in 

the 10.0-21.0 eV ionization energy region, and the PE spectrum has been recorded at 21.22 

eV photon energy. Five bands have been observed which have been assigned on the basis of 

UCCSD(T)-F12/VQZ-F12 and IP-EOM CCSD calculations.   

  Vibrational structure has only been resolved in the TPE spectrum of the first band, 

associated with the X̃ 2Bg H2O2
+  X̃ 1A H2O2 ionization, on its low energy side.  This 

structure is assigned with the help of harmonic Franck Condon factor calculations which use 

the UCCSD(T)-F12a/VQZ-F12 computed adiabatic ionization energy (AIE), and 

UCCSD(T)-F12a/VQZ-F12 computed equilibrium geometric parameters and harmonic 

vibrational frequencies for the H2O2  X̃1A state and the H2O2
+  X̃2Bg state. These calculations 

show that the main vibrational structure on the leading edge of the first TPE band is in the O-

O stretching mode (3) and the HOOH deformation mode (4), and comparison of the 

simulated spectrum to the experimental spectrum gives the first AIE  of H2O2 as (10.685  

0.005) eV and 4 = (850   30) and 3 =(1340 30) cm-1 in  the X̃2Bg state of H2O2
+.  

  Contributions from ionization of vibrationally excited levels in the torsion mode have 

been identified in the TPE spectrum of the first band and the need for a vibrationally resolved 

TPE spectrum from vibrationally cooled molecules, as well as higher level Franck-Condon 

factors than performed in this work,  is emphasized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



3 

 

Introduction 

  Hydrogen peroxide, H2O2, plays  important roles in the earth’s atmosphere (1) and in 

combustion (2,3), as well as in oxidation reactions (4) and biological processes (5). It has also 

proven to be a very interesting molecule for selective excitation studies of unimolecular 

decay dynamics (6-8) and it is one of the simplest molecules which displays a large-

amplitude internal torsional vibration. It is considered an important prototypical molecule as 

the simplest chiral molecule (9-11), exhibiting “transient” chirality due to the rapid tunnelling 

through the double well torsional barrier in the ground state, which allows a rapid 

racemization between the two enantiomeric forms (g). 

H2O2 is formed in the troposphere and stratosphere , via the reaction: 

     HO2 + HO2 + M    H2O2 + O2 + M           (1) 

which is also important in determining  the third explosion limit in hydrogen/oxygen 

combustion (12). The rate of this reaction depends on the overall pressure and water 

concentration. H2O2 is soluble in cloud droplets and can be removed from the atmosphere by 

rain. It can also be  removed by reaction with OH and photolysis: 

      OH   +  H2O2    H2O + HO2                  (2) 

     H2O2    +   h    OH + OH                     (3) 

where (2) usually dominates over (3). In the stratosphere H2O2   is an important reservoir for 

HO2 and OH, produced by photolysis of H2O2, and these HOx radicals contribute to catalytic 

cycles (e.g. the ClOx and NOx cycles),  resulting  in increased ozone removal. 

  Spectroscopic studies on H2O2 in the gas-phase have been made in the infrared, far-

infrared and microwave regions (13-17). The rotationally resolved infrared spectrum has been 

analyzed and rotational constants have been derived which are consistent with a C2  ground 

state structure with a dihedral angle of 119.8, and O-O = 1.475 Å, O-H = 0.950 Å and 

OOH = 94.8  (13) (this is essentially an r0 structure; see  the Supplementary Information, 

SI). A high resolution study of H2O2 in the far infrared region (14) derived barrier heights of 

(387.07   0.20)  and (2562.8  60.0) cm-1 for the trans and cis barriers  in H2O2.   

  There have been a number of studies of H2O2 with photoelectron spectroscopy (PES) 

(18-20), and electron impact (21) and photoionization mass spectrometry (PIMS) (22). At a 

photon energy of 21.22 eV, the PE spectrum shows five bands. The first two bands are 

partially overlapped as are the fourth and fifth bands, with only the third band not overlapped 

by other bands. The first band corresponds to removal of an electron from the highest 

occupied molecular orbital in H2O2 which consists of an antisymmetric combination of 
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atomic oxygen 2p orbitals on each centre, and is essentially an anti-bonding -molecular 

orbital with respect to the O-O bond. The dihedral angle increases significantly on ionization 

from approximately 120 in the neutral to 180 in the ground state of the cation, which has a 

C2h trans planar geometry (23). The two most recent PE studies have been made by Ashmore 

and Burgess (19) and Brown (20). The first adiabatic ionization energy (AIE) and the first 

vertical ionization energy (VIE) have been reported in ref.(19) as (10.62  0.02 ) and (11.70  

0.02) eV, and in ref. (20) as (10.54   0.02) and (11.51  0.02) eV. In  both studies, some 

poorly resolved vibrational structure has been observed on the leading edge of the first band 

with average vibrational separations of (1050  30) (19)  and (1080  50) cm-1 (20) 

respectively, increased from the value of the O-O stretching mode in the ground state neutral 

of  878  cm-1  (24). The first AIE has been derived in a PIMS study as (10.631  0.007) eV 

(22). The first two photoelectron bands of H2O2 have also been simulated using geometrical 

parameters and vibrational constants obtained for the ground state of H2O2 and the two lowest 

states of H2O2
+, obtained on one-electron ionization from the neutral (23). The harmonic 

oscillator model was used to obtain vibrational wavefunctions in each state, from which 

Franck-Condon factors were computed.  Unfortunately, as the electronic wavefunctions for 

the neutral and ionic states were only obtained at the Hartree-Fock SCF level, the geometric 

parameters and vibrational constants in each state are inaccurate; for example  in the neutral 

ground state O-O and O-H equilibrium bond lengths are too small and the O-O and O-H 

stretching frequencies are too high when compared with experimental values. Hence the 

results of these calculations, although providing a useful guide to the expected vibrational 

envelopes, cannot be used for a detailed comparison with a vibrationally resolved 

experimental spectrum. 

