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We use laser photoacoustic spectroscopy to obtain vibrational overtone spectra in the regions of four and five
guanta of G-H stretch (404 and 5op) for gas-phase methyl (MeOOH), ethyl (EtOOH), atedt-butyl
hydroperoxide tBuOOH). Integrated cross sections for the main peak due-ttdQtretch excitation to

4von are similar for all three hydroperoxides2 x 1072 c? molecule® cm™2); cross sections for excitation

to and 5oy are an order of magnitude smaller. Interpretation of spectral features using a previously reported
vibration—torsion model for ROOH molecules, where excitation of torsional motion about th® Gond
accompanies vibrational excitation, yields plausible fits to the spectra. Simulations with the vibtat&ion

model and ab initio calculations suggest barriers for torsional motion about-#@ lidnd to be higher in
t-BuOOH than in MeOOH and EtOOH, with a trend of increasing trans torsional barrier height with increasing
size of the R group.

1. Introduction Similar to HOOH?® the molecules addressed in this work
(MeOOH, EtOOH, and-BuOOH) can undergo direct overtone
photolysis where overtone excitation of the-8 stretch results

in cleavage of the ©0 bond and OH radical formation. The
groups of Crinf and of Zaré®!! have characterized the direct
overtone dissociation ¢fBuOOH from the 5o and 604 States
both experimentally and theoretically. While the direct overtone
photolysis of MeOOH or EtOOH has not been observed, a
theoretical study? of MeOOH suggests that it has enough energy
to dissociate from states excited with six or more quanta of
O—H stretch &6von) and that its dissociation rate is more
similar to that of HOOH than to that ¢fBuOOH. Because its

HOOHS overtone spectra to torsional excitation about the@ predicted dissociation rate is relatively fast, direct overtone

bond. They obtain from the spectra experimental values for the photc_)lysis, as opposed to coIIisipnaI d(_aacti_vation, can be
trans torsional barrier in the ground and vibrationally excited Considered a probable fate for highly vibrationally excited
molecules. MeOOH, and perhaps also EtOOH. As the process of overtone-

1.1. Overtone Excitation in Atmospheric Chemistry. initiated decomposition only contributes a 2% enhancement to

Recent work implicates direct overtone photolysis of atmo- the atmospheric photolysis rate of HOGHhowever, any
spheric species as a source of OH radié&&The direct contribution to atmospheric OH from the overtone excitation

overtone photolysis mechanism involves absorption of near- ©f MEOOH and EtOOH is likely to be very small. Still, the -
infrared or visible light to excite several quanta of vibration MPortance of cross section measurements to atmospheric
followed by unimolecular dissociation. Quantifying the contri- Chemistry prompts us to make crude measurements of cross
bution of the direct overtone photolysis mechanism to OH S€ctions using photoacoustic spectroscopy.

formation in the atmosphere by modeling requires reliable  1.2. Torsional Barriers for Motion about the O—0O Bond.
predictions of dissociation lifetimes and absorption cross Crim and co-workers use a vibratietorsion spectroscopic
sections. Using estimated collisional deactivation time scales model to interpret spectral features in HOD&hdt-BuOOH'

and absorption cross sections, for example, Donaldson et al.O—H stretch overtone spectra. They assign the main band to
report theoretical values for the contributions to atmospheric O—H stretch excitation and the smaller peak at higher energy
OH from the direct overtone photolysis of nitric acid (HONO  to O—H stretch excitation accompanied by one quantum of
peroxynitric acid (HGNO,), and HOOH! While the process torsional excitation for motion about the @ bond. For

is significant for molecules with weak @0 bonds (bond t-BuOOH the model yields trans torsional barrier heights in the
strength 95.3 kJ mot for HO.NO,) % direct overtone photolysis ~ ground and vibrationally excited states/¢, Svon, and 6op).

for hydroperoxides typically requires five or more quanta of They find the trans barrier farBuOOH to be 275t 25 cnt?

