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We present a determination of ∆fH298(HOO) based upon a negative ion thermodynamic cycle. The photoelectron
spectra of HOO- and DOO- were used to measure the molecular electron affinities (EAs). In a separate
experiment, a tandem flowing afterglow-selected ion flow tube (FA-SIFT) was used to measure the forward
and reverse rate constants for HOO- + HC≡CH a HOOH + HC≡C- at 298 K, which gave a value for
∆acidH298(HOO-H). The experiments yield the following values: EA(HOO) ) 1.078 ( 0.006 eV; T0(X̃ HOO
- Ã HOO) ) 0.872 ( 0.007 eV; EA(DOO) ) 1.077 ( 0.005 eV; T0(X̃ DOO - Ã DOO) ) 0.874 ( 0.007
eV; ∆acidG298(HOO-H) ) 369.5 ( 0.4 kcal mol-1; and ∆acidH298(HOO-H) ) 376.5 ( 0.4 kcal mol-1. The
acidity/EA thermochemical cycle yields values for the bond enthalpies of DH298(HOO-H) ) 87.8 ( 0.5 kcal
mol-1 and D0(HOO-H) ) 86.6 ( 0.5 kcal mol-1. We recommend the following values for the heats of
formation of the hydroperoxyl radical: ∆fH298(HOO) ) 3.2 ( 0.5 kcal mol-1 and ∆fH0(HOO) ) 3.9 ( 0.5
kcal mol-1; we recommend that these values supersede those listed in the current NIST-JANAF
thermochemical tables.

1. Introduction
The hydroperoxyl radical, HOO, is a key combustion
intermediate in the oxidation of fuels1 and plays a vital role in
atmospheric chemistry as an oxidizer of volatile organic
compounds.2,3 For these reasons, its thermochemistry is of great
interest. There have been many independent determinations of
the heat of formation of HOO, ∆fH298(HOO), over the last few
decades. For reviews, see those by Shum and Benson4 and more
recently, by Fisher and Armentrout.5 Several early works
reported low values of ∆fH298(HOO), and this is reflected in
the most recent NIST-JANAF table listing6 ∆fH298(HOO) )
0.50 ( 2.01 kcal mol-1. There is strong evidence for a higher
value of ∆fH298(HOO) from radical kinetic studies.7,8 In 1980,
k1 and k-1 were measured by Howard7 as a function of
temperature for the reaction

HOO + NO a OH + NO2

(1)

and the resulting Kequi (1) determined the free energy of reaction,
†
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∆rxnGT (1), which in turn was used to derive ∆fH298(HOO) )
2.5 ( 0.6 kcal mol-1. A second determination of ∆fH298(HOO)
by Hills and Howard8 involved a study of the reaction

OH + ClO a HOO + Cl

(2)

that determined a somewhat higher value, ∆fH298(HOO) ) 3.0
( 0.4 kcal mol-1. The value recommended by the “Chemical
Kinetics and Photochemical Data for Use in Stratospheric
Modeling” tables9, 2.8 ( 0.5 kcal mol-1, was essentially an
average of these two values. This value is widely accepted
among those modeling atmospheric reactions, and another recent
examination10 of reaction 2 finds the heat of formation of HOO
in agreement with this averaged value.
Recently, a photoionization mass spectrometry (PIMS) experiment by Litorja and Ruscic11 yielded values for the
appearance energy of HOO+ from HOOH, AE(HOO+, HOOH),
and the ionization energy of HOO, IE(HOO).

HOOH + hν f HOO+ (m/z ) 33) + H + e-

(3)

The values of AE(HOO+, HOOH) and IE(HOO) imply that
∆fH298(HOO) ) 3.3 ( 0.8 kcal mol-1. In a similar vein,
∆fH298(HOO) ) 3.8 ( 1.2 kcal mol-1 is reported in a collisioninduced dissociation threshold study by Fisher and Armentrout5.
Although the ∆fH298(HOO) measurements appear to be clustering around a value of about 3 kcal mol-1, the precise value has
not been established.
Ruscic et al. suggested recently that the heat of formation of
the hydroxyl radical be revised from the longstanding values12,13
of ∆fH0(OH) ) 9.35 ( 0.05 kcal mol-1 and ∆fH298(OH) )
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9.40 ( 0.05 kcal mol-1 to14 ∆fH0(OH) ) 8.86 ( 0.07 kcal
mol-1 and ∆fH298(OH) ) 8.92 ( 0.07 kcal mol-1. From eqs 4
and 5, it is clear that a revision of ∆fH298(OH) has implications
for the heat of formation of the hydroperoxyl radical. An
experimental derivation of ∆fH298(HOO) depends on the
measured ∆rxnG298 of reactions 1 and 2 and also on the known
heats of formation of the other reaction partners and products,
which in both cases include the hydroxyl radical:

∆fH298(HOO) ) ∆fH298(OH) + ∆fH298(NO2) ∆fH298(NO) - ∆rxnH298 (4)
∆fH298(HOO) ) ∆fH298(OH) + ∆fH298(ClO) ∆fH298(Cl) + ∆rxnH298 (5)
If ∆f H298(OH) is revised, then the Howard values7-9 for
∆fHT(HOO) must also be revised.
In this work, we present a measurement of ∆fH298(HOO) that
transcends the issues of the hydroxyl radical or the appearance
energy curve onsets and instead depends only on negative ion
thermochemistry.
We use the “acidity/EA” thermochemical cycle15,16 to measure
the bond enthalpy of hydrogen peroxide, DH298(HOO-H). If
one measures the electron affinity of the hydroperoxyl radical,
EA(HOO), and the enthalpy of deprotonation of HOO-H,
∆acidH298(HOO-H), then one can complete the following cycle
using the ionization energy of hydrogen, IE(H), to obtain the
bond dissociation enthalpy of HOO-H, DH298(HOO-H):

DH298(HOO-H) ) ∆acidH298(HOO-H) - IE(H) +
EA(HOO) + (thermal correction) (6)
The thermal correction is needed because EA and IE are
measured at 0 K. We measure the ∆rxnG298 of the reaction
between HOO- and acetylene (HC≡C-H):

HOO- + HC≡C-H a HOO-H + HC≡C-

(7)

Through the relation

∆rxnG298 ) ∆acidG298(HC≡C-H) - ∆acidG298(HOO-H)
(8)
and a known value for the gas-phase acidity of acetylene,
∆acidG298(HC≡C-H), ∆acidG298(HOO-H) can be determined.
Once the bond enthalpy DH298(HOO-H) is extracted, the heat
of formation of HOO, ∆fH298(HOO), is calculated using wellknown heats of formation of H and HOOH:

∆fH298(HOO) ) DH298(HOO-H) - ∆fH298(H) +
∆fH298(HOO-H) (9)
In recent years, the bond enthalpy DH298(HC≡C-H), from
which the gas-phase acidity ∆acidG298(HC≡C-H) can be
extracted, has been measured precisely,17 and all other values
involved in eqs 8 and 9 are known to great accuracy. Thus, it
should be possible to improve both the accuracy and precision
of the gas-phase acidity value of HOOH that was previously
reported by our laboratory.18
Although HOO has been studied thoroughly via negative ion
photoelectron spectroscopy,19,20 the only photoelectron spectrum
of DOO- was measured with an early photoelectron spectrometer about 15 years ago.19 Our current spectrum slightly revises
the most recent determination of EA(HOO),20 which is then used
to calculate thermochemical quantities as outlined in eq 6 above.

In addition, we present the photoelectron spectrum of DOOand its electron affinity (EA), term energy T0(Ã r X̃), as well
as vibrational frequencies in both the X̃ and Ã states of DOO.
2. Experimental Section
A. Negative Ion Photoelectron Spectroscopy. The photoelectron spectrometer used in this experiment has been described
elsewhere,21,22 but a brief overview is given here. DOO- anions
were created in a microwave discharge source by introducing
the vapor above a mixture of HOOH and D2SO4 in D2O. Enough
HOOH remained in the solution to enable the generation of
HOO- anions using the same sample. The anions were
thermalized in a flow tube that could be cooled with liquid
nitrogen to give 200 K sample ions. The ions were gently
extracted into a differentially pumped region, accelerated
through a Wien velocity filter, and then decelerated into an
interaction region where they intersected the beam of a fixedfrequency 364-nm CW laser. The kinetic energy of the photoelectrons was recorded using a hemispherical energy analyzer
and a position-sensitive detector. Typical resolution was around
8 meV. A half-wave plate in the beam path of the laser was
used to vary the polarization angle and allows photoelectron
angular distribution measurements.23
B. Flowing Afterglow-Selected Ion Flow Tube Measurements. The gas-phase acidity of HOOH was measured using a
tandem flowing afterglow-selected ion flow tube (FA-SIFT)
apparatus that had been previously described.24 The acidity was
established by measurement of the rate constant for proton
transfer between HOO- and acetylene, which is shown in
reaction 7, coupled with the measurement of the rate constant
for the reverse reaction. Measurements were conducted at 298
K. The ratio of the two measured rate constants, kf and kr, gives
the proton-transfer equilibrium constant, Kequi, which is related
to the difference in the gas-phase acidities of HOO-H and
HC≡C-H by the simple expression in eq 10. Given the gasphase acidity of acetylene at 298 K, ∆acidG298(HC≡C-H), the
gas-phase acidity of HOO-H can be extracted from eq 10.