  The objective of this work is to obtain a higher resolution photoelectron spectrum of 

H2O2 than has previously been recorded, by using threshold photoelectron spectroscopy 

(TPES). Where vibrational structure is observed, ab initio/Franck-Condon factor calculations 

should assist assignment, allowing vibrational frequencies in the ionic state to be obtained, 

and the associated AIE to be determined. The first AIE is important in that it can be used in 

thermodynamic cycles to determine bond dissociation energies of H2O2 and H2O2
+ (25) and it 

is needed to calculate energies of reactions in solution in which H2O2 is oxidized (26) (e.g. 

the reaction of  H2O2 with permanganate ions (27)). 
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Experimental 

  The experiments reported here were performed on the Circularly Polarized Beamline 

(4.2R, Polar) at the Elettra synchrotron radiation source (Trieste). The photoelectron 

spectrometer used in the experiments was specifically designed to study reactive 

intermediates with PE and CIS (Constant Ionic State) spectroscopies (28-36). This 

spectrometer  has been modified to allow TPE spectra to be obtained (32,33). In order to 

record TPE spectra, the photoelectron spectrometer was tuned to detect near-zero energy 

(threshold) photoelectrons. The detection of threshold electrons was optimized using the 

Ar+(2P3/2,
2P1/2)  Ar(1S0) (3p-1) TPE spectrum (37). The spectral resolution obtained, when 

H2O2 TPE spectra were acquired,  was typically about 7-9 meV as estimated from the full-

width at half maximum of the main (3p)-1 Ar+(2P3/2)  Ar(1S0) line. Conventional 

photoelectron (PE) spectra were also recorded as described in earlier work (34-36), using the 

same procedures to normalize the spectra for the photon flux and the transmission function of 

the spectrometer. The first band  of water and the (3p-1) argon doublet were used to calibrate 

the ionization energy scale of the H2O2 PE spectra. 

  A normal incidence monochromator (NIM) was used on the Polar beamline with either 

a gold (13.0-22.0 eV) or aluminium grating (8.0-13.0 eV), where the energies shown in 

brackets are the photon energy ranges covered in this work. The photon energy scale  was 

calibrated  using He 1s2  1s1np1 (n=2,3) photoabsorptions (38). These were recorded with 

both first and second order diffracted radiation. The first band of water (AIE = 12.615 eV)     

(39) provided a check on the photon energy calibration. 

 H2O2 was obtained in the gas-phase for photoelectron measurements by heating a sample 

of the complex urea:hydrogen peroxide (UHP, Aldrich 97%). This was thoroughly mixed 

with pure, dry sand (in a 2:1 sand:UHP ratio by weight) and placed in a sample bulb attached 

to the inlet system of the spectrometer. The sample was carefully heated using a 

thermostatically controlled water bath to (301.0  0.5) K  and the gaseous H2O2 passed into 

flowing argon which passed over the solid sample on the inlet tube of the spectrometer. The 

inlet tube was a pyrex tube, whose inner surface had been coated with dry boric acid, which 

had been passivated by extensive exposure to H2O2 vapour (40) prior to the TPE 

measurements. Care was taken to minimise  decomposition of H2O2  to H2O and O2, but a 

weak first band of H2O, which  rapidly decreased during the measurements, was always 

observed in the TPE and PE spectra. The long term stability, efficiency, and purity of the 

H2O2 generation was checked in off-line PE experiments  with a HeI (21.22 eV) discharge 
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lamp source prior to the synchrotron measurements. Under typical  conditions when TPE 

spectra were acquired, partial presures used were p(H2O2) =2.5x10-7 mbar, and p (Ar)= 

0.5x10-6 mbar. These partial pressures were measured using an ionization gauge connected to 

the ionization chamber and are with respect to the background pressure in the ionization 

chamber   (3.0x10-7 mbar).  

 

Computational  details 

 Geometry optimization calculations were carried out at the BLYP/6-31G**, B3LYP/6-

311++G** and RHF/UCCSD(T*)-F12x/VQZ-F12 levels of theory on the X̃1A state of H2O2,  

and the X̃ 2Bg and Ã 2A2 states of H2O2
+, followed by harmonic vibrational frequency 

calculations. The BLYP and B3LYP calculations were performed using GAUSSIAN09 (41), 

while the explicitly correlated F12x calculations, used MOLPRO (42). With the 

UCCSD(T*)-F12x methods, x can be a or b, giving F12a and F12b energies respectively. 

Since geometry optimization on the X̃ 1A state of H2O2 and the X̃ 2Bg state of H2O2
+ using 

both the F12a and F12b energies were found to give the same geometries and relative 

energies, geometry optimization and all F12x frequency calculations on the H2O2
+  Ã 2A2   

were  carried out  using only the F12a method.  

 In order to assist ionic-state assignments of the PE spectra, especially the photoelectron 

bands with no resolvable vibrational structure in the 12.0 -21.0 eV ionization energy region, 

vertical ionization energies (VIEs) to low-lying cationic states of H2O2
+ were computed using 

the IP-EOM-CCSD method, with different AVXZ basis sets (aug-cc-pVXZ, X = T, Q or 5), 

as implemented in ACESII (43). Computed VIEs were extrapolated to the complete basis set 

(CBS) limit employing the 1/X3 formula (44) with the computed VIE values obtained using 

the AVQZ and AV5Z basis sets. 

