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Both stable conformers, trans (T) and gauche (G), of the ethyl peroxy radical and its perdeutero analogue
have been observed via cavity ringdown spectroscopy (CRDS) of4heX¢A" electronic transition in the
near-IR. Assignments of specific spectral lines to the electronic transition ofiginto observed vibrational

hot bands, and to the COO bend and the@stretch vibrations are given with the help of equation of
motion (EOMIP) quantum chemical calculations. In particular, spectral information for the previously unknown/
unassigned T conformer of ethyl peroxy is given in this study for the first time and compared to the data for
the previously observed G conformer. The conformer assignment is confirmed by an analysis of the partially

resolved rotational structures. The electronic origins for the T and G conformergHgDEare located at
7362(1) and 7592(1) cm, respectively.

1. Introduction tions with HG; to generate alcohols, carbonyl compounds, and
— ) . . hydroperoxide§,which can be involved themselves in a variety
The oxidation of hydrocarbons is a critically important process of important atmospheric processes and may also contribute to
that affects both the efficiency of our automobiles and the quality acid rain formation. In polluted atmospheres, peroxy radicals

of our atmosphere. These hydrocarbons are key components intgac with NO to form NG, which is then photolyzed to produce
fossil fuels that serve as our chief energy source, and so theiroxygen atoms that combine with,@ produce ozone. It has
reaction with oxygen, which will inevitably occur both in  peon estimated that the reactions of peroxy radicals are
combustion and atmospheric conditions, should be well under- responsible for-90% of the ozone present in the tropospHere.
stood. . . . Because the Btate of the peroxy radicals is dissociatfve,
Common fuels, which are typically comprised of large g \yel.known, strong BA"-X2A" electronic transition lying
hydrocarbon components Ilk_eheptane and Isooctane, producg in the UV leads to a broad, structureless absorption spectrum,
numerous reactive intermediates upon combustion before go'ngbeing only weakly dependent on the R group of the organic
to completion. One of the key intermediate products is the alkyl peroxy. To distinguish among various RQ@adicals and also
peroxy radicals (R@) at temperatures be!ow 1000 K'. 'I_'he fuel to resolve isomer and conformer structure, our group has
compoupds (RH,) are oxidized primarily by an |n|.t|al H-" Undertaken efforts in the past to apply cavity ringdown
abstraction reaction with OH to produce an alkyl radical) (R spectroscopy (CRDS) to the2A'-X2A" electronic transition
that subsequently combines with @ form the peroxy radical. in the near-infrared (NIRY: 15 Because this is a boundound
The equilibrium formation of the alkyl peroxy radical via this 45 hgjtion with well-defined structure, we have been able to

reaction has an effect on the overall rate of combustion and distinguish not only among different chemical species R
c%n Iea((jj to a negative tempberature dgggnder&ce; (%STHgaS beg o, but also among different isomers and even conformers of
observed at temperatures between an € a given RQ radical. For peroxy radicals with R being a simple

competition. between the alkyl radicgl reaction Witbt@form alkyl group, we have previously reported spectra for the series
peroxy radicals and the alkyl radical self-reaction may be from methyl peroxy (R= CHs)® up to butyl peroxy (R=

important to the amount of soot proc_iuéeahd a complete C4Hg).2* An upcoming papéf will present results for all the
knowledge_ of the chem|c_al and physu;al properties of aIk_yI isomers of pentyl peroxy and also will summarize the charac-
peroxy radlca!s, coupled with correspor)dlng spectral d.'agnosncs’teristics and properties of all these alkyl peroxy radicals.
should benefit greatly our understanding of combustion chem- In this article, we report a detailed investigation of the NIR

istry. -
. . . . CRDS spectra of ethyl peroxy and its perdeutero analogue. The
Peroxy radicals involved in hydrocarbon oxidation are also z25:_2p" electronic near-IR transition of ethyl peroxy was

important to the chemistry of the troposptfet@ecause they first observed via absorption spectroscopy by Hunziker and

play a key role in the degradation of volatile organic compounds Wendt” and later with higher resolution by our groiptkinson

injected Into the atmosphere. In the clean atmosphere, organic, g Spillmaf? used this near-IR transition to study ethyl peroxy
peroxy radicals undergo self-reactions, cross-reactions, or reac

radical kinetics via cw-CRDS, whereas Nickolaisen and co-

" y R— (614) 2922560 workers® determined experimental vibrational frequencies of
* Address correspondence to this author. Phone: (614 -2569. Fax: ; id ; P

(614) 292-1948. E-mail: tamiller@chemistry.ohio-state.edu. ethy! peroxy in the mid-IR. However, in all the experimental
t The Ohio State University. studies up to now, the spectrum of only one conformer of ethyl