Two applications of overtone excitation and spectroscopy
provide the motivation for this work. The first is the role of
overtone excitation in the atmospheric formation of hydroxyl
radicals (OH) via a mechanism called direct overtone photoly-
sis1? Like hydrogen peroxide (HOOH), methyl hydroperoxide
(MeOOH) is a source of HQfree radicals in the upper
tropospheré, but its overtone excitation has not yet been
investigated and its cross section is unknown. The second
application is the determination of barriers to torsional motion
about the G-O bond in hydroperoxides. Crim and co-workers
attribute features itert-butyl hydroperoxide ttBuOOH)* and

O—H stretch excitation in order to break the-@ bond (bond in the ground vibrational state and to have increasing values
strength~188 kJ mof? 7). with increasing G-H stretch excitation, a trend they also observe
for HOOHS

* Address correspondence to this author. Phone: (413) 585-4495. Fax: i i i _ in i i i
(413) 585.3786. E-mail: shsieh@email.smith.edu, While the torsional barrier fot: B_uOOH in its vibrational
* Present address: Department of Chemistry, University of Wisconsin, 9round state has not been determined by other methods, those

Madison, Wisconsin 53706. in HOOH and MeOOH have been studied both experimentally
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and computationally? Experimental® values reported for 5 mL), distilled water (14 mL), and dimethyl sulfate or diethyl
HOOH in its vibrational ground state are 387 chfor the trans sulfate (5.5 mL) are combined in a three-neck, 1000-mL round-
barrier and 2563 cri for the cis barrier. Analysis of microwave  bottom flask placed in an ice bath. The flask is equipped with
spectra yields a trans barrier height of 172.5 &for MeOOH 16 magnetic stirring and fitted with a condensor, thermometer, and
and electronic structure calculations reproduce the experimentaldropping funnel. Potassium hydroxide solution (40%, 11.6 mL)
value to within~30 cnT?, with a best theoretical value of is added dropwise to the reaction mixture. After the addition of
132 £ 10 cnTl. Tonmunphean et al. also calculate the cis the potassium hydroxide solution, the reaction mixture is heated
barrier to be 2016t 10 cnT1.14 gently until bubbles cease to app@amhe reaction mixture is
The heights of the barriers to torsional motion have implica- allowed to reach room temperature. Aliquots are taken from
tions on the interpretation of results from photodissociation the reaction flask to determine the peroxide concentrations as
experiments of the ROOH molecules, as increased torsionaldescribed belo®-2?Before use, the reaction mixture is neutral-
motion in a parent ROOH molecule causes alignment of the ized with 50% sulfuric acid at 273 K.
OH fragment angular momentund)(with its recoil velocity We analyze aliquots from the reaction mixture to determine
vector ¢).17 In their interpretation of the ultraviolet photodis- MeOOH or EtOOH concentration. The analysis follows the
sociation oft-BuUOOHY” Brouard® and co-workers assume it approach of Davies and Dedfythat assumes the MeOOH or
to have a low torsional barrier80 cnm?). They find that the EtOOH concentration to be the difference between the total
expected wide-motion torsional excitation, however, only peroxide concentration and the contribution from HOOH.
becomes important for fragments produced with higlalues. Several hours after the synthesis procedure, the MeOOH and
A report of the photodissociation of cumene hydropero¥ide EtOOH solutions no longer show indications of HO@HT he
attributes the observed positive-J correlation in OH fragments ~ assays for total peroxides and HOOH are as follows. For the
to a torsional barrier much lower than the zero-point energy. total peroxide concentration, we use the method of Behrman et
The apparent conflict between the assumption of a lo®Q( al.2® Sulfuric acid (2 M, 20 mL), water (4.5 mL), and aqueous
cm™1) trans barrier in-BuOOH and the value predicted by Likar ~ potassium iodide (1 g in 10 mL) are added to each aliquot of
etal? (275+ 25 cntl) prompts us to calculate the trans barrier. the reaction mixture (0.5 mL). After the mixtures sit in the dark
We also apply the vibrationtorsion model to our spectra of ~ for 60 min, samples (5 mL) are taken and titrated with sodium
MeOOH and EtOOH. For all three hydroperoxides the vibra- thiosulfate solution (0.01 M3 We have tested the titration assay
tion—torsion analysis is consistent with calculated trans barrier using the HOOH and-BuOOH solutions from Aldrich, and
heights, leading to the conclusion of a lower trans barrier height results are consistent with their reported concentrations. The
for O—O0 torsion in MeOOH and EtOOH versts8uOOH. The assay for HOOH concentration is a spectrophotometric method

calculations support the work of Likar et4l. similar to that of Sellerg* A calibration curve is constructed
for absorbance against a blank at 400 nm (Varian Cary 50 Bio
2. Experimental Photacoustic Spectra UV —visible spectrophotometer). To prepare the samples HOOH