∆acidG 298(HOO-H) - ∆acidG 298(HC≡C-H) )
∆∆acidG298 ) RT ln Kequi (10)
All rate constants reported in this article are presented with
their associated statistical uncertainties along with other errors
(e.g., those arising from mass discrimination and sample
decomposition). It should be noted that these uncertainties do
not include systematic errors due to temperature, flow rates,
and pressure measurements. Systematic errors of this kind will
be the same for the measurement of forward and reverse rate
constants and therefore need not be considered in the determination of Kequi and its associated uncertainty. However, the
overall uncertainty for any given rate constant will typically be
( 20%, where statistical and other errors are smaller than 20%.
For the forward reaction, HOO- anions were prepared by
collision-induced dissociation of t-BuOO- anions. The t-BuOOanions were generated in the first flow tube by reaction of
t-BuOOH with hydroxide ions and were then injected into the
second flow tube at relatively high injection potentials (ELAB
> 30 eV). At these energies, collisions between the t-BuOOions and the helium buffer gas in the second flow tube (0.5
Torr) cause complete dissociation of the precursor ion to produce
HOO- anions exclusively.25,26 The acetylene (HC≡CH, Matheson) used for this reaction was passed through a stainless steel
coil cooled to -78 °C in a dry ice-acetone bath to remove
trace acetone from the sample.27 For the reverse reaction,
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HC≡C- anions were produced by the reaction of acetylene with
hydroxide ions in the first flow tube. The mass-selected ions
then react with HOOH vapor in the second flow tube. The
HOOH sample was prepared by concentrating commercial 70%
HOOH by bubbling dry nitrogen through the sample over a
period of several weeks. The peroxide concentration in the liquid
phase was determined to be 94 ( 1% by titration against a
standard aqueous solution of acidified KMnO4. The vapor
composition above a 94 ( 1% hydrogen peroxide solution has
been measured to be 75 ( 5% hydrogen peroxide at 298 K.28
The actual concentration of HOOH in the vapor present in the
second flow tube was determined experimentally by two
methods discussed in detail below. Using both techniques, we
found the concentration of HOOH vapor to be considerably
lower than 75%, even after a steady-state concentration of
HOOH in the second flow tube had been attained, suggesting
decomposition of HOOH both in the inlet system and in the
flow tube with concomitant formation of nonreactive water and
dioxygen molecules. Consequently, measurements of kr (reaction
7) were bracketed by the HOOH calibration experiments.
Two different experiments were conducted to quantify the
amount of hydrogen peroxide available for reaction with ions
in the second flow tube. (A) First, the rate of reaction of
hydroxide ions with the hydrogen peroxide vapor was measured
using flow rates of HOOH vapor that were identical to those
used for the acetylide experiments.

HO- + HOOH f HOH + HOO-

(11)

The apparent rate coefficient for the proton transfer depicted in
reaction 11, under the same influence of nonreactive impurities,
was measured to be kapparent ) (3.33 ( 0.46) × 10-10 cm3
molecule-1 s-1. This value includes the small correction (8%)
for secondary regeneration of hydroxide ions (HOO- + HOOH
f H2O + O2 + HO-). The measured rate coefficient represents
only 14% of the calculated collision rate, kcollision ) 2.47 × 10-9
cm3 molecule-1 s-1. Reaction 11 involves highly localized
anions and is exothermic34,41 by at least 14 kcal mol-1; therefore,
the reaction is expected to proceed at the collision rate.42 Taking
the ratio of the calculated collision and the measured rates for
reaction 11, we can scale the measured rate constant for the
acetylide reaction (HC≡C- + HOOH f HC≡CH + HOO-).
This scaling gives the upper limit for the rate constant kr in
reaction 7.
(B) In a second experiment, SIFT-injected DO- ions were
reacted with the HOOH vapor mixture from a given inlet at the
same flow rate as that used in the previous two experiments.
The reaction produced HO- (51%) and HOO- (49%) along with
a very minor amount of DOO- (<0.5%). The depletion of the
DO- signal ([DO-]/[DO-]0) can be rationalized in terms of two
competing reactions: (i) deprotonation of HOOH (reaction 11)
and (ii) a rapid H/D exchange reaction to produce HO- ions as
indicated in reaction 12. Other DO- loss processes due to H/D
scrambling in the DO- + HOOH collision should be negligible,
as indicated by the minimal amount of DOO- detected.