* Eotvos University. peroxy has been reported, although calculations indicate an
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energy separation between the two conformers of lesskiian  3-pentanone was used because ethyl radicals are easily produced
at room temperatur®. It is important to understand the from it at 193 nm due to the strong absorption cross section of
spectroscopy of both conformers of the penultimate smallest o &~ 2.8 x 10718 cn? /molecule?2 Another precursor taken for
alkyl peroxy radical in detail to be able to understand the larger this direct photolysis method was ethyl bromide. Although
alkyl peroxy radicals, where the number of isomers and resulting in similar results, the spectra recorded with ethyl

conformers dramatically increases. bromide were of lower quality due to the smaller photolysis
cross section of this precursar £ 7 x 1071° cm?/molecule)?®
2. Experimental Section In a second ethyl peroxy production method, oxalyl chloride,

. ) ) . (COCl),, was used to produce chlorine atoms for hydrogen
The apparatus was similar to that used in previous studies of gpsiraction from ethane resulting in ethyl radicals. Because of
the A-X CRDS spectroscopy of alkyl peroxy radicts:* The the large absorption cross section of oxalyl chloride,& =
required NIR radiation around 1.2m was generated by 3 g 10-18 cn@molecule at 193 nif this indirect approach

stimulated Raman shifting of the output of a dye laser in yagyited in spectra as good or better than the ones from the direct
molecular hydrogen. The second harmonic qf a Nd:YAG laser photolysis method with 3-pentanone as the precursor, and
(20 Hz Quanta Ray PRO 270, Spectra Physics) pumped a dyeepresents therefore an alternative source of ethyl radical to
laser (Sirah), whereby the dyes DCM, Rh B, and Rh 101 were gyphort spectroscopic assignments of the spectral carrier.
used to cover the 58845 nm region with pulse energies of  \joreover, by having two good production methods one can
50-100 mJ and a laser line width of 0.03 ci(fwhm). The choose the one suffering less from broad precursor absorption,
output of the dye laser was focused by a 50 cm focal length \yhich - although suppressed by our background subtraction
lens into a 70 cm long, single-pass Raman cell filled with200  rocedure, nevertheless increases the baseline of the spectra and
300 psi of . The required NIR light corresponds to the second jnfiuences their S/N ratios.

Stokes ra(_jiation (22 mJ/pulse) in the_ region of 1'}5'39”_”1' In both production methods, the ethyl radicals subsequently
and the simultaneously produced first Stokes and antl-Stokesreacted with @ to produce ethyl peroxy in a quantitative

as well as fundamental radiation were filtered out by using .j,version via a 3-body collision involving 5N Typical

several 1000 nm long-pass cutoff filters. The NIR light then concentrations of reactants used for the direct photolysis method

entered the 55 cm long ringdown cell formed by two highly ¢ o4, .
i . yl peroxy production have been-3 Torr of 3-pentanone
reflective R = 99.99%) mirrors (Los Gatos Research). To cover (nitrogen thereby bubbled through the liquid precursor), 50 Torr

the NIR range from 1.15 to 1.38m for the experiments in this of O, and 125 Torr of M. Assuming a yield of two ethyl

work here, tW9 §ets of mirrors were used, whereby each mirror radicals per photon absorbed, the absorption cross section for
set had sufficient overlap to z_allow complete wavelength 3-pentanone mentioned above (8018 cr?/molecule), and
coverage. A constant flow of nitrogen purged the exposed g agtimated 1.5 1016 photons/crd flux of 193 nm photons,
surface of the mirrors to protect them from any harsh chemlcalsthe number of gHs radicals produced can readily be calculated
present in the cell. The NIR radiation that passed through both to be 2.7x 10 molecules/criper Torr of 3-pentanone

highly reflective mirrors and exited the ringdown cell was . .
o Typical concentrations of reactants used for the hydrogen
focused by a 2.5 cm focal length lens onto an amplified InGaAs abstraction method of ethyl peroxy radical generation included

photodiode detector, whose signal was digitized by a 12 bit 20 0.5-1 Torr of (COCI}, 4 Torr of GHe, 80 Torr of G, and

i iz card il 1 the P contling e et 150 or o . i e same oo T a aboe and
- lypically Y ield of two chlorine atoms per photon absorbed, .70

each dye Iasgr frequency and_ the d'g.'t'ZEd signal of t.he Observe%olecules/crﬁ of ethyl peroxy radicals are generated per Torr
decay of radiation was then fit to a single-exponential by using

the nonlinear LevenbeteMarquardt alaorithm. The deca of oxalyl chloride. The similar S/N ratio observed in the spectra
rgMarq a9 . Y recorded with the two different methods is consistent with these
constant was converted to the relative absorption per pass (in

