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We present a determination AfH,qg(HOO) based upon a negative ion thermodynamic cycle. The photoelectron
spectra of HOO and DOO were used to measure the molecular electron affinitie&s). 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 HO®@ HC=CH == HOOH + HC=C" at 298 K, which gave a value for
AacidH20(HOO—H). The experiments yield the following valueEA(HOO) = 1.0784 0.006 eV;To(X HOO

— A HOO) = 0.872+ 0.007 eV;EA(DOO) = 1.0774+ 0.005 eV;To(X DOO — A DOO) = 0.8744+ 0.007

eV; AacidGros(HOO—H) = 369.5+ 0.4 kcal mot?; and AgcidH20 HOO—H) = 376.5+ 0.4 kcal mot™. The
acidity/EA thermochemical cycle yields values for the bond enthalpid3Hyg(HOO—H) = 87.8+ 0.5 kcal
mol~! and Do(HOO—H) = 86.6 &= 0.5 kcal moft. We recommend the following values for the heats of
formation of the hydroperoxyl radicalAtH,9g(HOO) = 3.2 + 0.5 kcal mot? and AiHo(HOO) = 3.9+ 0.5

kcal mol?; we recommend that these values supersede those listed in the current-MSAF
thermochemical tables.

1. Introduction ArxnGr (1), which in turn was used to deriviH,9g(HOO) =
2.5+ 0.6 kcal mot?. A second determination dfH,gg(HOO)

The hydroperoxyl radical, HOO, is a key combustion by Hills and Howard involved a study of the reaction

intermediate in the oxidation of fuéland plays a vital role in
atmospheric chemistry as an oxidizer of volatile organic OH + CIO=HOO + CI )
compoundg:® For these reasons, its thermochemistry is of great

interest. There have been many independent determinations othat determined a somewhat higher valighl,9g(HOO) = 3.0

the heat of formation of HOOQAfH,0g(HOO), over the last few =+ 0.4 kcal mot™. The value recommended by the “Chemical
decades. For reviews, see those by Shum and Béasdrmore Kinetics and Photochemical Data for Use in Stratospheric
recently, by Fisher and ArmentroutSeveral early works Modeling” table$, 2.8 + 0.5 kcal mot?, was essentially an
reported low values of\;H,9g(HOO), and this is reflected in  average of these two values. This value is widely accepted

the most recent NISTJANAF table listing A¢H9g(HOO) = among those modeling atmospheric reactions, and another recent
0.50+ 2.01 kcal mot™. There is strong evidence for a higher examinatiofC of reaction 2 finds the heat of formation of HOO
value of AH9g(HOO) from radical kinetic studie%8 In 1980, in agreement with this averaged value.
k; and k-; were measured by Howardas a function of Recently, a photoionization mass spectrometry (PIMS) ex-
temperature for the reaction periment by Litorja and Ruscié yielded values for the
appearance energy of HO@om HOOH,AE(HOO', HOOH),
HOO+ NO=OH + NGO, ) and the ionization energy of HOGE(HOO).

HOOH+ hy — HOO" (Mz=33)+H+e  (3)

T Part of the special issue “Jack Beauchamp Festschrift”. The values OfAE(HOO+’ HOOH) andIE(HOO) imply that
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veronica.bierbaum@colorado.edu,  wcl@jila.colorado.edu, bamey@ AtHpog(HOO)= 3.8+ 1.2 kcal mot?is reported in a collision-

and the resultindfequi (1) determined the free energy of reaction,

J'”afJOI'andO-EdU- induced dissociation threshold study by Fisher and Armeritrout
s Current address: NIST, MS 847-10, 325 Broadway, Boulder, Colorado Althoth theAiH20HOO) measurements appee_lr to be cluster-
80305. ing around a value of about 3 kcal mé] the precise value has

' University of Colorado. not been established.

