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The proton affinity of peroxyacetic acid has been studied using ab initio methods. The most stable peroxyacetic

acid structure forms a nearly planar five-membered ring in which the carbonyl oxygen atom is hydrogen
bonded to the acidic hydrogen atom. The rotational constants, dipole moments, and harmonic vibrational

frequencies obtained for this structure are in excellent agreement with available experimental data. Calculations
on the protonated peroxyacetic acid system identified low energy structures associated with protonation at
each of the three chemically distinguishable oxygen atom sites. Protonation at the carbonyl oxygen site leads

to the lowest energy protomer with an optimized structure that also contains a five-membered ring formed by
intramolecular hydrogen bonding. The relative energies and proton affinities have been determined at the
QCISD and QCISD(T) levels of theory. Additional calculations performed with the ab initio model chemistries
CBS-4, CBS-Q, CBS-APNO, and G2(MP2) are in good agreement with the QCISD(T)/6&24f,2p)
proton affinity. The CBS-Q prediction for the proton affinity of peroxyacetic acidgﬁ%,ét3 = —775.9 kJ
mol™, differs by only 2.5 kJ mot* from the proton affinity recently calculated for peroxyacetyl nitrate,
PAg*éS_Q = —773.4 kJ mot?, and outside the error limits of the experimental measurement attributed to the
proton affinity of peroxyacetyl nitrate; 798 + 12 kJ mot™.

Introduction the chemical characteristics of PAN. However, rapid reaction
of the [CHC(O)OOH--NO,*] complex with the adduct gases
present in the Srinivasan et al. experiments could produce
significant quantities of protonated peroxyacetic acid via mech-
anisms analogous to R1

We recently reported ab initio calculations which predicted
that the most stable protomer of peroxyacetyl nitrate (PAN) is
a peroxyacetic acidnitronium ion complex [CHC(O)OOH--
NO,"™], consistent with the most stable structures of other
protonated nitratesThat study demonstrated that an accurate "
determination of the proton affinity of PAN will be difficult [CH,C(O)OOH-*NO, ] + HX —
since several alternate low energy PAN protomers were also CH3C(O)OOI-L+ + XNO, (R2)
identified. The [CHC(O)OOH--NO,"] complex will also act
as a facile nitrating agent, further complicating experimental protonation of peroxyacetic acid at the carbonyl oxygen position
measurements. Additionally, Hansel and Wisth&labserved would be expected and would agree with the protonation
rapid formation of protonated peroxyacetic acid when protonated mechanism Srinivasan et al. proposed to interpret their results.
PAN was created in the presence of trace amounts of waterThe proton affinity of peroxyacetic acid is unknown, but is

vapor expected to be 2040 kJ mot? larger than the proton affinity
N of PAN! PAOC’ES_Q(PAN) = —773.4+ 10 kJ mot?, based on
[CH,C(O)OOH*NO, | + H,0 — the proton affinities of other carboxylic acids and their nitrate

CH,C(0)OOH," + HNO, (R1) derivativest . . -
There exists very limited experimental or theoretical informa-
Srinivasan et al.used a bracketing/collision induced dissociation tion concerning the structure and physical properties of per-

technique with mass spectroscopic detection to measure a protofPXyacetic acid. Cugley et al. observed the rotational spectrum
affinity of PA29K (PAN) = —798 + 12 kJ mol? that they of gas-phase peroxyacetic acid from which they obtained
attributed to protonation of the carbonyl oxygen atom. In rotational constants, dipole moments, and an estimated molecular

reference 1, we argued that the experimental proton affinity and Structure? In a separate work, Cugley, Meyer, and Gunthard

the assumed structure of protonated PAN were inconsistent withiSolated peroxyacetic acid and several of its deuterated isoto-
pomers in low-temperature Ar matrixes and recorded their
t Part of the special issue “Fritz Schaefer Festschrift”. infrared spectré. The vibrational frequencies and normal
:ggéiigoggcii?gsgmgg Propulsion Laboratory, California Institute of -Coordinate analysis from th?s work were consistent with
Technology, MS 183'—501, 4808 Oak Grove Drivg; Pasadena, CA 91109- intramolecular hydrpgen bonding between.the carbonyl oxygen
8099. E-mail: charles.e.miller@jpl.nasa.gov. atom and the acidic hydrogen atom, estimated as3®0kJ