ppm) and saved as a data point in the spectrum. To removeSImIOIe estimates.
background structures, i.e., broad bands of precursor absorptior}3 Results and Analvsis
and sharp rotationally resolved water lines, at each frequency ™" y
point, a ringdown time was acquired with the photolysis excimer  Methyl peroxy (CHO,), as well as ethyl peroxy (Els05),
laser on and off and these two traces were subtracted (excimelpossesses only a single isomeric form with a peroxy-like
on — excimer off) to leave only the spectrum due to the transient electronic structure. Calculations for methyl per&xpredict
species. Frequency calibration was achieved from residual waterone conformer with the stable minimum where thegboup is
absorption with use of the HITRAN 2004 datababe. staggered with respect to the methyl H's (the structure with one
To initiate the chemistry producing ;Hs50, radicals, a of the hydrogens eclipsed with the terminal oxygen is a saddle
photolysis ArF excimer laser (LPX 120i, Lambda Physik) at point effectively representing the barrier to the methyl group
193 nm, with pulse energies of 150 mJ, was focused by a free rotation). For ethyl peroxy, calculations indicate two stable
cylindrical and a spherical lens to a rectangular shape 0k0.5 conformerg® T (trans) and G (gauche) versions corresponding
13 cm and sent into the central part of the flow cell through the to a @ and 120 (—120C) dihedral angles between the-@—C
side via a UV-grade quartz window. The flux of excimer and O-C—C planes, respectively. Nonetheless, the spectrum

radiation passing through the ringdown cell was %.510'® of only one of the two conformers of ethyl peroxy has been
photons/crh The photolysis pulse was fired 1@8 before each previously reported experimentafly.
shot of NIR light entered the cavity, allowing time for ethyl 3.1. Overview of Experimental Spectra.Figure 1 shows

peroxy radicals to be formed, but not enough time for them to scans in the 72067800 cnt? origin region (Figure 1a), 7650
recombine. By changing the delay time between the photolysis 8250 cnt! COO bend vibrational region (Figure 1b), and 8400
and excitation lasers we have the ability to investigate the 8700 cnt! O—O stretch vibrational region (Figure 1c) for the
reaction chemistry and kinetics of peroxy radicels! ethyl peroxy radical. These traces are compared with methyl
To produce the ethyl peroxy radicals, two different methods peroxy radical spectra in the oridiand O-O stretci® regions.
were applied. In the direct photolysis method, the precursor The two ethyl peroxy traces are offset for visualization purposes
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T 1600 X2A" transition, whereas the weaker band to higher frequency
250} 0° 0°— at 7488 cmt was attributed to a transition involving the methyl
’ torsionvy, in the radicaP The spectrum for ethyl peroxy in the
origin region exhibits two prominent features, one around 7360
cm~ ! and the other in the region of 7600 cteach exhibiting
a rather different structural appearance. The stronger, higher
frequency feature was assigned to trgeoﬁgin of the 22A'-
X2A" transition in the ethyl peroxy radical by Pushkarsky et
al® They also noticed the weaker absorption band at lower
energies and assigned it in part to 4t due to its approximate
resemblance to the origin band of methyl peroxy. This was
consistent, given the then available S/N, with the fact that other
0 L L L L L 0 . . g .
7200 7300 7400 7500 7600 7700 7800 CH30;, lines were identified in the spectrum.

100 . . : : . : All the spectral features shown in Figure 1 disappear
completely by increasing the time delay between firing the
90 [ ethyl peroxy "N\ I excimer (i.e., starting the reaction chemistry) and the ringdown
50 - ) ] probe from 10Qus to 30 ms, which proves that the structure

T conformer 13 G conformer belongs to a transient species and not to stable end-reaction
70 12! ] products which might accumulate in the cell. By having a more
detailed look at the spectra in Figure 1a, one can identify, as
before, the sharp, intense methyl peroxy structure at 7382 cm
(corresponding mostly to the Q branch) and labeled with an
asterisk in Figure 1a. A possible explanation for this peak is
that methyl radicals are produced as a byproduct in the
photolysis of 3-pentanone. Another contribution to the methyl
50 7750 7830 790 s0s0  sis0  s250 peroxy signal may come from the self-reaction between ethyl

peroxy radicals forming (among other products) acetaldehyde,

600 which itself is a methyl radical precursor upon photolysis. Bands
arising from this methyl peroxy byproduct in other parts of the
spectrum are also marked with asterisks (see Figure 1b).
However, it is clear from the present spectrum that there is
additional structure around 7360 ciwhich is reasonable to
assign to the T conformer of the ethyl peroxy radical (see section
3.2 for details).

Because the A electronic transition is essentially a promo-
tion of an electron to ther* singly occupied orbital localized
on the terminal oxygen, one should expect to observe in the
( C) ethyl peroxy spectrum Astate vibrations that involve the
0 . . . ) . 0 terminal oxygen atom. Indeed, quite strong state O-O
8100 8200 8300 8400 8500 8600 8700 stretching vibrations of the order of 900 chand COO bend

p vibrations with moderate intensities of the order of 500"¢ém

) ) Wave numbers / cm _ . have been observed for most of the previously investigated alkyl
Figure 1. Comparison between the experimental CRDS spectra (digital peroxy radicals. Figure 1c shows the-O stretch region for

three-point smoothing was applied) of ethyl peroxy and methyl peroxy TS
radicals in the (a) origin, (b) COO bend vibrational, and (e)@stretch methyl and ethyl peroxy, and the strong similarities of the

vibrational regions. The spectra for ethyl peroxy are manually offset @Psorption contours in the-GD stretch region and origin region
from that of methyl peroxy for a better view in parts a and c. Ethyl for both the methyl and ethyl peroxy spectra give a clear
peroxy and methyl peroxy radicals are produced following the indication that the higher frequency bands can be assigned as
photolysis of 3-pentanone and acetone, respectively. The origin bandsthe O-0O stretch.