" Dcu"elr(‘jt ﬁd%ré’éii; 0%%‘313“mem of Chemistry, University of Idaho,  Rygcic et al. suggested recently that the heat of formation of
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ington, D.C. 20535-0001. of AiHo(OH) = 9.35 4 0.05 kcal mot?! and AfHa9g(OH) =
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9.40 £ 0.05 kcal mot? to'* AsHg(OH) = 8.86 & 0.07 kcal
mol~! and AfHaeg(OH) = 8.92 4 0.07 kcal mot™. From eqgs 4
and 5, it is clear that a revision dfHz9g(OH) has implications

for the heat of formation of the hydroperoxyl radical. An
experimental derivation ofAtH29g(HOO) depends on the
measured\xnGzgg 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:

AfHpg(HOO) = AH,o4(OH) + AiH,0¢(NO,) —
AfH298(NO) - AranZQS (4)

AiH,oHOO) = A{H,o(OH) + A{H,54(CIO) —
AfH298(C|) + Arxn|_|298 (5)
If A¢ Haog(OH) is revised, then the Howard valde$ for

AsHT(HOO) must also be revised.
In this work, we present a measuremenigf,gg( HOO) that

Ramond et al.

In addition, we present the photoelectron spectrum of DOO
and its electron affinity &A), term energyTo(A —— X), as well
as vibrational frequencies in both theaxXd A states of DOO.
2. Experimental Section

A. Negative lon Photoelectron SpectroscopyThe photo-

'electron spectrometer used in this experiment has been described

elsewherél-22but a brief overview is given here. DOQ@nions
were created in a microwave discharge source by introducing
the vapor above a mixture of HOOH and$, in D,O. 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 fixed-
frequency 364-nm CW laser. The kinetic energy of the photo-

transcends the issues of the hydroxyl radical or the appearancelectrons was recorded using a hemispherical energy analyzer
energy curve onsets and instead depends only on negative iorfind a position-sensitive detector. Typical resolution was around

thermochemistry.

We use the “acidity A’ thermochemical cyclé-16to measure
the bond enthalpy of hydrogen peroxidet,gg HOO—H). If
one measures the electron affinity of the hydroperoxyl radical,
EA(HOO), and the enthalpy of deprotonation of HEB8,
AacidH208HOO—H), then one can complete the following cycle
using the ionization energy of hydrogdig(H), to obtain the
bond dissociation enthalpy of HO@H, DH29g(HOO—H):

DH,qHOO—H) = A, iH2e(HOO—H) — IE(H) +
EA(HOO) + (thermal correction) (6)

The thermal correction is needed becalsg and IE are
measured at 0 K. We measure thg.G,9s Of the reaction
between HOO and acetylene (HEC—H):

HOO™ + HC=C—H=HOO-H + HC=C (7

Through the relation

Aran298 = Aau:ia(-?"ZQS(H C=C- H) - AacidGZQB(HOO_ H%S)

and a known value for the gas-phase acidity of acetylene,
AacidG20d(HC=C—H), AycidG208(HOO—H) can be determined.
Once the bond enthalgyH,9sg(HOO—H) is extracted, the heat
of formation of HOO,AtH29¢(HOO), is calculated using well-
known heats of formation of H and HOOH:

AfH59(HOO) = DH,gg(HOO—H) — A{H,ofH) +
A{H, e HOO—H) (9)

In recent years, the bond enthal@H,gHC=C—H), from
which the gas-phase aciditypacidGrosHC=C—H) can be
extracted, has been measured preciseand all other values
involved in eqs 8 and 9 are known to great accuracy. Thus, it

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.

B. Flowing Afterglow-Selected lon Flow Tube Measure-
ments. The gas-phase acidity of HOOH was measured using a
tandem flowing afterglow-selected ion flow tube (FA-SIFT)
apparatus that had been previously descridgdhe acidity was
established by measurement of the rate constant for proton
transfer between HOOand 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 constaktandk., gives
the proton-transfer equilibrium constalq, which is related
to the difference in the gas-phase acidities of H& and
HC=C—H by the simple expression in eq 10. Given the gas-
phase acidity of acetylene at 298 KacidGros HC=C—H), the
gas-phase acidity of HOEH can be extracted from eq 10.