8 E-mail: jfrancis@chem.purdue.edu. mol~1 from the torsional transitions observed in the microwave
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TABLE 1: Optimized Peroxyacetic Acid Structures

B3LYP/ MP2/ QCISD/ ref 7 ref5
parameter descrption  6-311+G(3df,3pd) 6-311+G(2d,2p) 6-311+G(2d,2p) MP2(full)/6-31G* experimental model

Bond Lengths (A)

R(1,2) G-C 1.498 1.494 1.502 1.497 1.49
R(1,6) C-H 1.089 1.084 1.087 1.092 1.09
R(1,7) C-H 1.089 1.082 1.087 1.092 1.09
R(1,8) C-H 1.086 1.084 1.085 1.089 1.09
R(2,3) G-0 1.350 1.355 1.353 1.359 1.33
R(2,5) C=0 1.206 1.212 1.208 1.220 1.22
R(3,4) o-0 1.433 1.443 1.437 1.457 1.47
R(4,9) O-H 0.983 0.980 0.975 0.993 1.00
R(5,9) G=0-HO 1.871 1.853 1.873 1.865 1.82
Bond Angles (degrees)

A(2,1,6) 108.6 108.5 108.5 108.7 108.8
A(2,1,7) 108.6 108.5 108.5 108.7 108.8
A(2,1,8) <CCH 111.9 111.6 111.5 1114 108.8
A(6,1,7) 107.9 108.4

A(6,1,8) 109.9 110.0

A(7,1,8) 109.9 110.0

A(1,2,3) <CCO 111.2 110.6 111.1 110.5 110.0
A(1,2,5) <CC=0 126.9 127.1 126.7 127.0 130.0
A(3,2,5) <0OC=0 121.9 122.2 122.2 120.0
A(2,3,4) 111.4 110.9

A(3,4,9) <OOH 100.6 100.0 100.7 99.7 96.6

Energy (hartrees)
—304.33577 —303.72068 —303.63501
b

spectrun® The only previous theoretical work on peroxyacetic
acid reported an optimized MP2/6-31G* structure similar to that
inferred from the microwave spectrum and used the CBS-Q
model chemistry to estimate a value of 48 kcal mdbr the
O—0 bond? Colussi and Grela estimated a similar-O bond
dissociation energy from bond contribution argumeénts.

This paper continues our ab initio studies of the chemical
and physical properties of PAN and related molectifes! Here
we present a systematic investigation of the structure, harmonic
force field, and proton affinity of peroxyacetic acid with the
goal of better understanding experimental attempts to measure 3
the proton affinity of PANZ3

. Figure 1. Peroxyacetic acid structure. The bond lengths (in angstroms)
Computational Methods and Results are from the optimized QCISD/6-3315(2d,2p) calculations (top), the

. . . ... experimental model structure inferred from microwave spectroscopy
The computational methods employed in this study are similar by Cugley et af (bottom). Thea andb components of the principal

to those employed previously in our studies of peroxyacetyl ayis system are also shown.

nitrate-° and acetic acid! All calculations were performed using ] ) ]

the GAUSSIAN 98 program suifé. Optimized molecular nearly planar five-membered ring with the carbonyl O atom
structures were computed with the Becké®e—Yang—Parr (Os) hydrogen bonded to the acidic H atomgfHas shown in
(B3LYP) density functional® Maller—Plesset perturbation Figure 1. Full structural optimizations were performed at the
theory with second-order corrections (MP2)18 quadratic con- B3LYP/6-311G(3df,3pd), MP2/6-311G(2d,2p), and QCISD/
figuration interaction with single and double excitations (QCISD) 6-311+G(2d,2p). The results are reported in Table 1 along with
using the basis sets 6-31G* through 6-324G(3df,3pd)19-23 the MP2/6-31G* structure calculated by Bach, Ayala and
Single-point energy calculations were also performed using Schlegell The t'heoretu:ake structures are also compared to
QCISD with a partial treatment of triple excitations (QCIS- the rg structure inferred by Cugley et al. fror_n the microwave
D(T)).2 Thermochemical calculations employed the complete SPECtrum of gas-phase peroxyacetic acidhe QCISD/
basis set (CBS) model chemistries CBS-4, CBS-Q, and CBS- 6-311+G(2d,2p)r? structure is considered the most accgra}te,
APNO? as well as the G2(MP2) meth880ur previous work although calculations at all levels of theory produced similar
showed that the CBS-Q method yields bond energies and protonresuns'