ot 25 o st 8 s ey 1 v o Figure 10 depicts the equency fange betueen the originand
O—O0 stretch 9, see Table 1) regions, where the COO bend

methyl peroxy arises from a hot methyl torsion transitionﬂllhe g . . 2 .
spectrum of the T conformer of ethyl peroxy in the origin region also  ViPration (12) is expected. The A transition to the COO bend

shows the strong peak of methyl peroxy at 7382 tdue to reaction vibration in the excited state is easily identified for the G
of methyl radicals, produced as a byproduct by the photolysis of conformer due to its structural similarity to the origin band of
3-pentanone, with ©(all bands due to this methyl peroxy byproduct the G conformer. For the T conformer only a weak band lacking
are marked with asterisks, see text for details). The arrows mark the sharper structure is seen around 7880 Erbut this is still in

positions of the band centers. Note that in the ethyl peroxy radical, acceptable agreement with the ab initio predicted COO bend

according to Herzberg’s notation, the CCO bend vibration is labeled . . - .
aswis, the COO bend vibration as», and the G-O stretch vibration vibrational frequency (see section 3.2). Different Franck
asve, whereas the latter one is denotedvasn methyl peroxy. Condon factors for the two conformers for the excitation of the

COO bend in the Astate could explain the smaller intensity
by 100 and 50 ppm in parts a and c of Figure 1, respectively. ratio between COO bend bands of the T and G conformers
Methyl and ethyl peroxy radicals are produced by the direct compared to the ratios in the origin and-O stretch regions.
photolysis method with acetone and 3-pentanone as precursorsThis is consistent with Figure 2 (see section 3.2), which shows
respectively. For the methyl peroxy radical, the band at 7382 a significant difference in the & geometry change for the COO
cm ! has been assigned to th§ @rigin band of the AA'- bend.

0
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TABLE 1: Scaled? Vibrational Frequencies (in cm1) Calculated at the EOMIP-CCSD/DZP Level for the Ground and Excited
States for the T and G Conformers of GHs0, and C,Ds0,

CoHs0, C:Ds0;
T G T G

mode vibrational description symmetry X A X A X A X A

V1 CH str A 3109 3112 3108 3118 2304 2306 2304 2313
2 CH, sym str A 3043 3012 3050 3024 2216 2188 2220 2205
V3 CHz sym str A 3009 3006 3009 3008 2164 2165 2163 2163
V4 CHjs in-plane def A 1493 1517 1486 1484 1244 1243 1226 1229
Vs CH, scissor A 1480 1484 1474 1474 1195 1145 1193 1111
Ve CHs; sym def A 1422 1423 1413 1418 1066 1065 1071 1071
V7 CH, wag A 1368 1378 1370 1377 1060 1059 1062 1060
Vg CHs out-of-plane rock A 1196 1128 1198 1110 1004 989 997 986
Vg O—0O str A 987 948 951 951 973 935 963 938
V10 C—C str A 1055 1044 1022 994 885 889 856 863
VY11 C—Ostr A 871 873 868 861 714 722 737 735
V12 COO bend A 502 436 526 463 473 402 468 414
V13 CCO bend A 306 285 360 338 274 261 322 304
V14 CH str A’ 3116 3110 3124 3104 2314 2306 2322 2301
V1s CHz asym str A 3097 3060 3102 3099 2299 2276 2301 2299
V16 CHjs out-of-plane def A 1466 1463 1464 1464 1054 1053 1053 1052
V17 CH, twist A" 1268 1268 1295 1298 973 977 957 952
V1is CHgs in-plane rock A 1148 1173 1168 1172 894 908 912 913
V19 CH, rock A’ 797 827 796 797 581 602 591 588
V20 CHgs torsion A’ 233 234 238 233 172 170 176 185
Vo1 CO torsion A 91 138 123 140 87 139 112 119

a A scaling factor of 0.97 has been determined from a comparison between the same EOMIP-CCSD/DZP calculations and experimental values
for methyl peroxy excluding the OO stretching mode. This scaling factor was applied to all calculated vibrational frequencies exceptfor the O
stretch mode, which is poorly predicted by these calculations. Therefore, a scaling factor of 0.84 (again determined by a comparison between
calculation and experiment for methyl peroxy) was used for th€OGstretch mode, in agreement with the results from our earlier propyl peroxy
investigation using EOMIP calculations with a basis set of similar quélity Symmetry label becomes A for the G conformer.

T-conformer G-conformer (see section 3.2) and have been confirmed by observing the
expected isotopic shifts in the spectrum aDE0,.