AidG 26fHOO—H) — A, G 0HC=C—H) =
AAacidGZQSZ RTIn 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 determi-
nation 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, HOOanions were prepared by
collision-induced dissociation ¢fBuOO™ anions. The-BuOO~
anions were generated in the first flow tube by reaction of

should be possible to improve both the accuracy and precisiont-BuOOH with hydroxide ions and were then injected into the

of the gas-phase acidity value of HOOH that was previously
reported by our laboratoi?.

Although HOO has been studied thoroughly via negative ion
photoelectron spectroscopd2°the only photoelectron spectrum
of DOO~ was measured with an early photoelectron spectrom-
eter about 15 years agdOur current spectrum slightly revises
the most recent determination ®A(HOO) 2° which is then used

to calculate thermochemical quantities as outlined in eq 6 above.

second flow tube at relatively high injection potentials Az

> 30 eV). At these energies, collisions between #BOO~

ions 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>26The acetylene (HECH, Mathe-

son) 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 sampleFor 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 KMnQOrhe vapor
composition above a 94 1% hydrogen peroxide solution has
been measured to be 355% hydrogen peroxide at 298 R.
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 T T

HOOH in the second flow tube had been attained, suggesting 22 20 18 16
decomposition of HOOH both in the inlet system and in the Electron Binding Energy (eV)

flow tube with concomitant formation of nonreactive water and Figure 1. Photoelectron spectrum (at 364 nm) of DO@ken at a
dioxygen molecules. Consequently, measuremerks(mfaction 200 K source temperature with magic angle laser polarization.

7) were bracketed by the HOOH calibration experiments.

Two different experiments were conducted to quantify the various flow rates until a match for the previously determined
amount of hydrogen peroxide available for reaction with ions depletion was obtained. From this calibration, we conclude that
in the second flow tube. (A) First, the rate of reaction of this mixture contains 70% water vapor. We can scale the
hydroxide ions with the hydrogen peroxide vapor was measured measured rate constant for the acetylide reaction taking the
using flow rates of HOOH vapor that were identical to those amount of this water impurity into account. Because this
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used for the acetylide experiments.

HO  + HOOH— HOH + HOO" (12)

The apparent rate coefficient for the proton transfer depicted in
reaction 11, under the same influence of nonreactive impurities,
was measured to bRypparent= (3.33 £ 0.46) x 10710 cm?
molecule’* s~1. This value includes the small correction (8%)
for secondary regeneration of hydroxide ions (HO® HOOH

— H,0 + O, + HO™). The measured rate coefficient represents
only 14% of the calculated collision rateoyision = 2.47 x 10~°

cm® molecule? s1. Reaction 11 involves highly localized
anions and is exothernifc* by at least 14 kcal mok; therefore,

the reaction is expected to proceed at the collision*fafeking

the ratio of the calculated collision and the measured rates for

calibration method (B) measures only water and not dioxygen,
this scaling gives a conservative lower boundKoin reaction
7.

3. Results

A. Negative lon Photoelectron Spectroscopy of HOOand
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 FrareRondon enve-
lopes, suggesting transitions into two different electronic states
of the neutral molecule. Peak®—a6 have an interpeak spacing
of about 1100 cml, peaksb0—b4 have an approximate 900-

reaction 11, we can scale the measured rate constant for theem ™! separation, and the spacing between peskand b0 is

acetylide reaction (HEC~ + HOOH — HC=CH + HOO).
This scaling gives the upper limit for the rate constinin
reaction 7.

(B) In a second experiment, SIFT-injected D@ns 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 HQ51%) and HOO (49%) along with
a very minor amount of DOO(<0.5%). The depletion of the
DO~ signal ([DO)/[DO]o) 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™H@ns as
indicated in reaction 12. Other DQoss processes due to H/D
scrambling in the DO + HOOH collision should be negligible,
as indicated by the minimal amount of DO@etected.