) ) solutions (reaction mixture or 0.00445 M HOOH standard) are
2.1. Photoacoustic SetupDoubled light from a Nd:YAG added to sulfuric acid (2 M, 3 mL) and titanium(IV) oxysulfate
laser (Spectra Physics LAB150, 10-ns pulses at 10 Hz) pumps 15 wt 9% solution in dilute sulfuric acid, 0.5 mL) and diluted
a dye laser (Sirah Cobra Stretch) to generate visible light with 4 5 total volume of 50 mL with deionized water.

0.05-cnt? resolution. The dyes used are LDS 751 and a mixture o 3. Estimating Absorption Cross SectionsPrevious ab-
of Rhodamine 610 and 640 in methanol. After a series of turning sorption cross section measurements of gas-phase samples with
prisms the light enters a glass cell (2.5-cm diameter, 35-cm photoacoustic spectroscopy involve comparison of signal in-
length) with removable windows at Brewster's angle and a tensity with that of a molecule of known cross section, usually
microphone (Knowles EK-3132) positioned near the center of methaneés Here we rely upon known cross sections of water
the cell 1.5 cm off the laser beam path). We monitor the yapor (HITRAN databagé) to estimate cross sections of the
amplified microphone signal (boxed and integrated with a gas-phase hydroperoxides (ROOH). Since the vapor from the
Stanford Research Systems 250 Boxcar Integrator) as afunctioryquueous samples contains both water and ROOH, we monitor
of laser wavelength to collect photoacoustic spectra. Laser pulseine relative magnitude of signals in a narrow wavelength region
energies measured at the gas cell range from 5 to 40 mJ, and §ynere water absorbs (typically 729:4%29.05 or 629.40
thermopi_le power meter (Ophir AP-10) at the .o.utputend_ ofthe gog g5 nm) and over the top of the main ROOH peak. To
cell monitors the laser power. We have verified the signal’'s capture the sharp peaks from water, its spectra are taken with
linear dependence on laser power and normalize spectra forgmayler step sizes<(0.001 nm) than the ROOH spectra (0.05
variations in power. nm). We normalize hydroperoxide spectra to the intensity of
2.2. Sample Preparation and HandlingThe samples consist  the main ROOH peak. Assuming that the integrated sigBal (
of vapor from aqueous hydroperoxide (ROOH) solutions. under each peak is directly proportional to both the integrated
Bubbling argon through the aqueous sample solution and apsorption cross section)and the partial pressur®) of the
flowing the gas mixture through the cell to maintain a constant gpsorber, the ratio of the water and ROOH peak areas yields
pressure in the range of 8400 Torr maximizes the signal and  the hydroperoxide integrated cross sectiopopr), as long as
makes it more robust to slight changes2(Torr) in sample the relative partial pressures and water vapor cross section are

pressure. Aqueous solutions of HOOH (30% or 50%) and known. We determine the hydroperoxide cross section using
t-BUOOH (70%) are from Aldrich. We use samples as pur- the following relationship.

chased, after a freezpump-thaw cycle, and assume the
concentrations to match those reported by the manufacturer.
Since MeOOH and EtOOH are not commercially available, we =
follow a procedure for preparing aqueous MeOOH and EtOOH S—'ZO PH200H20
that minimizes the HOOH in the reaction mixtufe.