affinities with 10 kJ mot* accuracy for PAN-type molecules There is good agreement between the optimized QCISD/
and radicalé:® The CBS-APNO method may be expected to 6-311+G(2d,2p) structure and the structure estimated from the
yield results with+2 kJ mol! accuracy?s microwave spectrum; however, there are differences that merit

attention. The largest difference is in the intramolecular
hydrogen bond where the ab initio structure predicts=0s -
H—0 bond length of 1.873 A, 0.053 A longer than the 1.82 A
1. Peroxyacetic Acid. Structure Survey calculations per-  hydrogen bond length inferred from the Cugley et al. model
formed at the QCISD/6-31G(d) level of theory revealed the structure® Both bond lengths are consistent with strong internal
presence of multiple conformational minima on the peroxyacetic hydrogen bonding, 2530 kJ moi! according to the GH
acid potential surface. The lowest energy structure possesses &ibrational frequency shift observed in the infrared spectrum

Results and Discussion
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TABLE 2: Peroxyacetic Acid Rotational Constants (MHz)

rotational B3LYP/ MP2/ QCISD/ Cugley et al.
constant 6-311+G(3df,3pd) 6-311+G(2d,2p) 6-311+G(2d,2p) ref5
A 10896 10788 10849 10815
B 4274 4293 4270 4275
C 3129 3130 3123 3122
TABLE 3: Rotational Constants (MHz) for Deuterated Peroxyacetic Acid Isotopologues Calculated at the
B3LYP/6-311+G(3df,3pd) Level of Theory
rotational CH;C(0)O0OD
constant ref5 CHC(0)OOD CDC(O)OOH CDC(0)O0D
A 10686 10753 10014 9906
B 4193 4191 3776 3701
C 3068 3073 2838 2787
TABLE 4: Peroxyacetic Acid Dipole Moments (Debeye)
dipole MP2/ B3LYP/ QCISD/ ref5 ref5
component 6-311+G(2d,2p) 6-311+G(3df,3pd) 6-311+G(2d,2p) preferred alternate
Ua 2.5574 2.3361 2.5058 2.294(3) 2.304(3)
U —0.6400 —0.5991 —-0.6334 0.650(4) —0.614(4)
Uc 0.0007 0.0009 0.0003 0.000 0.00¢
UTOTAL 2.6363 2.4117 2.5846 2.384(5) 2.384(5)
a Fixed.

(see below). Some of the discrepancy may also be absorbed byogues at the B3LYP/6-311G(3df,3pd) level of theory. These
small changes in other structural parameters associated with theesults are collected in Table 3. The agreement between the
five-membered ring. For instance, the ab initio value of thedD experimental and B3LYP rotational constants forsCKD)OOD
bond length is 1.437 A, 0.033 A smaller than the 1.47 A value is again excellent, although the discrepancy in Aheonstant
assumed for the experimental structure. Likewise, the ab initio persists. Examining the trend in tierotational constant as a

calculations predict a ©H bond length of 0.975 A, 0.025 A

function of deuteration, it appears that this parameter is largely

shorter than the experimental model value of 1.00 A. Simulta- determined by the hydrogen atoms of the methyl group.

neously, the ab initio structure predicts a more op&DOH,
100.7 vs 96.6 from the experimental model structure. Finally,

Discrepancies in the theoretical values fotherefore seem
likely due to small inaccuracies in the positions of the methyl

Cugley et al. note that if their measured nonzero value for the hydrogens.

uc dipole component is real, it would result in a dihedral angle
of 10° about the G-O bond® However, the ab initio structure