 As vibrational structure was only observed in the first TPE band of H2O2, Franck-Condon 

factors (FCFs) were only calculated for the first photoelectron band. FCFs were computed  

between the X̃1A state of H2O2 and the X ̃2Bg state of H2O2
+ within the harmonic oscillator 

model, using the EZSPECTRUM program (45), which includes allowance for the 

Duschinsky effects. Computed geometrical parameters, harmonic vibrational frequencies and 

normal modes of the two electronic states involved, obtained from both B3LYP and F12a 

calculations were used in these FCF calculations. Since the computed FCFs obtained using 
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B3LYP and F12a inputs were found to be qualitatively very similar, only the theoretically 

more advanced F12a results are  presented here.      

 

Results and Discussion 

  The results of the calculations performed in this work on the ground state of H2O2 and 

the low-lying cationic states, obtained on one-electron ionization, are shown in Tables 1-3. In 

Table 1, computed geometrical parameters of the ground state of H2O2 and the  lowest  two 

electronic states of H2O2
+ are listed, as well as the corresponding computed H2O2 AIE and 

VIE ionization energies. The ground state of H2O2 is computed to have a C2 structure  with a 

HOOH dihedral angle close to 120, whereas the ground state and first excited state of H2O2
+ 

are computed to have  a trans C2h planar  geometry and a cis C2v planar geometry respectively 

(see Figure 1). For the first ionization, because of the large change in equilibrium geometry  

on ionization, notably the computed HOOH dihedral angle changes from 112.6 to 180, and 

the computed O-O bond length  decreases from 1.4506 Å to 1.3112 Å (UCCSD(T)-

F12b/VQZ-F12 values), there is a significant difference (1.09 eV) between the computed AIE 

and VIE values (10.66 and 11.75 eV; see Table 1). Similarly, for the second ionization, where 

again a large change in dihedral angle ( from 112.6 to 0.0) and O-O bond length (1.4506 Å 

to 1.3093 Å) occurs (the values quoted are UCCSD(T)-F12b/VQZ-F12 values), the 

difference between the computed AIE and VIE is large (1.78 eV; computed  AIE and VIE 

11.00 and 12.78 eV). In Table 2, computed harmonic frequencies (in cm-1) are listed for these 

states of H2O2 and H2O2
+. Experimental fundamental frequencies are only available for the 

neutral ground state. These show good agreement with the UCCSD(T)-F12b/VQZ-F12  

harmonic values (the highest level of theory used in this work to obtain harmonic 

frequencies) although as expected, because only harmonic values are computed, the 

UCCSD(T)-F12b/VQZ-F12 values are, in all cases, slightly higher than the experimental 

fundamental values. 

  In Table 3, comparison is made between the computed VIEs to the five lowest cationic 

states, obtained by the IP-EOM-CCSD method with different basis sets, with experimental 

values obtained from the photoelectron spectrum recorded  in this work at a photon energy of 

21.22 eV. As can be seen, the agreement between the computed (CBS) and experimental PES 

values is very good; for example, the CBS first two VIEs are (11.70  0.04) and (12.76   

0.04) eV compared with experimental VIEs of (11.74  0.01) and (12.66  0.01) eV. VIEs 
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obtained by PES have been used in this comparison, rather than TPES VIEs, because whilst 

observed relative intensities of vibrational components in a PE band in a conventional PE 

spectrum are almost always governed by Franck-Condon factors between the initial and final 

ionic state, those observed by TPES may have contributions from autoionization which may 

lead to non-Franck Condon distributions (46,47).  

  The PE and TPE spectra recorded in this work are shown in Figures 2-6. As can be seen 

from these spectra, only the first band shows vibrational structure on its low ionization 

energy side. This structure is observed with reasonably good resolution in the TPE spectrum 

(Figures 4 and 5). It is barely seen in the PE spectrum shown in Figures 2 and 3, and in the  

PE spectra shown in the earlier work of Ashmore and Burgess (19) and Brown (20). As the 

first band in the TPE spectrum is much better resolved than the first band in the PE spectrum,  

only the structure in the first band of the TPE spectrum is discussed in this work. Structure is 

seen in the first band of the TPE spectrum in the 10.5-11.4 eV photon energy region. No 

resolvable structure is clearly observed above 11.4 eV, probably because of congestion of 

structure from the first band and weak contributions from the second band (expected AIE 

11.0 eV, VIE 12.78 eV; see Table 1).  As already stated, the first band of H2O2 consists of 

ionization from a C2 neutral structure to a trans planar C2h  ionic structure. In this  ionic state,  

the torsional potential is reasonably deep as scanning the dihedral angle, , with full 

optimization of the other parameters, at the B3LYP/6-311++G** level, showed that the total 

energy change from  = 180 to 90 is significant (1.45 eV at the B3LYP/6-311G** level). In 

the neutral, the trans and cis barriers are well established as (387.07  0.20)  and (2562.8  

60.0) cm-1  (14). Spectroscopic studies have shown that there are only two torsional 

vibrational levels, separated by 11.4 cm-1, below the trans barrier, with the next two torsional 

levels above the barrier, at 254 and 371 cm-1 above the lowest level (14).   As in the present 

work ionization is expected to occur from vibrationally equilibrated H2O2 at a Boltzmann 

temperature of 301 K, ionization from all four of these levels should be taken into account.  

(The next two torsional levels are at 567 and 776 cm-1 (14) and are not expected to be 

significantly populated under the conditions of the experiment). 