Reagents for the synthesis of MeOOH and EtOOH are from  The simple strategy outlined above for determining hydro-
Aldrich and Fisher Scientific. Hydrogen peroxide solution (30%, peroxide cross sectionsgoor) from relative signals of water

Skoor _ ProorProon
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TABLE 1: Estimated Partial Pressures above Aqueous TABLE 2: Integrated Cross Sections (cn? molecule® cm™1)
Solutions at 295 K for the Main Peak for the O—H Stretch Overtone
soln concn ROOH partial H2O partial Avoy 5von
(M) pressure (Torr)  pressure (Torr) HOOM? (614 1.1)x 102
HOOH 9.8 0.13 14.R HOOH (4.58+0.39)x 1072 (5.67+£0.52)x 1072
t-BUOOH 7.0 6.5 13.3 MeOOH< (2.74+0.3)x 1072 (2.14+1.3)x 10722
0.10 0.16 19.8 EtOOH© (1.64+ 0.6) x 1072 (1.94+ 1.6)x 10722
0.05 0.08 19.8 t-BuOOHc  (1.7+0.4)x 1072 (1.7£0.5) x 10722
g%%?_'H 8;18 ggi igg aFrom ref 13.° Uncertainties reported are standard deviations from

three or more trial runs and do not take into account any differences in
aExtrapolated from Tables 17 and 18 in Chapter 5 of ref 28. vapor composition from those reported in Tablée lntegrated intensi-
b Estimated assuming Raoult’s law and a total vapor pressure of 20 ties are for the main peak, which encompasses transitions involving

Torr at 295 K.¢ Estimated assuming a Henry’s law constaf)(of no change in torsional level (illustrated in Figure 2 §sA, S;, and
465 M atn? that we determined from analyzing the vapor condensate Ai)-
from a 0.1 M solution? Based on Henry’s law constants from ref 30.

L . . . ) aqueous solutions of HOOH, we estimate a cross section value
and hydroperoxide is only reliable if three basic assumptions ¢, the main 4on peak that is within error of a superior

hold true. The first assumption is that the instrument response . aasurement using cavity ring-down spectrosédprable 2).
is independent of the identity of the absorber. Included in this g0 vapor pressure compositions are not known exactly for
assumption is the approximation that the efficiency of collisional o RooH solutions, we approximate them using Raoult's or
energy transfer is the same for all absorbers. The secondyenry s jaw and solution concentrations determined as described
assumption is that the signal magnitude is directly proportional 4p,e (Table 1). For MeOOH and EtOOH we use reported
to the concentration of the absorber. The observed linear Sig”alHenry’s law constant®30 but for t-BUOOH we use a value
response of signal to partial pressure of the absorber (not shown),5caq on analysis of the vapor condensate. Using Henry’s law
supports this second assumption. The third assumption is thatyith solutions of low concentration (0.05 and 0.1 M) or Raoult’s
the vapor composition is known; we assume the vapor pressurga,y, with high concentrations (7 M) yields similar results for
above the sample to reflect the predicted equilibrium vapor ¢ g,00H, so we consider our assumptions adequate for the final
composition. Since partial vapor pressures above solutions areqss section values farBUOOH (Table 2). Our values are
not known exactly for MeOOH, EtOOH, ansBUOOH, we ahoyt four times larger than cross sections from a previous work
make approximations, as described in more detail below. This for - BUOOH at 5oy, but subsequent authors indicate a 50%
third assumption is the weakest point in our estimation of \ncertainty in their absolute measureméfid. The MeOOH
absorption cross sections for the hydroperoxides, not only ang EtOOH cross sections (Table 2) carry more systematic
because of the estimated partial pressures (Table 1) but alsq ncertainty since solution impurities are likely to shift the vapor
because of the interaction of the gases with the cell wall. As composition away from that predicted by Henry's law. The low
pointed out by Gutow et af the tendency of water vapor to  yapor concentrations for MeOOH and EtOOH (Table 1) result
stick to glass walls complicates knowing the vapor composition in 3 |ower signal-to-noise ratio and therefore higher standard
with certainty. Since the hydroperoxides also stick to the walls, geviations in the reported values (Table 2). Figure 1 shows
we make the assumption that the sticking tendencies of the gpectra with our best determination of cross sections.
different molecules are comparable. An observed increase in
signal with increasing sample concentration supports the overall 3 garriers to Torsion about the O—O Bond
assumption qualitatively. Analysis of the condensate of the gas
that passes through the cell supports the assumption quantita- 3.1. Qualitative Trends.The vibration-torsion spectroscopic
tively within 10%. model of Crim and co-worketsiccounts for the coarse features
We base estimated vapor concentrations (Table 1) on inthe spectra. To describe these features we follow their notation