3.2. Quantum Chemical Calculations and Experimental
Assignments.To support and analyze our spectroscopic ob-
servations, we have performed ab initio calculations on the ethyl
peroxy radical and its perdeutero analogue. Because we want
to assign the AX CRDS spectra of both the T and G conformers
of the ethyl peroxy radical, we had to choose computational
methods that are capable of handling the ground and excited
states of both conformers. The T conformer Kgsymmetry
and therefore has different electronic symmetries in tHa%)
and A(A') states, whereas the G conformer possesses@nly

Bond Lengihs- Bond Lengihs- symmetry and hence has the same A symmetry in tha&A

o0 1450 (L) s e states. Therefore, we performed equation of motion ionization

- ton f 1o e 1t i bt potential coupled cluster with singles and doubles (EOMIP-

el bl Sl Dl CCSD¥8 calculations with the DZP basis 3étusing the
3::5},‘5’.3;3;83?} corresponding anion as reference. Thereby, the geometries were

. . . optimized for both states to determine the adiabatiX A
Figure 2. Optimized geometric parameters of the two conformers of

the ethyl peroxy radical as obtained at the EOMIP-CCSD/DZP level eXC|tat|qn energies. Th's, methpd t.urned out to _be suitable in
of theory. The above conformers are labeled as T (trans) or G (gauche)QUr €arlier propyl peroxy investigatibhbecause this approach

based on their dihedral angle between thed®-C and G-C—C planes, treats the ground and excited state in a similar fashion. In
which is @ or 120, respectively. The T conformer h& symmetry, addition to the AX excitation energies, the Xand A state

and therefore, requires fewer coordinates to describe its geometry thanharmonic vibrational frequencies, as well as the rotational
does the G conformer (i.e., two Hs on the Odfoup and two Hs on oo nqiants for the vibrationless levels of both states, have been

the CH; group are the same for the T conformer). For both conformers, .
the bond angles are drawn in on the pictures and labeled in dedyees ( calculated with the same method. These EOMIP results were

and the bond lengths are listed beneath the pictures in Angstroms (A). obtained with the ACESII program packatjelhe results from
In both cases the first value is for the $tate while the second in  the calculations are shown in Figure 2 and listed in Tables 1

brackets is for the Astate. (vibrational frequencies, in the notation of HerzlF€gand 2
(rotational constants). The vibrational frequencies shown are
In addition, the broad band at 7920 chin Figure 1b was  scaled by 0.97 from their ab initio values, except for the@
assigned to the CCO bend vibrationd) of the G conformer.  Stretch (see below).
The assignments of the COO bend vibration of the T and G  Figure la shows the assignment of the two conformers
conformers and the CCO bend vibration of the G conformer expected for the ethyl peroxy radical. In previous studies of
were facilitated by comparison with the calculated frequencies n-propyl® and n-butyl** peroxies, both composed of several
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TABLE 2: Comparison between the Experimentally Determined and Calculated (EOMIP-CCSD/DZP) Spectroscopic Constants
for the T and G Conformers of C,Hs0, and C,Ds0, for the Origin Transition Frequencies (Og), Conformer Shift of the Origin
Frequency between G and Ty, (COQ Bend), v,3 (CCO Bend), andvy (O—O Stretch) Vibrational Frequencies, and Rotational
ConstantsA, B, and C in the Ground X (labeled with ") and Excited A (labeled with ' ) State

experiment EOMIP calculations
CoHs02 CoDsO2? CoHs0, C2Ds0O,

T G T G T G T G
o 7362(1) 7592(1) 7355(1) 7595(1) 7938 8059 7935 8062
A} (G-T) 230 240 121 127
v12 (COO bend) 512 457 483 408 436 463 402 414
v13 (CCO bend) 328 294 285 339 261° 304
vg (O—O stretch) 945 915 948 951° 933 938
A" 1.107 0.584 1.111 0.589 0.742 0.448
B" 0.148 0.191 0.148 0.189 0.128 0.163
c” 0.138 0.164 0.137 0.163 0.119 0.141
A 1.087 0.556 1.079 0.554 0.729 0.426
B' 0.149 0.194 0.149 0.194 0.129 0.166
C 0.138 0.164 0.137 0.163 0.119 0.140

aThe O-0 stretch region was not recorded fos350,. Also no rotational contour analysis has been made for this isotdpealed EOMIP-
CCSD/DZP frequencies (see footnote of Tablecll values are given in cmt.

conformers, based upon ab initio calculations the spectral feature 400 ; :

observed at the lowest transition frequency was assigned to the Zﬁni‘,’i_,_,;f_,ﬁ 2 2,
T conformer for which the dihedral angle between the@-C o020 2 26 2t 20 &
and O-C—C planes is 0. Correspondingly, we assign the origin 3001 i