DO- + HOH f DOH + HO-

(12)

The depletion due only to deprotonation of HOOH can be
accounted for by examining the depletion for the analogous HOreaction ([HO-]/[HO-]0). Thus, the ratio of [DO-]/[DO-]0 to
[HO-]/[HO-]0, measured under identical conditions, gives the
depletion of DO- that is dependent only on reaction 12. To
calibrate the amount of water in the HOOH vapor mixture, DOwas then reacted with pure water from the same inlet with

Figure 1. Photoelectron spectrum (at 364 nm) of DOO- taken at a
200 K source temperature with magic angle laser polarization.

various flow rates until a match for the previously determined
depletion was obtained. From this calibration, we conclude that
this mixture contains 70% water vapor. We can scale the
measured rate constant for the acetylide reaction taking the
amount of this water impurity into account. Because this
calibration method (B) measures only water and not dioxygen,
this scaling gives a conservative lower bound for kr in reaction
7.
3. Results
A. Negative Ion Photoelectron Spectroscopy of HOO- and
DOO-. The magic angle 364-nm photoelectron spectrum of
DOO- taken at a 200 K sample temperature is shown in Figure
1. Comparison between 300 K (not shown) and 200 K spectra
confirms that there are no hot bands in this spectrum. The
spectrum clearly shows two different Franck-Condon envelopes, suggesting transitions into two different electronic states
of the neutral molecule. Peaks a0-a6 have an interpeak spacing
of about 1100 cm-1, peaks b0-b4 have an approximate 900cm-1 separation, and the spacing between peaks a6 and b0 is
about 740 cm-1. Because of this spacing, peak b0 is determined
to be the vibrational origin (000) of the X̃ HOO- to Ã HOO
transition. It is not immediately obvious which peak should be
assigned as the electron affinity peak; because the FranckCondon profile maximizes around peak a3, the EA transition,
falling to the lower binding-energy side of peak a0, might have
been too weak for us to detect. However, the term energy of
the Ã state is known to great precision (7018 cm-1),29 and this
value is also the interval between peaks a0 and b0 (7025 ( 40
cm-1). Therefore, the electron affinity transition may be assigned
with confidence as corresponding to peak a0, yielding EA(DOO)
) 1.077 ( 0.005 eV and a term energy of T0(X̃ DOO - Ã
DOO) ) 0.874 ( 0.005 eV (see Table 1). This EA value agrees
with the photoelectron spectroscopy value given in Oakes et
al. of 1.089 ( 0.017 eV,19 although with significantly reduced
error bars.
The photoelectron spectrum of HOO- has been reported
recently by Clifford et al. with an EA of 1.089 ( 0.006 eV.20
However, a sign error was made in the rotational correction to
the raw EA value. The correct value22 is EA(HOO) ) 1.078 (
0.006 eV with T0(X̃ HOO - Ã HOO) ) 0.872 ( 0.005 eV;
this is the most current and most accurate measurement available
(see Table 1). These values are the same, within error, as those
reported for DOO above, as would be expected.
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TABLE 1: Data Extracted from the 364-nm Photoelectron
Spectra of HOO- and DOO- a,b
EA
(eV)

T0
(eV)

β

ωO-O
(cm-1)

HOO X̃ 2A′′ 1.078(6) 0
-0.7(1) 1125(6)
HOO Ã 2A′
0.872(5) -0.5(1) 921(4)
-0.7(1) 1138(4)
DOO X̃ 2A′′ 1.077(5) 0
DOO Ã 2A′
0.874(5) -0.5(1) 955(6)

xO-O
(cm-1)

νO-O
(cm-1)

11(1)
5(1)
13(1)
13(2)

1102(10)
910(7)
1112(7)
929(10)

a
EA, electron affinity; T0, term energy; β, anisotropy parameter;
ωO-O, O-O harmonic vibrational frequency; xO-O, O-O anharmonicity;
νO-O, O-O fundamental vibrational frequency. See eq 13. b The
methods used to extract these values and their associated uncertainties
(given in parentheses) are discussed in the text.