Further evidence of the accuracy of the ab initio structures
comes from a comparison of the theoretical and experimental

predicts a planar peroxy acid group and this is supported by dipole moments. Table 4 lists values of the dipole moment
the known change of the inertial defect measured upon deu-components in the principal axis system along with the preferred

teration®

and alternate dipole moment solutions reported by Cugley et

The experimental and ab initio structures show better agree-al.®> The theoretical calculations unambiguously favor a negative
ment for the bonding about the two carbon centers. There is nouy which matches with the alternate solution determined by

significant difference between the descriptions of the; Giéup,

Cugley et al. The preference for the positimgsolution in the

although it was discovered that the QCISD calculations required experimental study was based on an estimate from bond

a O=C—C—H dihedral angle deviating slightly from 18@o

moments:u, = 1.94 D andu, = 0.56 D® It is unclear why the

produce a complete set of real vibrational frequencies, i.e., find bond moment estimate yielded, > 0. Nevertheless, the
the true minimum on the potential. Bach, Ayala and Schlegel quantitative agreement between the ab initio and experimental

reported the same GHgroup orientation in their optimized
peroxyacetic acid structureThe bonding around the carbonyl
carbon exhibits classic 3pharacter with very small differences

dipole moment components and total dipole moment provide
confidence that the optimized ab initio structures have captured
the salient features of the true peroxyacetic acid structure.

between the ab initio and experimenta=0 (1.208 A vs 1.22 Vibrational FrequenciesHarmonic vibrational frequencies
A), C—0(1.353 Avs 1.33 A), and €C (1.502 Avs 1.49 A)  have been calculated at the B3LYP/6-313(3df,3pd) level of
bond lengths. The ab initio structure predicts a contracted theory for CHC(O)OOH, CHC(O)OO0D, CRXC(O)OOH, and
OCC=0 compared to the experimental model, (126vé CD3C(O)OO0D. The calculated frequencies and intensities are
130.0) with a corresponding opening aiOCO (122.2 vs presented in Tables38B. The experimental frequencies, intensi-
120.0) andJCC—-0O (111.F vs 110.0). ties, and normal coordinate analysis (NCA) frequencies deter-
The quality of the ab initio structures is supported by the mined from the spectra of peroxyacetic acid samples deposited
excellent agreement between the theoretical and experi-on a 4 K Armatrix by Cugley et af have been included for
menta?f rotational constants. Table 2 shows that the QCISD/ comparison. As mentioned above, a gauche orientation of the
6-311+G(2d,2p) rotational constants reproduce the experimental methyl group was required to obtain a complete set of positive

B and C constants for CBEC(O)OOH almost perfectly. The
34 MHz overestimate of thé constant is still an excellent
result, representing only a 0.3% deviation. The B3LYP/
6-311+G(3df,3pd) and MP2/6-31G(2d,2p) rotational con-
stants also reproduce the experimental values.

harmonic frequencies. Calculations performed using the eclipsed
structure of Cugley et & resulted in one or more imaginary
frequencies.

There is good overall agreement between the experimental
and B3LYP frequencies for the parent and all deuterated

We have also calculated rotational constants for the isotopologues of peroxyacetic acid. Density functional calcula-

CH3C(0O)O0D, CRC(O)OO0OH, and CRC(O)OOD isotopo-

tions of the low frequency modes typically fall within 3% of
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TABLE 5: CH 3C(O)OOH Vibrational Frequencies (cm™1) TABLE 7: CD 3C(O)OOH Vibrational Frequencies (cm™1)
and Intensities (km mol1) and Intensities (km mol™1)
expt NCA B3LYP/ expt. NCA B3LYP/
mode ref 6 ref 6 6-311++G(3df,3pd) mode ref 6 ref 6 6-311++G(3df,3pd)

1 3282w 3312 3491 (83.8) 21 3285m 3312 3491 (87.5)

v 3025w 3027 3154 (2.8) v 2264 2339 (1.4)

Vs 2902 3058 (0.3) Vs 2089 2197 (0.1)

Va 1767 s 1766 1792 (226.8) Va 1760 s 1759 1791 (229.3)

Vs 1439 s 1443 1488 (128.8) Vs 1442 s 1443 1486 (121.1)

6 1433 1478 (2.6) Ve 1247 vs 1249 1258 (196.1)

V7 1369 m 1371 1401 (13.4) V7 1071 1066 1098 (14.8)

Vg 1234 s 1231 1252 (199.0) Vg 1038 1063 (3.0)

Vo 940 m 937 1029 (3.1) Ve 905 m 903 936 (9.2)