    Franck-Condon factor (FCF) simulations of the vibrational structure of the first 

photoelectron band of H2O2 were  carried out using the UCCSD(T)-F12a/cc-pVQZ-F12 

computed equilibrium geometries and vibrational frequencies of the ground electronic states 

of H2O2 and H2O2
+ shown in Tables 1 and 2. As the ground state of the neutral is a C2 

structure and that of the ion is a trans structure of C2h symmetry, the common symmetry 
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elements  are those of a C2 point group. H2O2 has six vibrational modes and in C2 symmetry 

four are of a symmetry ( a O-H symmetric stretch (1), a O-H symmetric bend (2), a O-O 

stretch (3) and a HOOH torsion mode (4)) and are expected to be excited in single quanta 

excitations on ionization from the ground state of the neutral. The other two modes are of b 

symmetry. The FCF simulations show that the main structure observed on the leading edge of 

the first photoelectron band (in the ionization energy region 10.5-11.4 eV) is in the  O-O 

stretching mode (3) and the HOOH deformation mode (4). This is consistent with the main 

change in equilibrium geometry being in the O-O bond length, which decreases, and the 

HOOH dihedral angle, which increases, upon ionization. 

  In the ion, the harmonic oscillator model is expected to be adequate, to achieve 

assignment of the vibrational structure, as the potentials for the O-O stretch and HOOH 

torsion modes are expected to have significant depth; the O-O bond dissociation energy in 

H2O2
+ can be estimated as 4.5 eV (from the known O-O bond dissociation energy of H2O2  

eV (48)  and the available AIEs of OH and H2O2; see later text) , and for the HOOH torsion 

mode, as already stated,  the total energy change from  = 180 to 90 is significant (1.45 eV 

at the B3LYP level). In the neutral, the harmonic oscillator model is expected to be 

appropriate for 3 but not for 4 because of the double minimum potential in the torsional 

mode. However, the UCCSD(T)-F12a/cc-pVQZ-F12 computed vibrational wavenumber of  

381.9 cm-1 is expected to be adequate to generate the wavefunction of the lowest vibrational 

level of the torsion mode, which is below the trans barrier, but inadequate for the torsional 

vibrational levels above the barrier, notably the torsional levels at 254 and 371 cm-1 (14) 

above the lowest torsional level. These two levels are expected to be populated at 300 K. 

Simulations were therefore carried out at Boltzmann vibrational temperatures of 0 and 300 K, 

but with only the lowest vibrational level in the torsion mode populated i.e. no “hot band” 

ionizations were considered  in the torsional mode, although they are included in other 

modes. The main components in the experimental spectrum in the 10.5-11.0 eV ionization 

energy region are labelled as a, a and a, b, b, and b, and c in Figure 6.  

  Two ways of aligning the simulated spectrum with the experimental spectrum were 

considered. These involved: 

(a) Aligning the two most intense features in the 10.75-10.82 eV region in the simulation 

with features b and a in the experimental spectrum. This involves a shift of the simulated 

spectrum of -0.011 eV. 
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(b) Aligning the most intense feature in the 10.75-10.82 eV region in the simulation with 

feature a in the experimental spectrum, and assuming that b is a hot-band of a in the 

torsional mode. This would be consistent with the b-a  separation. It involves a +0.025 eV 

shift of the simulated spectrum. These two possibilities are now considered:  

(a) A -0.011 eV shift of the simulated spectrum. 

This possibility arose because comparison of the 300K simulated spectrum with the 

experimental spectrum indicated that the components b and a could line up with the  intense  

components in the simulation in the 10.75-10.82 eV region. This would mean moving the 

AIE component down from 10.660 eV (the AIE value used in the simulation which is the best 

computed value, see Table 1) to 10.649 eV, the experimental position of a, by -0.011 eV. 

With this alignment, the a-b separation is (900   20) cm-1 and the a-a separation is (1110   

20) cm-1, and the simulation indicates that these separations are excitation respectively of one  

quantum in 4 and one quantum in 3 in the ion (computed UCCSD(T)-F12a/VQZ-F12 

values 880 and 1211 cm-1). With this assignment, a is the adiabatic component, b is 

excitation of 4 , a is excitation of 3, a is excitation of 23, band b are excitation of 24 

and 34, and c is excitation 3 + 4   upon ionization. However, above band c (10.895 eV), 

the agreement between the computed band positions and intensities, and the experimental 

spectrum becomes very poor. Also, the excited torsional vibrational levels (at 254 and 371 

cm-1 (14)) are expected to be populated at 300 K. Their populations at this temperature 

relative to the lowest vibrational level are calculated as 0.30 and 0.17 assuming a Boltzmann 

distribution. As these two torsional vibrational levels are above the trans-barrier in the neutral 

ground state, ionizations from these levels are expected to have significant Franck-Condon 

factors to torsional levels with low vibrational quantum numbers in the ion, much larger than 

from the two almost degenerate levels below the barrier. With this assignment, for the -0.011 

eV shift shown in Figure 7, there are no clearly resolved features to the low photon energy 

side of each “main peak”, displaced by 0.031 eV (254 cm-1) and 0.046 eV (371 cm-1) to low 

photon energy, which could be assigned to “hot bands” arising from ionizations from these 

levels. Therefore, this assignment shown in Figure 7, with a -0.011 eV displacement is 

discounted.  

(b) A +0.025 eV shift of the simulated spectrum.  