Peaks a1-a6 represent transitions into six quanta of a single
vibrational mode in the X̃ state of DOO. Likewise, peaks b1b4 represent a single progression of four quanta of vibrational
excitation in the Ã state. Because of the number of well-resolved
peaks in this spectrum, the measured energy spacings (G(V) G(0) where V ) 1-6 (or 4) of modes a (or b)) between all
these peaks with respect to the appropriate 000 peak (a2-a0,
a3-a0, a4-a0, etc.) were fitted30 to eq 13 using a weighted
least-squares approach:

(

G(V) - G(0) ) ω V +

1
12 ω x
-xV+
- +
2
2
2 4

) (

)

(13)

Fitting the a progression data to eq 13 gives the harmonic
frequency of mode a, ωa ) 1138 ( 4 cm-1, and an anharmonicity, xa ) 13 ( 1 cm-1. Using these parameters, we can
extract an accurate value for the 1 r 0 vibrational transition of
mode a, νa ) 1112 ( 7 cm-1. Doing the same for mode b
yields ωb ) 955 ( 6 cm-1, xb ) 13 ( 2 cm-1, and νb ) 929
( 10 cm-1.
The same photoelectron spectrum analysis discussed above
is applied to HOO-, with the results reported in Table 1 (for
further details, see ref 22). What is important to note is that the
normal mode fundamentals in both electronic states do not
change significantly upon deuteration. If a normal mode includes
the motion of a hydrogen atom, its frequency would decrease
upon substitution of H for D. Thus, deuterating the HOO
molecule and comparing the spectra of the two isotopomers
allows confirmation that the vibrational activity in the photoelectron spectra of HOO- and DOO- does not involve hydrogen
motion. The only possible vibrational mode candidate then is
ν3, the O-O stretch. There is little evidence from the photoelectron spectra of any significant mixing of the O-O stretch
and the HOO bend, as has been previously suggested.31
The 929 ( 10 cm-1 value of ν3 in the Ã state of DOO
matches the 930 cm-1 frequency reported in the photoelectron
spectroscopy study of Oakes et al.19 However, the Oakes et al.
ground-state measurement19 of DOO ν3 (1020 cm-1) does not
agree with the value of the ground-state ν3 mode of DOO
presented here, ν3(DOO X̃) ) 1112 ( 7 cm-1. Our X̃ν3 value
does agree with those of McKellar32 (1120.22 cm-1) and Smith
and Andrews33 (1123.2 cm-1), and it is likely to be a more
reliable measurement than the earlier measurement of Oakes et
al.19 because of a cooler ion source and improved resolution.
The extended progression in the O-O stretch seen in both
the HOO- and DOO- photoelectron spectra testifies to a
relatively large change in the O-O bond length upon electron
detachment from the anion, as has been discussed in Clifford
et al.20 and Ramond22 as well as in Blanksby et al.34 with respect
to the CH3OO- and CH3CH2OO- alkyl peroxides. Absence of
the bending vibration indicates that the photoelectron detachment
is a process that is fairly localized to an orbital on the terminal

oxygen. In the case of OO-, the orbital would be a pure π
orbital. Detachment of an electron from this orbital with 350nm radiation results in a photoelectron angular distribution that
is peaked perpendicular to the laser polarization vector (i.e.,
the anisotropy parameter β is between 0 and -1).35 The
measured anisotropy values for both HOO- and DOO- (Table
1) are strongly peaked perpendicular to the laser polarization,
supporting the identification of the orbital from which detachment occurs and indicating that the simple π nature of this orbital
is not severely perturbed by the presence of the hydrogen atom.
B. Gas-Phase Acidity. The reaction of HOO- with acetylene
formed predominantly (92%) the expected proton-transfer
product (reaction 14) along with small amounts of the
[HOO-‚‚‚HC≡CH] cluster ion (∼ 4%) and an anion at m/z 41,
presumably HC≡CO- (∼ 4%).