concentrations of peroxides in solution, as reported by Aldrich for denoting transitions. Likar et al. us¢ &d A to indicate
(for the cases of HOOH artsBuOOH) or as determined using transitions between S or A symmetry states from torsional level
the methods described in Section 2.2 (for MeOOH and EtOOH). i in the ground vibrational state (g}) to torsional levelj in
For MeOOH and EtOOH, evidence for peroxide decomposition the vibrationally excited state 4 or Svow).* In the model
in solution further complicates the measureméntsrom the the main peak corresponds to a vibrational transition without
observed decrease in hydroperoxide signal with time and from any torsional excitation ¢Sand A, Figure 2). The smaller
assays of the sample solution before and after an experimentaPeak at higher photon energy corresponds to a hot band in-
run, we estimate a drop of 2B0% in MeOOH or EtOOH  volving torsional excitation (Sand Ay), and the peak at even
concentration over a period of 90 mihWe did not notice higher energy corresponds to a combination of vibrational and
peroxide decomposition for the cases of HOOH &BidiOOH. torsional excitation (éSand Aé). We interpret the additional
To minimize the effects of peroxide decomposition for all four feature at low photon energy in the MeOOhi (Figure 3)
molecules, we alternate between measurements of the peroxidéo a hot band transition from a torsionally excited state to a
and water as quickly as possible, making scans in small sectionsvibrationally excited state without torsional excitatiorﬂ_) e&d
of each region. Typical scan times are under 15 min so that A(l’)_
both water and peroxide regions are recorded within at least 30 Because the model predicts that the energy differences
min. Given our estimated rate of peroxide decomposition, the petween spectral features are directly related to the energy
effect contributes Uncertainty no greater than the reported Spacings between torsional energy levels in the ground and
standard deviations (Table 2) that reflect our experimental yviprationally excited states (Figure 2), trends in the spectra lead
reproducibility. to two predictions. The first is an increase in torsional energy
HOOH provides a test case for our methods and assumptionslevel spacing with increasing vibrational excitation, as Crim
Using the knowf? values of equilibrium vapor pressures for and co-workers have observed previously for HGCahd
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Figure 1. Photoacoustic spectra for hydroperoxides (ROOH) in the regiornvgf deft) and 5on (right). Sharp lines around 13 500 ciand
higher are due to water. The low vapor pressures of MeOOH and EtOOH (Table 1) lower the signal magnitude and therefore also the signal-to-
noise ratio. Standard deviations in cross section determinations for the main peaks, which are unhampered by water lines, are listed in Table 2.

t-BUOOH? The second is an increase in torsional energy level and the kinetic energy operator is
spacing with increasing size of the R group within the series

studied here (Figure 3). Since the model shows the torsional E —_ Ea(x)i
energy level spacing to be most sensitive to the trans barrier K dy dy
height Vrangd for torsion about the ©0 bond¢ the second trend

indicates an increase WansWith increasing size of the R group.  where

Calculations (Figure 4) and the model’'s quantitative treatment,

described below, support the simple qualitative prediction. a(y) = o + o, cog(

3.2. Vibration—Torsion Spectroscopic Model.The vibra-

tion—torsion model assumes the-® stretch vibration and the  The parameters for potential enerdp(Vi, Vo, andVs) can be
torsional motion about the ©0 to be adiabatically separate so  expressed in terms of the cis and trans barrier heights, and the
that simulating the positions of peaks in the spectra involves kinetic energy parametersag and o) are a function of
solving for the torsional states that accompany a given vibra- molecular geometry and masses, as described in detail in the
tional state. We use a program rewritten in Mathcad but based Appendix of Likar et af Solutions are found in basis sets of
on code originally written by Dioal and Crim in FORTRAN. sinny, sin( + ,)y, cosy, and cosf + Y,)y, with n = 0 to
Given initial input parameters for describing the kinetic energy 19, resulting in states with the labets, oa, es and os

and potential energy operators, the program solves the"Schro respectively? Likar et al* group theea and oa states, which
dinger equation for torsional motion. Energy levels in the ground are antisymmetric aboyt = 18C°, as A states and thesand

and excited vibrational states are taken as the sum of vibrationalos states, which are symmetric abgut= 18(°, as S states.