DO + HOH—DOH+ HO (12)

The depletion due only to deprotonation of HOOH can be
accounted for by examining the depletion for the analogous HO
reaction ([HO]/[HO]o). Thus, the ratio of [DOJ/[DO ] to
[HOJ/[HO 1o, 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, DO
was then reacted with pure water from the same inlet with

about 740 cm?. Because of this spacing, peb®is determined

to be the vibrational origin §) of the X HOO™ to A HOO
transition. It is not immediately obvious which peak should be
assigned as the electron affinity peak; because the Franck
Condon profile maximizes around peak, the EA transition,
falling to the lower binding-energy side of pea®, might have
been too weak for us to detect. However, the term energy of
the A state is known to great precision (7018 ¢)° and this
value is also the interval between peasandb0 (7025+ 40
cmb). Therefore, the electron affinity transition may be assigned
with confidence as corresponding to pedkyielding EA(DOO)

= 1.077+ 0.005 eV and a term energy d(X DOO — A
DOO)= 0.874+ 0.005 eV (see Table 1). ThisA value agrees
with the photoelectron spectroscopy value given in Oakes et
al. of 1.089+ 0.017 eV*? although with significantly reduced
error bars.

The photoelectron spectrum of HOChas been reported
recently by Clifford et al. with arEA of 1.089+ 0.006 eV2°
However, a sign error was made in the rotational correction to
the rawEA value. The correct valdéis EA(HOO) = 1.078+
0.006 eV withTo(X HOO — A HOO) = 0.8724+ 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~ab

EA To wo-0  Xo-0 vo-0

(eV) (eV) B (cm™) (em™?) (cmY)
HOO X?A" 1.078(6) 0 —0.7(1) 1125(6) 11(1) 1102(10)
HOO A2A' 0.872(5) —0.5(1) 921(4) 5(1) 910(7)
DOO X?A" 1.077(5) 0 —0.7(1) 1138(4) 13(1) 1112(7)
DOO A2A! 0.874(5) —0.5(1) 955(6) 13(2) 929(10)

aEA, electron affinity; To, term energy;3, anisotropy parameter;
wo-o0, O—0 harmonic vibrational frequencyg-o, O—0 anharmonicity;
vo—o, O—O fundamental vibrational frequency. See eq %Bhe

Ramond et al.

oxygen. In the case of OO the orbital would be a pure
orbital. Detachment of an electron from this orbital with 350-
nm radiation results in a photoelectron angular distribution that
is peaked perpendicular to the laser polarization vector (i.e.,
the anisotropy paramete$ is between 0 and-1)3° The
measured anisotropy values for both HO&nd DOO (Table
1) are strongly peaked perpendicular to the laser polarization,
supporting the identification of the orbital from which detach-
ment occurs and indicating that the simpleature of this orbital
is not severely perturbed by the presence of the hydrogen atom.
B. Gas-Phase Acidity.The reaction of HOO with acetylene

methods used to extract these values and their associated uncertaintieﬁ)rmed predominantly (92%) the expected proton-transfer

(given in parentheses) are discussed in the text.

Peaksal—a6 represent transitions into six quanta of a single
vibrational mode in the Ytate of DOO. Likewise, peaksl—
b4 represent a single progression of four quanta of vibrational
excitation in the Astate. Because of the number of well-resolved
peaks in this spectrum, the measured energy spac@3 {
G(0) wherev = 1—6 (or 4) of modesa (or b)) between all
these peaks with respect to the appropria&epé)ak @2—ao,
a3—a0, ad4—a0, etc.) were fitte@ to eq 13 using a weighted

least-squares approach:
1 1)\2
2+

Fitting the a progression data to eq 13 gives the harmonic
frequency of modes, w, = 1138 &+ 4 cnr'!, and an anhar-
monicity, X, = 13 & 1 cnrL. Using these parameters, we can
extract an accurate value for the-10 vibrational transition of
modea, v4 = 11124 7 cnm L. Doing the same for modb
yieldswp = 9554 6 cnT!, x, = 13 &+ 2 cnT'!, andv, = 929

+ 10 cntl.