V10 865s 866 901 (42.8) V10 786 m 799 916 (12.7)

Vi 810 980 (0.4) Vi1 699 799 (14.6)

V12 619's 611 637 (27.3) V12 551s 550 573 (38.7)

Vi3 449 w 437 432 (12.1) Vi3 398w 405 410 (17.7)

Via 318 s 312 318 (16.9) Via 297 m 307 298 (10.9)

V15 3005 w 3024 3124 (0.9) V15 2256 2312 (0.4)

V16 1429 m 1430 1476 (8.3) V16 1032 m 1031 1052 (15.2)

V17 1040 m 1040 1063 (9.9) V17 917 m 911 955 (9.5)

Vig 646 m 647 653 (8.7) V1g 559 607 (7.9)

V1o 422s 413 482 (68.6) V1o 416 vs 407 474 (53.3)

Va0 217 227 (0.4) Va0 210 216 (0.3)

V21 60 50 (04) V21 44 37 (02)
TABLE 6: CH 3C(O)OO0D Vibrational Frequencies (cn 1) TABLE 8: CD 3C(O)OOD Vibrational Frequencies (cn1?)
and Intensities (km mol™?) and Intensities (km mol~1)

expt NCA B3LYP/ expt NCA B3LYP/
mode ref 6 ref 6 6-311++G(3df,3pd) mode ref 6 ref 6 6-311++G(3df,3pd)

1/1 3027 3154 (2.9) v 2434 m 2413 2542 (49.5)

v, 2902 3058 (0.3) v 2264 2339 (1.5)

V3 2433 m 2413 2542 (49.5) V3 2089 2197 (0.1)

V4 1756 m 1764 1787 (236.4) V4 1754 s 1757 1784 (238.7)

Vs 1433 1479 (9.3) Vs 1247 vs 1251 1258 (206.0)

Ve 1369 m 1372 1402 (9.8) Ve 1108 s 1105 1138 (29.9)

V7 1233s 1232 1252 (199.9) V7 1065 m 1064 1092 (18.9)

Vg 1103 m 1103 1137 (38.9) Vg 1038 1063 (3.1)

Vo 934m 936 1063 (8.8) Ve 897 m 895 954 (8.7)

V10 854 s 852 886 (47.5) V1o 783 m 775 796 (16.2)

Vi 794 975 (0.1) Vi1 699 914 (10.0)

V1o 610 m 607 627 (10.4) V1o 543 m 548 556 (9.7)

Vi3 432'm 433 425 (10.4) V13 400's 401 400 (15.5)

V14 311lm 302 309 (17.8) V14 293 m 297 292 (12.0)

Vis 3024 3124 (0.9) V15 2256 2312 (0.4)

V16 1430 1476 (8.4) V16 1031 m 1031 1052 (15.2)

V17 1043 w 1040 1023 (5.1) V17 903 m 911 916 (14.5)

Vig 643 647 (7.7) V1g 554 601 (7.6)

V1 320s 331 357 (44.3) V1o 320vs 326 356 (42.5)

V20 200 226 (0.8) V20 191 214 (0.6)

Va1 60 50 (0.4) Va1 44 37(0.2)