energy and torsional excitation energy. Transitions are limited between states of the same symrhetry.
For defining the Hamiltoniah the potential (Figure 5) as a Unlike more sophisticated calculatiéis® for predicting
function of torsional angle (RO—O—H dihedral angley) is overtone absorption cross sections, the model does not take into
described by account the dependence of the dipole moment function on
dihedral angle for predicting relative peak intensities. The
3 relative peak intensities shown here are based only on Franck
V() = ) V,cody Condon factors and room-temperature populations. Calculations

= of absolute overtone absorption cross sections that take into
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Figure 2. Peak assignments in thed, region fortert-butyl hydro-
peroxide from Crim and co-workers. Spacings between peaks, shown
above the spectrum, directly reflect torsional energy level spacings in i :
the ground (Qon) and excited (doy) vibrational states, illustrated on i = S

the energy level diagram to the right. Assignments are from Likar et ; \_L Jy\%% 25=0V0H
al.,* who also indicate that the structure around 13 530coontains e Atinad . 4

a contribution fromtert-butyl alcohol. The notation!®r Al indicates 13200 13400 13600
'_[ransitions betv_veer! S or A symmetry states fro_m a _torsional Igviel of Photon energy (cm-)

in the ground vibrational state to a leveljah the vibrationally excited ) ) ' )

state. See Section 3.2 for a brief description of the torsional states Figure 3. Torsional energy level spacing as a function of hydroper-

tert-butyl

(A, S) or refs 4 and 5 for more detail. oxide (ROOH) R group. Thewy spectrum for MeOOH (top) shows
a hot band at low energy. Spacings between peaks are labeled to
TABLE 3: ROOH Equilibrium Geometries 2 illustrate a trend of increasing torsional energy level spacing with R
group size for the molecules in their ground vibrational states. Section
Roo Ron Roc DOOH HOOR  yroon 3.4 describes the direct relationship between the trend shown here and

MeOOH  1.4505 0.9655 1.4140 100.6 106.6 116.3 the trend of increasing torsional barrier with R group size shown in

MeOOH  1.449 0.966 141 100.8 106.8 115 Figure 4.

EtOOH 1.449 0.966 1.43 100.8 108.8 113

::5388: 1-2‘712 8-328 1-35 182-3 132-5 11113 the input value ofyans We leave it as an adjustable parameter
) ) : ) : for fitting the experimental spectra.

#Bond lengths in A and angles in degCalculations by Tonmun- Likar et al* provide guidance for selecting parameters for

phean et al. (ref 14) with B3LYP and the cc-pVQZ basis $¥alues - . . g -

used in this work from B3LYP calculations with the 6-31:+G(3df,2pd) tEe Vlbra.‘tlona”y excited stateg. We aqult thelrhassumptlon that
basis setd Values used by Likar et &lfor input into their vibration- the eXCIted.-state geometry is identical to the ground-state
torsion model. geometry with the exception of an extended @ bond length

and compressed dihedral angle. For the determination of kinetic

account the dipole moment function dependence on torsional€nergy parametersi andaa), we use ground-state bond lengths
angle are underway and will be presented in a future work. The and angles (Table 3) with values for extendee-KD bond
simulations here are only meant to account for crude featureslengths from Likar et al. (1.041 and 1.065 A forgh and 5o,
and to relate the trends in the spectra to trans barrier heights.respectively). Similarly for the dihedral angle in the vibra-
3.3. Input Parameters.The vibration-torsion model requires  tionally excited states, we use their value of 10@iven the

equilibrium geometries for determining the kinetic energy '€lative insensitivity of simulations with respect i, we
parameterso, and ar) and torsional barrier height&/gs and assume the same differences due to vibrational excitation as

Viand for describing the torsional potential (Tables 3 and 4). those observed for HOOMAs in the vibrational ground-state

Gaussian 9% provides parameters for the ground vibrational C2S€, We leav¥/uansas an adjustable parameter.