bands at 7361.6 and 7592.0 chin Figure lato the T and G
conformers of ethyl peroxy, respectively. This is also in
agreement with the EOMIP-CCSD/DZP calculations, which
predict a lower adiabatic transition frequency for the T than E
the G conformer. Moreover, these conformer assignments arex= e B 1} 20
in agreement with the more conclusive ones resulting from the & 13) opéh 21
analysis of the rotational contours (see section 3.4). The EOMIP ® 100
calculations also predict the T conformer to lie higher in energy
than the G one by 81 cmd. Taking into account a degeneracy
factor of 2 and 1 for the G and T conformers, respectively, the ol
equilibrium population at room temperature is therefore de- 7300 7400 7500 7600 7700
creased by a factor of 3 for the T conformer compared to that Wave numbers /cm™
of the G conformer, in qualitative agreement with the observed Figure 3. CRDS spectra of the Z4'-X2A"" electronic transition of
spectrum (see Figure 1a). the ethyl peroxy radical in the origin region taken with ethane (upper
The experimental origin transition frequencies for the T and trace) andds-ethane (lower trace) as precursors and applying the
G conformers of ethyl peroxy are listed in Table 2 and are H-abstr'glctlon method for peroxy radical generation. The spectrum for
compared with the calculated ones. The absolute calculated 21502 is offset by 170 ppm for a better view. Hot bands are labeled

values are not in verv qood agreement with the experimental according to the Kl notation, where" and»' are Xand Avibrational
Y9 g P quantum numbers in vibration N, respectively. The three peaks labeled

ones, S_im”ar_to t_he results we have seen _in the propy_l PEroxy with an asterisk belong to methyl peroxy and its deuterated analogue,
radical investigatiolf where EOMIP calculations overestimated respectively.

the absolute values of the-X excitation energies by about 500

cm~i. However, the zero-point energy corrected EOMIP

calculations predict a blue shift of the transition frequency of origin are 945 and 915 cm for the T and G conformers,
121 cnt! for the G relative to the T conformer of,850,, respectively. In our former stuéon the propyl peroxy radical
which is in fairly good agreement with the experimental shift we have noticed that for the-€D stretching mode the EOMIP-

of 230 cn1! (see Table 2). Moreover, the transition frequencies CCSD harmonic vibrational frequencies largely overestimate
for the T conformers of the linear alkyl peroxiesHz,+102 the experimental values. Therefore we determined a different
investigated so far up ta = 4 all lie in the region of 7400 scale factor for this mode based on the comparison of observed
cm L. We also determined experimental values for the COO O—O stretching frequencies and EOMIP-CCSD/DZP calcula-
bend 12 and O-0 stretch {g) vibration frequencies for both  tions for methyl peroxy. By using this scale factor (0.84), the
conformers and the CCO beng{) vibration frequency for the O—0 stretching frequencies of both conformers are predicted
G conformer (see Figure 1b,c and Table 2). (The frequency within 1—4% accuracy. The large deviation of the scale factor
position of the band assignedig, of the T conformer of ethyl from unity is a consequence of the anharmonicity of this mode
peroxy matches also with an overtone transition involving; 2 and the fact that the correct quantum chemical description of
in the G conformer, using the calculated vibrational frequencies the O—O bond would require inclusion of higher correlation
of Table 1. We can therefore not rule out a possible overlap effects. Since the COO bending mode is coupled with th€dO
between these two bands as an assignment of the structure twibration and we used the scale factor (0.97) determined for
2v,1. The band is too weak for an investigation of the rotational modes other than the @D stretch, the discrepancy between
contour in order to clarify this point in more detail.) For the the COO bend scaled value and the experimental observation
O—0 stretch vibration, the experimental separations from the is somewhat larger than that for the other modes.

200

orption/ ppm

T conformer G conformer
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TABLE 3. Scaled Frequencies Calculated at the progression in the spectrum. Table 3 compares the calculated
Eggl[zr?s(ﬁﬁ?r/]gzip CIE_I‘GC\)/L?ILé)fstpaeteTQE%eAngi\:’vsetsltE)I(_giltg% State and experimental frequencies for these progressions in the fourth
for the T and G Conformers of Ethyl Peroxy Radical and Its and fifth columns. ngrall, we have aSS|gn§d seyeral mgmbers
Perdeutero Analogue and a Comparison between the of the CO and CHltorsion hot band progressions in addition to
Calculated (A(va — vx)) and Experimental Hot Band the first member of the CCO bend hot band progression and
Progression Frequencies (relative to the origirf) two hot bands originating from,; andv, combination bands,
calculated experimental whose intensities, as expected, are quite weak. Positions of the
A X AWa—10) AWa—rR)? explrg/kTP hot bands and shifts relative to the origin are presented in Table

4 and depicted in Figure 3 for the two conformers gHEO,

T coc;n(f:o;mgr 21318 23931 417 8‘}%(1) 003624 and GDsO.. In particular, we have observed for the T conformer
2T 85 306 —21 notebserved 023 of the ethyl peroxy two blue-shifted progressions of 42 and 8
T conformer 139 87 52 39(1) 0.66 cm! spacings (separation between th& ftand and first
of C:DsO, 170 172 —2 4(1) 0.44 member of the hot band progression), in reasonable agreement
261 274 -13  —21(1) 0.27 with the ab initio predictions, and therefore they have been
G conformer 140 123 17 22(1) 0.55 : d to the CO and thvl torsi .
of CHeO, 233 238 _g ~5(1) 032 assigned to the and methyl torsion progressions, respec-
338 360 —22 not observed 0.18 tively. Figure 3 clearly shows that the GHbrsion @20 hot
G conformer 119 112 7 11(1) 0.58 band progression exhibits smaller separations between its
of C:DsO, 185 176 9 8(1) 0.43 members in going from the normal to the deuterated ethyl
304 322 -18  —16(1) 0.21 peroxy radical, whereas the CO torsiogy is almost unaffected