This possibility was considered because the simulated spectrum with the +0.025 eV shift, 

showed reasonably good agreement with the experimental spectrum in the 10.9-11.4 eV 

region (see Figure 8) and because of the expected large Franck-Condon factors for ionization 
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from the third and fourth torsional vibrational levels in the neutral (at 254 and 371 cm-1) to 

torsional levels with low vibrational quantum numbers in the ion (they are effectively planar-

to-planar ionizations). Contributions from ionizations from these levels (i.e. “hot bands”)  to 

the experimental spectra were considered. In particular, the possibility was investigated that b 

is a “hot band” associated with a as the separation of their band maxima (0.026 0.003 eV) 

is close to that expected for the 254 cm-1 separation in the neutral (0.031 eV).  To allow this 

assignment, the computed AIE of 10.660 eV would have to be moved by +0.025 eV to 

10.685 eV. The simulation with this displacement (Figure 8) shows that all features up to 

11.0 eV can be assigned and the agreement of the main bands, in terms of intensity and 

position in the 10.5-11.4 eV  photon energy region, in the experimental spectrum with those 

in the simulated spectrum is reasonably good. This assignment means that the adiabatic 

component (at 10.685 eV) is expected to have  ‘hot-band’ contributions at 10.654 and 10.639 

eV, for ionization from the 254 and 371 cm-1 levels in the neutral to the ground vibrational 

state of the ion. These values agree, within experimental error, with the measured position of   

band a (at 10.649 eV) and the measured position of the feature to low IE of band a (at 10.635 

eV). This assignment means that the adiabatic component is not observed directly, but is 

obtained from the aligning of the higher bands, notably bands a and c , to the experimental 

bands. With this assignment, a arises from excitation of one quantum of 4, c arises from 

excitation of two quanta of 4 and b arises from excitation of one quantum of 4 and one 

quantum of 3 in the ion. Then b is a hot-band associated with a, b is a hot-band associated 

with c, and a is a hot band associated with b.  a and the feature on its low energy side are 

hot bands associated with the adiabatic component, where all these hot bands arise from 

excitation of torsional modes in the neutral. With this assignment, using the experimental 

position of c and b with the AIE of 10.685 eV gives 4 = (850   30) cm-1 and 3 = (1340  

30) cm-1. These values compare reasonably well with the UCCSD(T)-F12/cc-pVQZ-F12 

values of 4 and 3 in the ion 880 and 1211 cm-1 . It should be emphasized that the simulated 

spectrum shown in Figure 8 does not include hot-bands in the torsional mode. Features which 

are associated with these hot-bands, marked with a   in this figure, are identified on the 

basis that their separation from an assigned band, for ionization from the lowest vibrational 

level in the neutral, is consistent with the known torsional vibrational energy separation in the 

neutral. Clearly, support for these assignments must await improved Franck-Condon factor 

calculations which involve calculation of accurate vibrational wavefunctions for the torsional 

levels in the neutral both below and above the trans barrier, and calculation of Franck-
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Condon factors for ionization from these levels to vibrational levels in the ion. An 

anharmonic method must also be used for the other modes rather than the harmonic method 

used here. A simplification of the experimental spectrum is planned by generating internally 

cold H2O2 in a molecular beam and recording a higher resolution TPE spectrum. Significant 

cooling of the sample in this way might remove the major part, or even all, of the hot-band 

spectral contributions. Nevertheless, the method used here is thought to be sufficient to assign 

the observed structure and determine an improved AIE of H2O2. 

  The first AIE obtained in this work, 10.685  0.005 eV, from the preferred assignment 

of the structure observed in the 10.5-11.5 eV photon energy region of the TPE spectrum of 

the first band of H2O2 compares with previously reported values of (10.62  0.02) eV (16) 

and (10.54  0.02) eV (20) by conventional photoelectron spectroscopy, (10.92   0.05) eV 

measured by electron impact mass spectrometry (21), and (10.631  0.007) eV determined by 

photoionization mass spectrometry (PIMS) (22). Two values have also been derived from 

electronic structure calculations, 10.36 eV by SD-CI calculations (23) and 10.57 eV by 

CCSD(T) calculations (49); these compare with the value of 10.660 eV recommended in this 

present work from UCCSD(T)-F12/VQZ-F12 calculations. All of the experimental values, 

including the value in the present work, were obtained from an effusive vapor source at, or 

close to, room temperature, and, as discussed, they are all expected to have contributions 

from ionization of vibrationally excited levels, notably from the excited torsional levels 

above the trans-barrier at 254 and 371 cm-1 above the lowest neutral vibrational level (14). 

The most precise value (10.631  0.007) eV, derived from the PIMS study, was obtained by 

selecting the point of half-height in the first step recorded in the H2O2
+ photoion yield vs 

photon energy curve (a photoionization efficiency (PIE) curve). However, it is clear that this 

PIE curve must be affected by ionization from vibrationally excited levels in the neutral, and 

it is notable that 10.631 eV corresponds, within experimental  error, to the band on the low IE 

side of band a, (measured in this work as 10.635 eV) which corresponds, in the assignment 

proposed, to ionization from the 371 cm-1 level of the neutral to the lowest vibrational level in 

the ion. (10.685  0.005) eV, the recommended value in this work, corresponds to the top of 

the first step of the PIE curve recorded in the PIMS study (22). 

  The first AIE of H2O2 derived in this work  has implications for the heat of formation of 

H2O2
+, and the bond dissociation energies of H2O2

+ notably  D(HO-OH+) and D(H-O2H
+). 

The heat of formation of H2O2
+ can be derived from 

     AIE (H2O2) =  Hf,298 (H2O2 
+)       Hf,298 (H2O2)     (4) 
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Using the heat of formation of H2O2,  Hf,298 (H2O2)    – (32.48  0.05) kcal.mol-1   (50), with 

the new AIE of H2O2 yields  Hf,298 (H2O2
+)  = (213.9  0.2) kcal.mol-1 , which compares 

with (212.7  0.2) kcal.mol-1 determined by Litorja and Ruscic by PIMS (22).  