HOO- + HC≡CH f HOOH + HC≡C-

(14)

The overall rate of the forward reaction of HOO- with acetylene
(reaction 14) was measured to be slow, with a rate constant of
koverall ) (2.54 ( 0.08) × 10-10 cm3 molecule-1 s-1, which is
less than 25% of the calculated collision rate37 of kcollision )
1.12 × 10-9 cm3 molecule-1 s-1. This value suggests a slightly
endothermic proton transfer that is consistent with the observed
formation of [HOO-‚‚‚HC≡CH] in addition to HC≡C-. The
product ions [HOO-‚‚‚HC≡CH] and HC≡CO- account for
∼8% of the total ion count. If we assume that these species are
formed from the endothermic fraction of the thermal ion
population (i.e., those ions with insufficient energy to undergo
proton transfer), then we can correct the proton-transfer rate to
give a best value for k14 ) (2.34 ( 0.07) × 10-10 cm3
molecule-1 s-1 (21% of the collision rate).
The reverse reaction of HC≡C- with hydrogen peroxide
(reaction 15) gave predominantly HOO- ions by proton transfer;
no clustering between HOOH and HC≡C- was observed.

HOOH + HC≡C- f HOO- + HC≡CH

(15)

Hydroxide ions were also formed, but in relatively low
abundance; the OH- signal was approximately 8% of the HOOsignal under the experimental conditions, which used a fairly
low concentration of HOOH. These ions were attributed to the
secondary reaction (eq 16) that has been previously reported.18

HOO- + HOOH f HOH + O2 + HO-

(16)

The apparent reaction rate constant for reaction 15 was measured
to be kapparent ) (1.98 ( 0.30) × 10-10 cm3 molecule-1 s-1.
This value is only 9% of the calculated collision rate37 of kcollision
) 2.19 × 10-9 cm3 molecule-1 s-1. This value is considerably
smaller than expected from the exothermicity of the proton
transfer, which is anticipated from (i) the slowness of the
forward reaction (eq 14) and (ii) the observation of clustering
in the forward but not in the reverse (eq 15) reactions. As
previously stated, the gas-phase concentration of HOOH is
substantially lower than the predicted value of 75%, giving rise
to apparently slow reaction 15.
Literature reports estimate that the vapor above a 94 ( 1%
aqueous hydrogen peroxide solution is 75 ( 5% HOOH at room
temperature.28 The remaining 25 ( 5% is water, which is
unreactive toward the acetylide anion. Thus, we can correct the
measured rate to be kcorrected ) 2.65 × 10-10 cm3 molecule-1
s-1. However, this value represents only 12% of the calculated
collision rate. This low reaction rate is explained by the
decomposition of the hydrogen peroxide, which decreases the
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TABLE 2: Entropies and Enthalpies Taken from Gurvich et
al.12
species

H°(298) - H°(0)
(kcal mol-1)

S°(298)
(cal mol-1 K-1)

HOOH
HOO
HOOO2
H2
H
H+

2.667
2.391
2.394
2.075
2.024
1.481
1.481

56.051

∆fH298
(kcal mol-1)

capacities listed in Table 2.

thermal correction )

∫0298 dT (Cp[HOO] - Cp[HOO-] +
Cp[H] - Cp[H+]) (20)

-32.48 ( 0.05

53.562
52.1028 ( 0.0014
26.039

actual HOOH concentration in the gas phase. Two decomposition mechanisms are possible: (i) surface-catalyzed decomposition38 to oxygen and water (eq 17) and (ii) metal (M) oxidation39
to form metal oxide and water (eq 18). Such chemistry would
likely be facilitated by contact between the HOOH vapor and
the metal and glass surfaces of the inlet system and the second
flow tube.40

2HOOH f 2HOH + O2

(17)

HOOH + M f MO + HOH

(18)

The calibration experiment (A) gives an upper bound (see
Experimental Section) for the rate coefficient of reaction 15 of
k15A ) (1.47 ( 0.05) × 10-9 cm3 molecule-1 s-1, which is
67% of the calculated collision rate and is more indicative of
an exothermic proton-transfer reaction. A conservative lower
bound for the rate coefficient of reaction 15 obtained from
experiment (B) is k15B ) (6.6 ( 1.0) × 10-10 cm3 molecule-1
s-1. This latter value is 30% of the calculated collision rate.
These two experiments give a range of values for the
corrected rate constants k15A and k15B. By combining each of
these values with the reliably measured k14 and using eq 10,
we can derive the following values for the gas-phase acidity of
hydrogen peroxide: ∆acidG298(HOO-H)A ) 369.2 kcal mol-1
and ∆acidG298(HOO-H)B ) 369.7 kcal mol-1. We note that most
systematic errors in rate constant determinations cancel in these
calculations. Therefore, the values of ∆acidG298(HOO-H)A and
∆acidG298(HOO-H)B represent lower and upper bounds, respectively, for the true value of the gas-phase acidity. We recommend a best value of ∆acidG298(HOO-H) ) 369.5 ( 0.4 kcal
mol-1, where the associated uncertainty arises primarily from
the uncertainty associated with the reference acetylene43 (370.3
( 0.3 kcal mol-1).
C. Entropy and Enthalpy Determinations. The
∆acidH298(HOO-H) term in eq 6 can be extracted from the
experimentally determined ∆acidG298(HOO-H) value and the
entropy of deprotonation ∆acidS298(HOO-H) via the simple
relation in eq 19.