aExperimental values are obtained by measuring the separationby deuteration, leaving the separations in the hot band
between the Dband and the first member of the hot band progression progression nearly unchanged. The calculations even predict a
according to the assignment in Figure"®.evel population at room  change from a small blue to a slightly red-shifted {3birsion
temperature of the three lowest lying vibrations relative to the progression upon deuteration. In addition, we also observe the
vibrationless level. The next lowest vibrational frequencies for both first member of the CCO bend progression in the deuterated

conformers and isotopes are450 cnt! with a corresponding level
population of <0.12 relative to the vibrationless level, and were ethyl peroxy T conformer. The frequency of the CCO bend

therefore not considered in the analysis. The degeneracy factors of 1vibration in the ground state is smaller for the deuterated species
and 2 for the T and G conformers, respectively, and the difference than the one for the normal ethyl peroxy radical, leading to a
between the absolute energies of the T and G conformers are notsmall increase of the level population relative to the origin band
reflected in these values (see text for detafi)he corresponding  for C,Ds0, (see the last column of Table 3). This together with
population of these vibrations in the ground state relative to the o glightly more pronounced and dense rotational contour to
vibrationless state is listed in the last column. All frequency values are - -
in et the red of the origin band in £1s0, makes the hot band
progression involving/;3 observable for €DsO, but not for
C,Hs0,. The possibility of assigning any of the observed
structure in this region to Xibrational overtones of which the
strongest transitions would mostly involve at least one, and more
likely two quanta of CH stretch can be ruled out because the
deuteration effect of such overtones would have been much more
pronounced, contradictory to the experimental observation.

For the G conformer of ethyl peroxy the calculations predict
a red-shifted hot band progression involving £tdrsion for

3.3. Sequence Band Structurdrigure 3 shows a comparison
between the spectra of normal ethyl peroxy (upper trace) and
its fully deuterated analogue (lower trace) in the origin region.
The observed red shift of 7 crhand blue shift of 3 cm! upon
deuteration for the origin transitions of the T and G conformers
of ethyl peroxy, respectively, is explainable because of the
change in the zero-point energy levels. Our EOMIP calculations
predict a difference between and X zero-point energies for i ) .
the protonated and deuterated T ethyl peroxy-@% and—77 C2H50_2,_ which changes to a_blue-shlfted one upon de_uteratlon.
cm™1, respectively, leading to a calculated red shift of 3-¢m In add_ltlon, also the CO torsion hqt band progression is af_'fected
in very good agreement with the experiment. For the G PY going from GHsO, to C:DsO; in the G conformer. With.
conformer, the same considerations predict a blue shift of 3 the help of the calculations given in Table 3, we could assign
cm™1, in quantitative agreement with the experimental observa- N0t band progressions involving the CO and methyl torsion in
tion. both isotopes as well as the hot band progression involving the

With the help of the above-mentioned vibrational frequency CCO bend in €DsO,. Not all peaks observed in Figure 3 belong
calculations (given in Table 1), the general appearance of theto V|brat|c_>nal hot bands, because, es_peC|aIIy forthe G co_nformer,
spectra in Figure 3 for the T conformer can be explained by the rotational envelope overlaps with them (see section 3.4).
the presence of vibrational hot bands. Transitions from thermally The agreement between predicted and measured shifts of all
populated vibrational levels in the Xtate to the vibrational ~ these hot band progressions inHsO, and GDsO; is quite
levels of the same symmetry in the sate are allowed and good, as can be seenin Tabl§_3. Table 4 summarizes the origin
similar observations were made in the study of acetyl peroxy frequencies and hot band positions observed for both conformers
by Miller and co-workerd! Table 3 gives frequencies for the T and G of the normal and deuterated ethyl peroxy.
three lowest lying vibrational modes in the @d X states. 3.4. Rotational Structure. The reason why the hot band
According to the table, excitations to the #tate in the T progressions are more expressed and visible for the T than the
conformer of GHsO, will result in an increase of the CO torsion G conformer (see Figure 3) lies in the fact that the two
(v21) and a decrease of the CCO bendiz) vibrational conformers exhibit different rotational contours due to their
frequencies, whereas the gkbrsional motion 1) is nearly different symmetries. In the T conformer wi@ symmetry the
unaffected. Therefore a blue-shifted (positive values in the fourth A2A’-X2A" transition possesses a paréype transition moment,
column of Table 3) CO torsional and a red-shifted (negative whereas in the G conformer witB; symmetry, the AA-X2A
values) CCO bend progression are expected in the spectrumfransition is a mixture oé-, b-, andc-type transition moments.
which is in good agreement with what is observed (see Figure The traces in Figure 4a show on an expanded scale a portion of
3). The CH torsional motion appears as a slightly blue-shifted the ethyl peroxy spectrum in the origin region for the T and G
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TABLE 4: Observed Origin Frequencies, Hot Band Positions, and Their Relative Shifts with Respect to the Origin for Both T
and G Conformers of C,Hs0, and C,Ds0,°¢