 The bond dissociation energies of H2O2
+ can be related to other thermodynamic quantities 

in the following way: 

 

    D(HO-OH+) = D(HO-OH)  + AIE(OH)    AIE (H2O2)          (5) 

 

    D(H-O2H
+) = D(H-O2H)    + AIE(HO2)    AIE( H2O2)         (6) 

 

Taking D0,298 (HO-OH) = (50.26  0.23) kcal.mol-1 and  D0,298 (H-O2H)  as (87.9  0.8) 

kcal.mol-1  (50, and Supplementary Information, SI), with AIE(OH) = (13.0170  0.0002) eV 

(51,52)   and AIE(HO2) = (11.35  0.01)eV (53)  gives D0,298 (HO-OH+) and D0,298 (H-O2H
+)  

as    (104.0  1.3) and (103.2  1.0) kcal.mol-1  respectively which compare with the values 

that can be derived from the PIMS work  of Litorja and Ruscic (22) of (106.32  0.17) and 

(104.5  1.1) kcal.mol-1.  It is interesting that D0,298 (HO-OH+)  >   D0,298 (H-O2H
+), although 

they are very close (within 2.0 kcal.mol-1), whereas for the corresponding neutral dissociation 

energies  the order is reversed, D0,298 (HO-OH)  <  D0,298 (H-O2H),  with the difference being 

much larger ( ~ 37 kcal.mol-1). 
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Conclusions 

  H2O2 has been studied by TPE and PE spectroscopy. Five bands have been observed in 

the 10.0-21.0 eV ionization energy region which have been assigned by high level electronic 

structure calculations.  

  Vibrational structure has only been resolved in the first TPE band, on its leading edge 

in the 10.5-11.4 eV ionization energy region. Comparison of this structured spectrum with a 

simulated spectrum computed using harmonic Franck Condon factors shows that this 

structure is in the O-O stretching mode (3) and the HOOH deformation mode (4). This 

gives the first AIE  of H2O2 as (10.685  0.005) eV,  and 4 = (850   30) and 3 =(1340 

30) cm-1 in  the X̃2Bg state of H2O2
+.  Contributions from ionization of vibrationally excited 

levels in the torsion mode in neutral H2O2 have been identified in this structured spectrum. 

  This work has demonstrated the need for a well resolved TPE spectrum of H2O2 which 

has been sufficiently cooled that hot-bands from ionization of  excited torsional levels do not 

appear in the spectrum. It has also highlighted the need for reliable Franck-Condon factors 

for the first photoelectron band which have been derived from  a potential which describes  

the double minimum potential in the neutral ground state accurately. It is hoped that this work 

will stimulate experimental and theoretical interest in this problem to test the assignments 

presented and the derived AIE. 
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Table 1. Computed geometrical parameters (bond lengths in Å and angles in degrees) of the 

X̃1A state of H2O2,  the X̃2Bg and Ã2A2 states of H2O2
+ and their ionization energies (AIEe and 

VIE in eV) obtained at different levels of theory. 

X̃1A (C2) neutral H2O2 OH/Å OO/Å HOO/° HOOH/° AIEe/eV VIE/eV 

BLYP/6-31G** 0.9825 1.4944 98.54 120.06   

B3LYP/6-311++G** 0.9672 1.4540 100.47 121.19   

UCCSD(T*)-F12a/VQZ-F12a 0.9634 1.4506 100.10 112.68   

UCCSD(T*)-F12b/VQZ-F12a 0.9634 1.4506 100.10 112.67   

IRb 0.95 1.475 94.8 119.8   

MP2(fu)/6-31G* in G2c 0.976 1.468 98.7 121.2   

B3LYP/6-311+G(3df,2p)c 0.966 1.446 100.9 112.0   

X̃2Bg (C2h) trans- H2O2
+       

BLYP/6-31G** 1.0124 1.3517 103.03 180.0   9.87 10.76 

B3LYP/6-311++G** 0.9972 1.3092 104.82 180.0 10.59 11.57 

IP_EOM:CCSD/AVTZd      11.52 

IP_EOM:CCSD/AVQZd      11.62 

IP_EOM:CCSD/AV5Zd      11.66 

IP_EOM:CCSD/CBSd      11.70 

UCCSD(T*)-F12a/VQZ-F12a 0.9919  1.3113 103.79 180.0 10.64 11.75 

UCCSD(T*)-F12b/VQZ-F12a 0.9918 1.3112 103.79 180.0 10.63 11.74 

Average (F12a/F12b)     10.64 11.75 

Best AIE0     10.66  

PESe     10.62 (10.54) 11.70 (11.51) 

PIMSc     10.631±0.007  

G2c 1.007 1.351 - 180.0 10.71  

B3LYP/6311+G(3df,2p)c 0.995 1.307 - 180.0 10.56  

TPESf     10.685±0.005   

PES f      11.74 

Ã2A2 (C2v) cis-H2O2
+, g       

BLYP/6-31G** 1.0124 1.3475 110.74 0.0 10.27 h 

B3LYP/6-311++G** 0.9973 1.3065 111.98 0.0 11.00 12.94 

IP_EOM:CCSD/AVTZd      12.59 
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IP_EOM:CCSD/AVQZd      12.69 