∆acidH298(HOO-H) ) ∆acidG298(HOO-H) +
T∆acidS298(HOO-H) (19)
The entropy of deprotonation can be determined using entropies
(S298) given in the compilation of Gurvich et al.12 and listed in
Table 2 (unless otherwise stated, all supplementary thermochemical values are those given by Gurvich et al.12 and are listed
for convenience in Table 2). This gives ∆acidS298(HOO-H) )
23.5 ( 0.5 cal mol-1 K-1 and thus ∆acidH298(HOO-H) ) 376.5
( 0.4 kcal mol-1.
The thermal correction in eq 6 corresponds to the sum of the
integrated heat capacities, which is always small (e0.3 kcal
mol-1) and is therefore often ignored.15 However, in this article,
we evaluate this term explicitly using the integrated heat

Including this correction, we derive a bond enthalpy for
hydrogen peroxide of DH298(HOO-H) ) 87.8 ( 0.5 kcal mol-1.
The bond dissociation energy can be derived from the bond
enthalpy at 298 K using eq 21. The integrated heat capacities
are listed in Table 2.12 This calculation yields a bond energy
for hydrogen peroxide of D0(HOO-H) ) 86.6 ( 0.5 kcal
mol-1.

D0(HOO-H) ) DH298(HOO-H)
-

∫0298 dT (Cp[HOO] + Cp[H] - Cp[HOOH])

(21)

Equation 22 uses (i) the bond enthalpy derived above and (ii)
the heats of formation of hydrogen peroxide and the hydrogen
radical (Table 2) to give the heat of formation of the hydroperoxyl radical at 298 K, ∆fH298(HOO) ) 3.2 ( 0.5 kcal mol-1.
This value may be corrected for the integrated heat capacity as
shown in eq 23 to give the heat of formation of the hydroperoxyl
radical at 0 K, ∆fH0(HOO) ) 3.9 ( 0.5 kcal mol-1.

∆fH298(HOO) ) DH298(HOO-H) + ∆fH298(HOOH) ∆fH298(H) (22)
∆fH0(HOO) ) ∆fH298(HOO) -

∫0298 dT (Cp[HOO] -

0.5Cp[H2] - Cp[O2]) (23)

Finally, eq 24 can be used with (i) the bond energy of hydrogen
peroxide derived above and (ii) the ionization energy of the
hydroperoxyl radical, IE(HOO) ) 11.352 ( 0.007 eV, from
Litorja and Ruscic11 to calculate the appearance energy of the
HOO+ cation from HOOH, AE(HOO+, HOOH) ) 348.4 ( 0.5
kcal mol-1 (15.11 ( 0.02 eV):

AE(HOO+, HOOH) ) D0(HOO-H) + IE(HOO)

(24)

A summary of all derived thermochemical values presented here
is given in Table 4.
4. Discussion
A. Comparison with Previous Thermochemical Determinations. Previously, we18 measured the enthalpy of deprotonation for hydrogen peroxide in a flowing afterglow apparatus
using the equilibria outlined in reactions 25 and 26. These
experiments proved extremely challenging because some of
these reactions

HOOH + CF3- a HOO- + HCF3

(25)

HOOH + F- a HOO- + HF

(26)

are extremely slow and thus difficult to measure. However, the
final reported value of ∆acidH298(HOOH) ) 375.5 ( 3.3 kcal
mol-1 is in good agreement with the more precise FA-SIFT
result detailed above.
Our result for the heat of formation of the hydroperoxyl
radical is in reasonable agreement with the value recommended
in the review article of Shum and Benson,4 ∆fH298(HOO) )
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TABLE 3: Comparison of the Heats of Formation for the Hydroperoxyl Radical, ∆fH0(HOO) and ∆fH298(HOO)
∆fH0(HOO)
(kcal mol-1)

∆fH298(HOO)
(kcal mol-1)