_o X

2T 13

qm—qm=w@+

product (reaction 14) along with small amounts of the
[HOO™+--HC=CH] cluster ion  4%) and an anion atVz41,
presumably HECO™ (~ 4%).
HOO + HC=CH—HOOH+ HC=C" (14)

The overall rate of the forward reaction of HO@iith acetylene
(reaction 14) was measured to be slow, with a rate constant of
Koverall = (2.54 4 0.08) x 1071° cm?® molecule’® s71, which is
less than 25% of the calculated collision Patef Keolision =
1.12x 107° cm® molecule sL. This value suggests a slightly
endothermic proton transfer that is consistent with the observed
formation of [HOO ---HC=CH] in addition to HG=C~. The
product ions [HOO---HC=CH] and HG=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 fokyy = (2.34 & 0.07) x 10710 cn?®
molecule® s71 (21% of the collision rate).

The reverse reaction of H&C~ with hydrogen peroxide

The same photoelectron spectrum analysis discussed abovéreaction 15) gave predominantly HO@ns by proton transfer;

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

no clustering between HOOH and EC~ was observed.

HOOH+ HC=C — HOO + HC=CH (15)

Hydroxide ions were also formed, but in relatively low
abundance; the OHsignal was approximately 8% of the HOO

molecule and comparing the spectra of the two isotopomers signal under the experimental conditions, which used a fairly

allows confirmation that the vibrational activity in the photo-
electron spectra of HOOand DOO does not involve hydrogen
motion. The only possible vibrational mode candidate then is
v3, the O-0O stretch. There is little evidence from the photo-
electron spectra of any significant mixing of the-O stretch
and the HOO bend, as has been previously suggésted.

The 929+ 10 cnt! value of v3 in the A state of DOO
matches the 930 cmd frequency reported in the photoelectron
spectroscopy study of Oakes ettaHowever, the Oakes et al.
ground-state measurem&hof DOO v3 (1020 cntl) does not
agree with the value of the ground-state mode of DOO
presented here;s(DOO X) = 1112+ 7 cni L. Our Xv3 value
does agree with those of McKelf81(1120.22 cm?) and Smith
and Andrew® (1123.2 cmb), and it is likely to be a more

low concentration of HOOH. These ions were attributed to the

secondary reaction (eq 16) that has been previously reprted.
HOO + HOOH— HOH+ O, + HO" (16)

The apparent reaction rate constant for reaction 15 was measured

to be Kapparent= (1.98 & 0.30) x 10720 cm?® molecule® s,

This value is only 9% of the calculated collision r&tef Kegjiision

= 2.19x 10° cm® molecule! s™L. 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

reliable measurement than the earlier measurement of Oakes esubstantially lower than the predicted value of 75%, giving rise

al.’® because of a cooler ion source and improved resolution.

The extended progression in the-O stretch seen in both
the HOO and DOO photoelectron spectra testifies to a
relatively large change in the-8D bond length upon electron

to apparently slow reaction 15.

Literature reports estimate that the vapor above at9%%
aqueous hydrogen peroxide solution is##5% HOOH at room
temperaturé® The remaining 25+ 5% is water, which is

detachment from the anion, as has been discussed in Cliffordunreactive toward the acetylide anion. Thus, we can correct the

et al22and Ramontf as well as in Blanksby et &.with respect
to the CHOO™ and CHCH,OO™ alkyl peroxides. Absence of

measured rate to beorectea= 2.65 x 1071° cm?® molecule?
s 1. However, this value represents only 12% of the calculated

the bending vibration indicates that the photoelectron detachmentcollision rate. This low reaction rate is explained by the

is a process that is fairly localized to an orbital on the terminal

decomposition of the hydrogen peroxide, which decreases the
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TAEIZBLE 2: Entropies and Enthalpies Taken from Gurvich et capacities listed in Table 2.
al.