IP_EOM:CCSD/AV5Zd      12.72 

IP_EOM:CCSD/CBSd      12.76 

UCCSD(T*)-F12a/VQZ-F12 0.9917 1.3093 111.46 0.0 10.99 12.80 

UCCSD(T*)-F12b/VQZ-F12i     10.98 12.78 

Average (F12a/F12b)     10.99 12.79 

Best AIE0     11.00  

a The computed relative F12a and F12b energies are the same at both F12a and F12b 

optimized geometries. 
b Ref. (13)   
c Photoionization mass spectrometry and ab initio/DFT calculations; ref. (22)  
d VIE’s were computed using IP-EOM CCSD single geometry calculations, as installed in 

ACESII, at the optimized UCCSD(T*)-F12a/VQZ-F12 geometry of neutral H2O2; CBS refers 

to extrapolation of the AVQZ and AV5Z VIE values to the complete basis set limit 

employing the 1/X3 formula (ref. (44)). 
e Photoelectron spectrum; ref. (19); values from ref. (20) in brackets. 
f Present study.  
g The 12A2 state of cis-H2O2

+ is the lowest state at its optimized geometry (i.e. the lowest 

state with the cis structure). 
h The 1 2A state converged to the X̃ 2B state at the neutral C2 optimized geometry. 
i At F12a optimized geometries. 
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Table 2. Computed harmonic vibrational frequencies (ωn) and experimental fundamental (νn) 

vibrational frequencies (in cm-1) of the X ̃1A state of H2O2 and the X ̃2Bg and A ̃2A2 states of 

H2O2
+ obtained by different methods. 

X̃1A (C2) H2O2 a b 

ω1/ν1 ω2/ν2 ω3/ν3 ω4/ν4 ω5/ν5 ω6/ν6 

s-OH s-bend OO torsion a-OH a-bend 

BLYP/6-31G** 3599.6 1378.4 868.9 321.4 3600.9 1241.0 

B3LYP/6-311++G** 3779.3 1453.2 934.3 365.3 3778.4 1296.2 

UCCSD(T)-F12a/VQZ-F12 3797.4 1437.0 911.8 381.9 3797.3 1329.2 

IR/Raman (lowest)a 3593 1385 866 255 3560 1265 

IR/Raman (highest)a 3618 1394 878 378 3619 1294 

HF/6-31G* (scaled)b 3653 1460 1028 356 3655 1333 

B3LYP/6-311+G(3df,2p)b 3704 1416 933 387 3704 1310 

   

X̃2Bg (C2h) trans-H2O2
+ ag au bu 

BLYP/6-31G** 3303.8 1540.3 1118.6 832.6 3284.0 1262.3 

B3LYP/6-311++G** 3444.8 1587.1 1241.2 872.0 3421.5 1301.2 

UCCSD(T)-F12a/VQZ-F12 3501.9 1600.9 1211.5 880.0 3483.3 1322.6 

HF/6-31G* (scaled)b 3337 1557 1395 867 3295 1282 

B3LYP/6-311+G(3df,2p)b 3385 1570 1229 851 3365 1295 

PES ( c)   1050 (1080)    

TPES(d)   1340 30 85030   

Ã2A2 (C2v) cis-H2O2
+ a1 a2 b2 

BLYP/6-31G** 3304.3 1337.7 1101.6 647.2 3242.2 1433.2 

B3LYP/6-311++G** 3447.5 1365.8 1228.0 670.9 3385.5 1473.5 

UCCSD(T)-F12a/VQZ-F12 3495.8 1407.0 1200.9 717.7 3469.8 1532.3 

a From the compilation in ref. (54)  both in gas phase and various inert gas matrices. 

b Scaled HF (by 0.8929 in G2) and B3LYP vibrational frequencies from ref. (22) 

c  Ref. (19); values from ref. (20) in brackets 

d  this work 
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Table 3. Computed vertical ionization energies (in eV) of H2O2 to five lowest-lying cationic 

states obtained by the IP_EOM CCSD method with different basis sets. 

H2O2
+  states AVTZ AVQZ AV5Z CBS 

(1/X3:AVQZ;AV5Z) 

PES 

This work 

 

PES  

ref. (19) 

 

12B 11.520 11.620 11.660 11.70±0.04 11.74  0.01 11.7 

12A 12.592 12.688 12.725 12.76±0.04 12.66  0.01 13.0 

22A 15.434 15.520 15.554 15.59±0.04 15.36  0.01 15.4 

22B 17.464 17.545 17.576 17.60±0.03 17.45  0.02 17.5 

32A 18.644 18.719 18.747 18.77±0.03 18.20  0.05 18.5 
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Captions to figures 

 

Figure 1. Optimized structures of the ground state of H2O2 and the lowest two states of H2O2
+  

(see text and Table 1). 

 

Figure 2. Computed vertical IEs by the IP-EOM CCSD method with basis set extrapolation to 

the CBS limit, compared with the experimental HeI PE spectrum. (The spectrum contains 

contributions from the HeI, HeI and HeI  (3p)-1 Ar+(2P)  Ar(1S0) ionizations; these are 

the three sets of sharp doublet features at  15.8,  14.0, and  13.3 eV). 

 

Figure 3 

HeI (21.22 eV) PE spectrum of H2O2  in the 10.0-14.0 eV IE region  

 

Figure 4 

TPE spectrum of H2O2 recorded in the 10.0-20.0 eV photon energy region. 

 

Figure 5 

TPE spectrum of H2O2 recorded in the 10.0-14.0 eV photon energy region. 

 

Figure 6 

TPE spectrum of H2O2 recorded in the 10.5-12.0 eV photon energy region, showing the main 

resolved features in the 10.5-11.0 eV  region (a, a, a, b, b, b, c). 