the matrix value. The B3LYP calculations systematically the O-H (O—D) stretching frequencies by 200 (100) thh
overestimate the €H and O-H stretching frequencies by 160 compared to the experimental Ar matrix valfedowever, the
200 cntl. Despite this, we note that the B3LYP-® and O-D vo-pl/vo-n ratios, 0.728 for the B3LYP calculations and 0.741
stretching frequencies are red-shifted 6J00 cnt! as a result for the experimental frequencies, are in good agreement.
of the intramolecular hydrogen bonding, consistent with experi- Excellent agreement is observed for the frequencies and
ment. There are also some discrepancies in the data for modeéntensities of the OOH bending mode. The B3LYP calculation
in the 606-900 cnT! range. Many of the normal modes reproduces the large deuteration shift of this mode, dropping
occurring at these frequencies are heavily mixed, containing from 1488 cmi! to 1137 cnTl. These values are 3% larger than
significant contributions from three or more internal coordinates. the experimental values, but the B3LYBop/voon ratio, 0.764,
Discrepancies between the B3LYP and experimental or NCA reproduces the experimental ratio, 0.767, very well.
frequencies arise from the slightly different potential energy 2. Protonated Peroxyacetic AcidStructure Survey calcula-
distributions. This chiefly affects weak transitions or those tions identified low energy structures associated with protonation
unobserved in the experimental spectrum. of peroxyacetic acid at the three oxygen atom sites. Calculations
The B3LYP calculations for the deuterated isotopologues using the CBS-4, CBS-Q, and G2(MP2) model chemistries
reproduce the position-sensitive vibrational frequency shifts very demonstrated that protonation at the carbonyl oxygen atom site
well as exemplified by a comparison of the results for vyields the most stable structure (Table 9). A series of calculations
CH3C(O)OOH and CHC(O)OOD. Shifts in the ©H stretch were performed at the B3LYP/6-31G(d) level of theory to locate
and OOH bend frequencies characterize deuteration at thethe minimum energy conformation with respect to the orientation
terminal H atom site. As noted above, the B3LYP overestimate of the [H;00sC,03, 105C,0304, and [0C,0304Hg dihedral
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TABLE 9: Model Chemistry Energies (hartrees) for
Peroxyacetic Acid Protonated at Three Different Oxygen
Atom Sites (see Figure 2)

protonation
site CBS-4 CBS-Q G2(MP2)
Os —304.13861 —304.10783  —304.08594
O3 —304.11658 —304.08655  —304.06536
Oy —304.09760

TABLE 10: Conformational Analysis of [CH 3C(OH)OOH] *
Protomers at the B3LYP/6-31G(d) Level of Theory

‘[(0403C205) 61(H9040302) (34(H 1005C203) energy
structure (degrees) (degrees) (degrees) (hartrees)
C 0.0 0.0 0.0 —302.83924
C 0.0 180.0 0.0 —302.87661
Cs 0.0 0.0 180.0 —302.85795
Cs 0.0 180.0 180.0 —302.87072
Cs 180.0 0.0 0.0 —302.83964
Cs 180.0 180.0 0.0 —302.86660
Cr 180.0 0.0 180.0 —302.84827
Cs 180.0 180.0 180.0 —302.87128

Figure 2. The optimized QCISD/6-3HG(2d,2p) structure calculated
for protonated peroxyacetic acid. All bond lengths are in angstroms.

angles. The results are collected in Table 10. The minimum
energy conformation is one in which the heavy atoms remain
nearly planar: Hpforms an intramolecular hydrogen bond with
O4 and this forces the §tto rotate away from € as shown in
Figure 2. Similar intramolecular hydrogen bonding has been
determined for protonated tropolo#€The protonated peroxy-
acetic acid structure was optimized at the QCISD level of theory
using the 6-31G(d), 6-3#G(d,p) and the 6-31tG(2d,2p)

Miller and Francisco

linkage. The redistribution of electron density about aso
induces contractions of 0.025 A and 0.012 A in the-C; and
0O3—04 bonds, respectively.

The intramolecular hydrogen bond is a mirror image of the
bond formed in the neutral molecule. The bond is now formed
by Hio, the hydrogen atom attached at the former carbonyl
oxygen atom, and §the oxygen atom at the end of the peroxy
acid group. The hydrogen bond distance has increased from
1.873 A in the neutral to 1.999 A in protonated peroxyacetic
acid, indicating a decrease in the strength of the hydrogen
bonding. We also note that, aside from the participation nf H
in the intramolecular hydrogen bond, there is little difference
between H and Hy. Their atomic charges are very similar,
0.350 vs 0.335, and thes©Hj0 and Q—Hg bond lengths are
nearly identical, 0.973 vs 0.970.

Examination of the other atoms shows that all of the sig-
nificant charge density is located around the intramolecular ring.
The carbon atom £carries the largest positive charge, 0.670,
while the hydrogen atomsigland H, carry very similar charges,
0.335 and 0.350, respectively. The negative charges on the
oxygen atoms in the peroxy chaifn0.219 on Q and—0.132
on O, coupled with the—0.341 charge on fleave the ring
with a net positive charge of 0.66. Bouchoux and co-workers
presented similar results for protonated acetic anhyéfriaied
a number of phenol®.