H(298)— H(0)  S(298) Atz thermal correctior= [**dT (C,[HOO] — CHOO | +
species  (kcal mof?) (cal molFt K1) (kcal mol?) N
HOOH 2.667 56.051  —32.48+0.05 GlHl — GJH ] (20)
HOO 2.391
HOO~ 2.394 53.562 Including this correction, we derive a bond enthalpy for
O, 2.075 hydrogen peroxide dDHzgg HOO—H) = 87.84+ 0.5 kcal mot™.
H. 2.024 The bond dissociation energy can be derived from the bond
H 1.481 52.1028t 0.0014

enthalpy at 298 K using eq 21. The integrated heat capacities
are listed in Table 22 This calculation yields a bond energy

actual HOOH concentration in the gas phase. Two decomposi-for hydrogen peroxide 0Do(HOO-H) = 86.6 & 0.5 kcal
tion mechanisms are possible: (i) surface-catalyzed decomposim0|_1-

tion38 to oxygen and water (eq 17) and (ii) metal (M) oxidafidn
to form metal oxide and water (eq 18). Such chemistry would Do(HOO—H) = DHe(HOO—H)

likely be facilitated by contact between the HOOH vapor and 208

the metal and glass surfaces of the inlet system and the second - ﬁ) dT (C[HOO] + C,[H] — C,[HOOH])

flow tube (21)

2HOOH— 2HOH + O, (17) Equation 22 uses (i) the bond enthalpy derived above and (i)
the heats of formation of hydrogen peroxide and the hydrogen
HOOH+ M — MO + HOH (18) radical (Table 2) to give the heat of formation of the hydro-
peroxyl radical at 298 KAtH20(HOO) = 3.2 + 0.5 kcal mot™.

The calibration experiment (A) gives an upper bound (see This value may be corrected for the integrated heat capacity as
Experimental Section) for the rate coefficient of reaction 15 of shown in eq 23 to give the heat of formation of the hydroperoxyl
kisa = (1.47 & 0.05) x 1072 cm® molecule® s71, which is radical at 0 K,AHo(HOO) = 3.9 & 0.5 kcal mot™.

67% of the calculated collision rate and is more indicative of

an exothermic proton-transfer reaction. A conservative lower AHz0(HOO) = DHye HOO—H) + AHpo(HOOH) —
bound for the rate coefficient of reaction 15 obtained from AH,oH) (22)
experiment (B) ikysg = (6.6 & 1.0) x 1071% cm?® molecule’®

s L This latter value is 30% of the calculated collision rate. _ 298

These two experiments give a range of values for the AH(HOO) = AiHaeg(HOO) = [, - dT (G[HOO]
corrected rate constankss, and kisg. By combining each of 0.5C,[H,] — C[O,]) (23)
these values with the reliably measured and using eq 10,
we can derive the following values for the gas-phase acidity of Finally, eq 24 can be used with (i) the bond energy of hydrogen
hydrogen peroxideAyciGogHOO—H)a = 369.2 kcal mot? peroxide derived above and (ii) the ionization energy of the
andAacidG20dHOO—H)g = 369.7 kcal mot!. We note that most hydroperoxyl radicalJE(HOO) = 11.352+ 0.007 eV, from
systematic errors in rate constant determinations cancel in thesd-itorja and Ruscié! to calculate the appearance energy of the
calculations. Therefore, the values/®f.i{Greg(HOO—H)A and HOO' cation from HOOHAE(HOO", HOOH)= 348.4+ 0.5
AacidG20HOO—H)g represent lower and upper bounds, respec- kcal mof™! (15.11+ 0.02 eV):
tively, for the true value of the gas-phase acidity. We recom-

H* 1.481 26.039

mend a best value af4cidGros(HOO—H) = 369.5+ 0.4 kcal AE(HOO", HOOH) = Dy(HOO—H) + IE(HOO)  (24)
mol~1, where the associated uncertainty arises primarily from

the uncertainty associated with the reference acet§i¢8@0.3 A summary of all derived thermochemical values presented here
+ 0.3 kcal mot?). is given in Table 4.