 

Figure 7 

Comparison of the experimental TPE spectrum of H2O2  in the 10.5-11.4 eV photon energy 

region with the simulated 300 K spectrum, with no ‘hot-bands’ from the torsional mode in the 

simulation. The simulated spectrum has been shifted by  -0.011 eV (AIE = 10.660-0.011 = 

10.649 eV; see text). Each component is simulated with a gaussian of 30 meV half-width. 

 

Figure 8 

Comparison of the experimental TPE spectrum of H2O2  in the 10.5-11.4 eV photon energy 

region with the simulated 300 K spectrum, with no ‘hot-bands’ from the torsional mode in the 

simulation. The simulated spectrum has been shifted by  +0.025 eV (AIE = 10.660+0.025 = 

10.685 eV; see text). Each component is simulated with a gaussian  of 30 meV half-width. 

The assignment of bands a, a, a, b, b,b and c is shown in this Figure and given in the text. 

With this assignment, bands d and e shown in Figure 6 correspond to excitation of  33, 

3+34 (d) and 43, 23 +34 (e) in the ion. 
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Figure 1.  

Optimized structures of the ground state of H2O2 and the lowest two states of H2O2
+ (see text 

and Table 1). 
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Figure 2. Computed vertical IEs by the IP-EOM CCSD method with basis set extrapolation 

to the CBS limit, compared with the experimental HeI PE spectrum. (The spectrum contains 

contributions from the HeI, HeI and HeI  (3p)-1 Ar+(2P)  Ar(1S0) ionizations; these are 

the three sets of sharp doublet features  at  ~15.8; 14.0; 13.3 eV ). 

 

 

 
 

 

 

Figure 3 

HeI (21.22 eV) PE spectrum of H2O2  in the 10.0-14.0 eV IE region. 
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Figure 4 

TPE spectrum of H2O2 recorded in the 10.0-20.0 eV photon energy region. 
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Figure 5 

TPE spectrum of H2O2 recorded in the 10.0-14.0 eV photon energy region.  
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Figure 6 

TPE spectrum of H2O2 recorded in the 10.5-12.0 eV photon energy region, showing the main 

resolved features in the 10.5-11.0 eV  region (a, a, a, b, b, b, c). 
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Figure 7 

Comparison of the experimental TPE spectrum of H2O2  in the10.5-11.4 eV photon energy 

region with the simulated 300 K spectrum, with no ‘hot-bands’ from the torsional mode in the 

simulation. The simulated spectrum has been shifted by  -0.011 eV (AIE = 10.660-0.011 = 

10.649 eV; see text). Each component is simulated with a gaussian of 30 meV half-width. 
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Figure 8 

Comparison of the experimental TPE spectrum of H2O2  in the 10.5-11.4 eV photon energy 

region with the simulated 300 K spectrum, with no ‘hot-bands’ from the torsional mode in the 

simulation. The simulated spectrum has been shifted by  +0.025 eV (AIE = 10.660+0.025 = 

10.685 eV; see text). Each component is simulated with a gaussian  of 30 meV half-width. 

The assignment of bands a, a, a, b, b,b and c is shown in this Figure and given in the text. 

With this assignment, bands d and e shown in Figure 6 correspond to excitation of  33, 

3+34 (d) and 43, 23 +34 (e) in the ion. 
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Supplementary Information 

 

Geometrical parameters of the ground state of  H2O2 

  In the early infrared work on H2O2 in 1962 (13), vibrationally resolved infrared spectra 

were recorded which gave the following  rotational constants for the lowest vibrational level 

A = 10.068,  B = 0.8740  and C = 0.8384 cm-1 

H2O2 has four structural parameters which cannot be determined from only three rotational 

constants. A way forward was found  in ref. 13 by assuming  r0(O-H) = (0.950 0.005) Å. 

Using this value, the other  r0 parameters were determined from  the rotational constants as  

r0(O-O ) = (1.475  0.004) Å  , 

OOH =  (94.8   2.0)    ,  

HOOH dihedral angle = (119.8 3.0) 

Then using a computed r(O-H) value of (0.967   0.005)Å , obtained at the MP2 level, 

Cremer (SI2) used the rotational constants to  re-determine  the other  r0 parameters  as 

 r0(O-O ) = (1.463  0.004) Å  , 

 OOH =  (99.3   2.0)    ,  

HOOH dihedral angle = (120.2 3.0) 

Also, in a re-analysis of available infrared and microwave data the following re values were 

proposed  (SI2, SI3), based on an  assumed value of re (O-H) = (0.965  0.005) Å, 

re(O-O ) = (1.452  0.004) Å  , 

 OOH =  (100.0   1.0)    ,  

HOOH dihedral angle =  (119.2 1.8) 

 

 

Summary of thermodynamic values with references used to derive Hf,298 (H2O2), D0,298 

(HO-OH) and D0,298(H-O2H) 

 

a)Hf,298 (H2O2) 

Taken as  –(32.48  0.05) kcal.mol-1  from  ref. SI3. 

 

b)  D0,298 (HO-OH) 

This is evaluated as (50.26  0.23) kcal.mol-1 from  Hf,298 (OH) = (8.89  0.09) kcal.mol-1  

(ref. SI3 and the above value of  Hf,298 (H2O2) 

 

c)  D0,298 (H-O2H) 

This is evaluated as (87.9  0.8) kcal.mol-1 from  Hf,298 (HO2) = (3.3  0.8) kcal.mol-1 , 

 Hf,298 (H) = (52.103  0.001) kcal.mol-1  (ref. SI3)  and the above value of  Hf,298 (H2O2) 
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