T conformer G conformer
assignmerit positior AVhotvana—03) positior? AVhotbana—0D)
C,Hs0, 08 7361.6 0 7592.0 0
21% 7403.5 41.9 7613.8 21.8
212 7449.4 87.8
213 7500.1 138.5
20% 7369.3 7.7 7587.1 —-4.9
205 7378.1 16.5 7580.3 —-11.7
203 7389.0 27.4
211 205 7419.2 57.6
21120 7428.8 67.2
C,Ds50, og 7355.4 0 7595.3 0
21 7394.4 39.0 7606.1 10.8
21§ 7436.1 80.7
21 7483.7 128.3
20% 7359.8 4.4 7603.7 8.4
20% 7364.8 9.4
203 7371.1 15.7
131 7334.2 —21.2 7579.7 —15.6
21; 20; 7398.9 435
21120 7404.5 49.1

a2 The levels are labeled according to ﬂN;a notation, where/" andv' are X and Avibrational quantum numbers in vibration N, respectively.
Vibration v,; is the CO torsiony, the methyl torsion, anat;3 the CCO bend? The accuracy of the calibration procedure (comparison of the
frequencies of residual water lines with HITRAN database) is better than 05 bt because of different rotational contours, the precision of the
resulting vibrational frequencies is estimated to be about 1*cwhich corresponds to an average value of the fwhm of the péaktbvalues are
in cm™.

T conformer G conformer constants. By slightly adjusting the ab initio rotational constants
of both the Xand A states, an even better match with the
experimental spectrum can be achieved. Because the rotational

/ﬂk}(\ ab initio (c) envelopes for the T and G conformers of the ethyl peroxy are
so different, the good agreement between the simulations and
the observed spectra confirms that the bands have been correctly
assigned to the T and G conformers, independent of the previous

adjusted (b) argument based upon the calculated shifts in the transition
frequencies.
The values of the rotational constants relative to each other
150 in the ground and excited state have a sensitive effect on the
100 experiment (a) observed rotational contours. Simulations at our resolution for
the T conformer of ethyl peroxy, in which for instanBg and

absorption/ppm

50 C" have been decreased by only 8% and 5%, respectively, and

0 . " . . . . leaving all the other constants fixed, resulted in rotational
7320 7360 7400 7560 7600 7640 contours where the intense, sharp peak consisting mostly of Q

Wave numbers / cm” branch transitions is spread out over the whole rotational

Figure 4. Spectra of the T and G conformers ofHgO, radical from contour, resulting in only a broad band. (This effect could

(a) the CRDS experiment, (c) a simulation using ab initio rotational g, |4in the fact that no intense sharp peak has been observed
constants, and (b) a simulation designed to best reproduce the

experimental spectrum by adjusting the ab initio rotational constants [OF the T conformer in the COO bend vibrational band (see
to best fit values. The best fit and the ab initio values used are given Figure 1).) The values of the adjusted and ab initio rotational

in Table 2. The simulations for the T conformer used a putgpe constants used in Figure 4b,c are summarized in Table 2. The
transition moment whereas in those for the G conformer, the ratio of features observed in the T conformer (Figure 4a) but which do
the components of the transition dipole along the inertial axasis not show up in the simulations (Figure 4b,c) arise from hot band

= 8:6:5, taken to best reproduce the observed spectrum. progressions (see section 3.3). A convolution of individual

rotational contours of the origin band and multiple vibrational
hot bands gives rise to the spectra shown in Figures 1 and 3.

3.5. Absorption Cross Section. Although the spectral
analysis is the main purpose of this paper, we have also

conformers. The individual peaks correspond to the rotational
contours of vibronic transitions. Room temperature simulations
of the rotational contour for the observedsd-X2A" transition
were generated by our SpecView analysis [V. L. Stakhursky, . . -
http:/molspect.mps.ohio-state.edu/goes/specview.html] using@ttempted to estimate the peak absorption cross segiéor
purely ab initio rotational constants (see Table 2) and are shownthe A-X C2HsO; transition under our experimental conditions.
in Figure 4c. The simulations neglect any spin-rotation effects 1hiS is straightforward from the standard relationshipr the
due to the doublet nature of the electronic state. As parts a andractional absorption of light of intensityM/lo,

c of Figure 4 show, there is already a good resemblance between

the experimental spectra and the ones predicted by the ab initio AIp/|o = N0p| 1)
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as long as the concentratiaN, is known sincd, the length of in our grou® and will allow us, based upon the results of this
the sample, is measured to be 13 cm. work, to perform detailed rotational analysis of small peroxy

N can be estimated from the measurement of the absorptionradicals like methyl and ethyl peroxy, using as a foundation
of excimer photolysis photons with and without (COgGI) the this and previous analyses of the room temperature spectra.

cell and its known cross sectih3! Assuming room temperature
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