state geometries (Table 3). Changesvii as high ast200 3.4. Trans Torsional Barrier Heights. The Vians values
cm-1 produce little difference in the calculated energy levels reported in Table 4 and displayed in Figure 4 are selected to
and in the visual appearance of the final spectrum. &gy match the energy differences between peaks in the experimental
values, therefore, we use values determined from calculationsspectra. Since the energy difference between the combination
in a manner similar to that shown in Figure 5 without any band ($ and Ay) and the hot band ¢Sand A) directly reflects
adjustments. While the simulations are relatively insensitive to the energy spacing between torsional levels in the ground
changes iV, values, the appearance of the simulated spectra vibrational state, we consider reasonafig.svalues (Table 4)
changes significantly with the input value Wfans* Changing to be those yielding spacings of 125, 150, and 180 cfor

the value oVyansbeyond+25 cnt?! causes visually noticeable  MeOOH, EtOOH, and-BuOOH, respectively (Figure 4), within
changes in the spacing between spectral peaks in the simulationst15 cntt. The spacing between the hot band at low energy
Because the model is sensitive to relatively small changes in (S‘f and Ai)) and the main peak €Sand Ag) only observed for



O—H Stretch Overtone Excitation

TABLE 4: Input Parameters for the Vibration —Torsion Model
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VoH Veis (cm™?) Virans (CM 1) y (deg) oo (cm™) oy (cm?) bandcenter (crt)
MeOOH 0 2100 130 116 21.70 0.613
4 2220 320 106 18.92 0.592 132675
5 2295 370 106 18.15 0.586 1613010
EtOOH 0 2000 185 113 21.42 0.627
4 2120 350 106 18.64 0.606 132575
5 2195 480 106 17.87 0.600 1608310
t-BuOOH 0 2400 275 113 21.16 0.633
4 2520 425 106 18.36 0.612 132965
5 2595 575 106 17.60 0.606 1613010
t-BuOOH 0 2640 275+ 25 118 20.39 0.225
4 2760 425+ 50 106 17.44 0.215
5 2835 575+ 60 106 16.68 0.213
@ Parameters used in the original application of the vibratimnsion model ta-BuOOH (ref 4).
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Figure 4. Calculated trans potential barrier heigh¥s.¢9 for t-BuOOH
(squares), EtOOH (diamonds), and MeOOH (circles). Calculations use
B3LYP with standard basis sets ranging from 6-311G(d,p) to
6-311++G(3df,2pd). Solid shapes are for calculations including diffuse
functions on hydrogenst+). The values reflect the energy difference
between the fully optimized, energy-minimum structure and the
optimized structure with a trans or cis configuration, as determined by
the fixed dihedral angle (18Gor trans or O for cis). We did not use
transition state optimization options in the calculations. Dotted lines
mark experimental values determined from photoacoustic spectra with
the vibration-torsion model.

MeOOH at 40y, also implies a torsional energy level spacing
of ~125 cn1! for MeOOH in its ground vibrational state. To
determine inpuVyansvalues for the vibrationally excited states
we depend similarly on the experimental energy difference
between the combination bandj(&nd A;) and the main peak
(S5 and A). Simple stick spectrum simulations from the
vibration—torsion model using the input parameters listed in
Tables 3 and 4 appear in Figure 6.

4. Discussion

4.1. Integrated Cross SectionsThe measured cross sections
(Table 2) have large standard deviations, reflecting our poor
experimental reproducibility, but the values have reasonable
magnitudes within expectations. It is anticipated that cross

] ] |
120 180 240

Dihedral angle ¥ (degrees)

Figure 5. Shape of the potential for torsion about the-O bond in
t-BUOOH. Circles are points from calculations at the HF level with a
6-31+G(d,p) basis set, with geometry re-optimization in the remaining
degrees of freedom at each valueyofEnergies do not include zero-
point vibrational energies. The line is the potential function used in
the vibration-torsion model drawn for the specific case of a 3000tm
cis barrier and a 215 cm trans barrier.

|
300

60

increase in the number of quanta of vibration exciteaind the

rule of thumb roughly applies for each ROOH abé and 5op.
Refining the absorption cross section for MeOOH ab\h
where signal-to-noise levels are currently low, and obtaining a
value at &on are of continued interest to our lab since direct
overtone dissociation to form OH probably occurs from these
states. Ongoing calculations for the absolute absorption cross
sections will supplement future experimental work.