6
12
recalculationa using
ref 7 and ∆fHT(OH)
from ref 12
recalculationa using
ref 7 and ∆fHT(OH)
from ref 14
recalculationa using
ref 8 and ∆fHT(OH)
from ref 12
recalculationa using
ref 8 and ∆fHT(OH)
from ref 14
5

1.2 ( 2.0
3.0 ( 0.7
3.2 ( 0.4

0.5 ( 2.0
2.3 ( 0.7
2.5 ( 0.4

2.7 ( 0.4

2.0 ( 0.4

4.1 ( 0.2

3.4 ( 0.2

3.6 ( 0.2

2.9 ( 0.2

11
this work

4.0 ( 0.8
3.9 ( 0.5

data source

reference

NIST-JANAF tables
Gurvich et al.’s tables
HOO + NO a HO + NO2
HOO + NO a HO + NO2
HO + ClO a HOO + Cl
HO + ClO a HOO + Cl
O2+ + CH4 f CH3+ + HO2
collision-induced threshold study
PIMS/AEb positive ion cycle
acidity/EA cycle
a

3.3 ( 0.8
3.2 ( 0.5

See text and Supporting Information for details. b Photoionization mass spectrometry/appearance energy.

TABLE 4: Recommended Thermochemical Quantitiesa

a

3.8 ( 1.2

quantity

0K

EA(HOO)
∆acidGT(HOOH)
∆acidHT(HOOH)
DHT(HOO-H)
∆fHT(HOO)

24.9 ( 0.1
86.6 ( 0.5
3.9 ( 0.5

298 K
369.5 ( 0.4
376.5 ( 0.4
87.8 ( 0.5
3.2 ( 0.5

All values are in kcal mol-1

+1.0
3.5-0.5
kcal mol-1, and with the value derived by Fisher and
Armentrout,5 ∆fH298(HOO) ) 3.8 ( 1.2 kcal mol-1. Our new
heat of formation falls within the stated uncertainty of the
∆fH298(HOO) ) 2.8 ( 0.5 kcal mol-1 value recommended by
Howard and co-workers9 and also overlaps with the number
chosen for the most recent Gurvich thermochemical tables,12
which was based on the Howard experiments7 (Table 3). The
Litorja and Ruscic measurement11 of the bond dissociation
energy, D0(HOO-H) ) 86.7 ( 0.8 kcal mol-1, is in excellent
agreement with our value. Their extracted heats of formation
of the hydroperoxyl radical, ∆fH0(HOO) ) 4.0 ( 0.8 kcal mol-1
and ∆fH298(HOO) ) 3.3 ( 0.8 kcal mol-1, are also in excellent
agreement with those that we derive in this work. The high level
of agreement between our results and the result from these
completely different experimental approaches is a gratifying
outcome and suggests that the heat of formation of the peroxyl
radical has now been established with some confidence.
Furthermore, our experiments have substantially reduced the
uncertainty associated with this value.
B. Implications for the Heats of Formation of the Hydroxyl Radical. We use the data reported by both Howard7
and Hills and Howard8 and auxiliary thermochemical values
from the tables of Gurvich et al.,12 which are the most accurate
and current thermochemical tables, to compute ∆fH0(HOO) and
∆fH298(HOO). Then we repeat the calculation but instead use
the most current values of ∆fH0(OH) and ∆fH298(OH) to date14
(Table 3). As can be seen from Table 3, the values with the
most recent ∆fHT(OH)14 are consistently lower than those
without the most recent ∆fHT(OH)14 by 0.5 kcal mol-1, as would
be expected. The details of how these data were computed, along
with additional relevant calculations, are presented in Supporting
Information.
Comparison of the various ∆fHT(HOO) values (Table 3)
shows better agreement between our extracted values and the
values calculated with the ∆fHT(OH) originally reported12 than

with those calculated with the most recent values of ∆fHT(OH).14
This casts some doubt on the revised value of ∆fHT(OH).
However, it should be pointed out that the uncertainties of our
measurements and those of Howard and co-workers8,7 are still
too large to permit definitive assignment of the heat of formation
of the hydroxyl radical.
5. Conclusions
We have measured the enthalpy of deprotonation of HOOH
and have recorded the photoelectron spectra of HOO- and
DOO-. Using a negative ion thermodynamic cycle, which is a
method independent of the recently questioned thermodynamics
of OH or the difficulties involved in threshold experiments, we
have calculated the heat of formation of HOO. Our derived
number agrees nicely with existing literature values obtained
through various alternative methods and has smaller uncertainty,
which implies that we have a definitive value for the heat of
formation of HOO.
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