C. Entropy and Enthalpy Determinations. The ) _
AacidH20HOO—H) term in eq 6 can be extracted from the 4. Discussion

experimentally determinedcidGz0{HOO—H) value and the A. Comparison with Previous Thermochemical Determi-
entropy of deprotonatioMacicSeHOO—H) via the simple  pations. Previously, wé8 measured the enthalpy of deproton-
relation in eq 19. ation for hydrogen peroxide in a flowing afterglow apparatus

e u using the equilibria outlined in reactions 25 and 26. These
AacidHa0{HOO—H) = AyifGaeg HOO—H) + experiments proved extremely challenging because some of
TA ¢S HOO—H) (19) these reactions

The entropy of deprotonation can be determined using entropies HOOH+ CF; =HOO + HCF; (25)

(S99 given in the compilation of Gurvich et &.and listed in

Table 2 (unless otherwise stated, all supplementary thermo- HOOH+ F = HOO + HF (26)

chemical values are those given by Gurvich é€alnd are listed

for convenience in Table 2). This givé&iscSeg(HOO—H) = are extremely slow and thus difficult to measure. However, the

23.54 0.5 cal mott K=1 and thusAcidH206( HOO—H) = 376.5 final reported value oRA4cigH29s( HOOH) = 375.5+ 3.3 kcal

+ 0.4 kcal mof, mol~! is in good agreement with the more precise FA-SIFT
The thermal correction in eq 6 corresponds to the sum of the result detailed above.

integrated heat capacities, which is always smald.@ kcal Our result for the heat of formation of the hydroperoxyl

mol~1) and is therefore often ignoré@However, in this article, radical is in reasonable agreement with the value recommended
we evaluate this term explicitly using the integrated heat in the review article of Shum and Bensbm\¢HyogHOO) =
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TABLE 3: Comparison of the Heats of Formation for the Hydroperoxyl Radical, AsHo(HOO) and A¢H29gHOO)

AfHo(HOO) AtH204HOO)
data source reference (kcal molt) (kcal mol™)
NIST—JANAF tables 6 1.2 2.0 0.5+ 2.0
Gurvich et al.’s tables 12 38£0.7 2.3+0.7
HOO + NO =HO + NO, recalculatiof using 3.2+04 25104
ref 7 andAsH(OH)
from ref 12
HOO + NO=HO + NO, recalculatiof using 27+04 2.0+ 04
ref 7 andA¢H(OH)
from ref 14
HO + CIO=HOO+ ClI recalculatiof using 4.1+0.2 3.4+£0.2
ref 8 andAsH(OH)
from ref 12
HO + CIO=HOO+ CI recalculatiod using 3.6+0.2 2.9+ 0.2
ref 8 andAsH(OH)
from ref 14
O,;" + CH;— CH;™ + HO, 5 38+1.2
collision-induced threshold study
PIMS/AB positive ion cycle 11 4.&0.8 3.3+ 0.8
acidity/EA cycle this work 3.9-0.5 3.2+ 0.5

aSee text and Supporting Information for detal®hotoionization mass spectrometry/appearance energy.

TABLE 4: Recommended Thermochemical Quantitie3

guantity 0K 298 K
EA(HOO) 249+ 0.1
AacidGr(HOOH) 369.5+ 0.4
AgcidHr(HOOH) 376.5+ 0.4
DH+(HOO—H) 86.6+ 0.5 87.8+ 0.5
AiH(HOO) 3.9+ 05 3.2+ 0.5

a All values are in kcal moft

3.5 2 kcal mol?, and with the value derived by Fisher and
Armentrout? AfHa9g(HOO) = 3.8 4 1.2 kcal mof. Our new
heat of formation falls within the stated uncertainty of the
AfH209(HOO) = 2.8 + 0.5 kcal moi? value recommended by
Howard and co-workefsand also overlaps with the number
chosen for the most recent Gurvich thermochemical tales,
which was based on the Howard experimérffsable 3). The
Litorja and Ruscic measureméhtof the bond dissociation
energy,Do(HOO—H) = 86.7 £ 0.8 kcal mot?, is in excellent
agreement with our value. Their extracted heats of formation
of the hydroperoxyl radical\{Ho(HOO) = 4.0+ 0.8 kcal mot?
andAsH29gHOO) = 3.3+ 0.8 kcal mot?, are also in excellent

with those calculated with the most recent valueApfr(OH).14
This casts some doubt on the revised valueAgfi+(OH).
However, it should be pointed out that the uncertainties of our
measurements and those of Howard and co-wofKen= 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 H@@d
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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