4.2. Torsional Barrier Heights. Of the hydroperoxide series,
MeOOH has the lowest trans barrier to motion about the3D
bond. Using the vibrationtorsion model and experimental
spectra (Figure 3) we estima¥gans~ 130 cnT?, which is in
close agreement with a previously calculated value (132éf
but farther from the experimental value from microwave
spectroscopy (172.5 crh19). Using the earlier experimental
value Vyans= 172.5 cnt! 19 in the vibration-torsion model

sections should decrease by an order of magnitude for anresults in a predicted torsional energy level spacing that is high
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Figure 6. Simple stick simulations from the vibratieftorsion model compared with experimental spectra of ROOH molecules. Input parameters

for the model are listed in Tables 3 and 4. Scaling of simulated stick spectra to experimental spectra is arbitrary and meant for easy comparison of
peak positions. Relative stick heights reflect Fran€london factors and relative initial populations only; predictions do not take into account the
variation of the transition dipole moment with torsional angle.

enough ¢152 cnt?) that simulations no longer match experi- barrier (Table 4). This observed correlation between dihedral
mental spectra. A low torsional barrier, such as that predicted angle and torsional barrier height supports the effect proposed
for MeOOH, should have two predictable effects or-i® by Carpenter and Weinhold and suggests that the ground-state
overtone spectra, both resulting from the population of torsion- dihedral angle is a good predictor of relative barrier height in
ally excited states at room temperature. First, contributions from hydroperoxides (ROOH

hot bands should be greater such that population of excited

torsional states may account for the additional peak observeds, Summary

in MeOOH spectra atiby (Figure 3). Second, any dependence ) o

of the dipole moment function on torsional angle should become ~ Cross sections for overtone excitation of MeOOH, EtOOH,
more pronounced since excited torsional states with energiesand -BUOOH at 4oy and 5ron obtained by photoacoustic
near the top of the potential barrier have wave functions that SPectroscopy provide experimental values that may be useful
spread to a wider range of torsional angles. For the case offor determmmg the relative importance of direct overtone
MeOOH, therefore, calculations that address the dependence?hotolysis of MeOOH and EtOOH at& and 604 To account

of the dipole moment function on torsional angle should show theor_etlca_llly for the integrated cross sections, mod|f|cat|ons of
large changes in relative intensities from those in our current the vibration-torsion model to account for the dipole moment

simulations.

In all three ROOH molecules the trans barrier to torsional
motion about the ©0 bond is lower than that in HOOH (387
cmtin the ground vibrational stat®, a trend that is consistent
with theoretical prediction® As Likar et al? note, Carpenter
and Weinhold found that donation from a filled oxygen lone-
pair in HOOH into an empty antibonding orbitaid.*) on the
opposite oxygen stabilizes the molecule at its equilibrium
dihedral angle (111.837).36 The relative stability at the energy
minimum for HOOH increases its cis and trans barriers to
torsional motion. The effect relies on the equilibrium dihedral
angle being small enough to allow for good orbital overlap.
Citing less overlap with the antibonding orbital in the case of
t-BUOOH, Likar et att argue that-BuOOH has less stabilization

dependence on torsional angle are currently underway.

The coarse features in the photoacoustic spectra can be
accounted for by the vibratiertorsion model of Crim and co-
workers?® The vibratior-torsion analysis and ab initio calcula-
tions imply a lower trans barrier to torsion about the @ bond
in MeOOH and EtOOH versus that trBuOOH, with a trend
of increasing barrier height with increasing bulkiness of the R
group and with decreasing torsional angle.

Future plans for the lab include a more thorough investigation
of the absorption cross section of MeOOH appwhere direct
overtone dissociation to produce OH radicals should become
possible for states with high rotational energy. The lab is in the
process of preparing for detection of OH radicals from overtone
excitation of ROOH molecules.

and therefore a lower trans barrier compared to HOOH. Indeed
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