Proton Affinity. The proton affinity of peroxyacetic acid has
been computed at the QCISD and QCISD(T) levels of theory
using several basis sets and a zero point energy correction based
on QCISD/6-31G(d) harmonic frequencies for both neutral and
protonated peroxyacetic acid. The results are given in Table
11. Proton affinity calculations were also performed using the
CBS-4, CBS-Q, CBS-APNO, and G2(MP2) model chemistries.
The results of these calculations are collected in Table 12.

The agreement between the QCISD(T)/6-3G(2df,2p)//
QCISD/6-31%#G(2d,2p) and CBS-APNO proton affinities,
PAqcispm = —780.7 kJ mot® and PR apno = —778.8 kJ
mol~1, is excellent, with the difference of 1.9 kJ mélfalling
within the & 2.0 kJ mof?! deviation expected for the CBS-
APNO method. We note that the peroxyacetic acid proton
affinity lies 5 kJ mot? below the value calculated for PAN
PA(PANRSs o = —773.4 kJ mot?. The theoretical peroxy-

basis sets. Single point energy calculations were performed atacetic acid proton affinity also falls significantly short of the

the QCISD(T)/6-313+G(2d,2p) and QCISD(T)/6-31G(2df,2p)
levels of theory using the optimized QCISD/6-31G(2d,2p)

experimental measurement 6798 & 12 kJ mot! measured
by Srinivasan et & for the PAN system using collision-induced

structure. The energies are listed in Table 11 and the optimizeddissociation. Prior to performing proton affinity calculations for

bond lengths are provided in Figure 2.

peroxyacetic acid, we hypothesized that the Srinivasan et al.

Protonation induces substantial structural reorganization experiments might have measured the proton affinity of per-

around the carbonyl carbon centeg, Compared to the neural
structure, the &=0s bond elongates 0.075 A to 1.272 A while
the G—0s bond contracts 0.080 A to 1.295 A, rendering the
two carbor-oxygen bonds nearly equivalent. This result signals
a reduction in the spcharacter at the carbon atom and greater
delocalization of the electron density over the—<@,—03;

oxyacetic acid due to reactions R1 and R2, since~26 kJ
mol~! discrepancy is consistent with the difference one might
expect on the basis of the proton affinities of other carboxylic
acids and their nitrate derivativéslowever, our results indicate
that protonated peroxyacetic acid is only 5 kJ Mahore stable
than PANH". The crucial difference in the empirical estimate

TABLE 11: PA(CH 3C(O)OOH) Calculated Using the QCISD and QCISD(T) Methods

CHsC(O)OOH [CH3C(OH)OOH] AZPE proton affinity
level of theory (hartrees) (hartrees) (kJ molt) (kJ mol?)
QCISD/6-31G(d) —303.38171 —303.69256 30.84 —785.2
QCISD/6-311-G(d,p) —303.56486 —303.87873 30.84 —793.1
QCISD/6-311-G(2d,2p) —303.63501 —303.94708 30.84 —788.4
QCISD(T)/6-311-G(2d,2p} —303.67469 —303.98459 30.84 —782.7
QCISD(T)/6-311-G(2df,2p} —303.76696 —304.07613 30.84 —780.7

aZero-point energies calculated at the QCISEBAG(d) level of theory? Single-point energies calculated at the optimized QCISD/6+&(Rd,2p)

geometries.
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TABLE 12: Proton Affinity of Peroxyacetic Acid (0 K) (3) Srinivasan, N.; Cooks, R. G.; Shepson, PRBpid Commun. Mass
- . Spectrom199§ 12, 328.
composite  CHsC(O)OOH  [CH.C(OH)OOHJ"  proton affinity (4) Hunter, E. P. L Lias, S. Gl. Phys. Chem. Ref. Datt99§ 27,
method (hartrees) (hartrees) (kJ molt) 413.

G2(MP2) ~303.788719 —304.078600 —761.1 Phy(SS)lg(;Légllzy,z‘;.gA.; Bossert, W.; Bauder, A.; Gunthard Hs,Ghem.
CBS-4 —303.843310 —304.138600 —775.3 . S .

CBS-Q ~303.812313 —304.107830 —775.9 281.(6) Cugley, J.; Meyer, R.; Gunthard Hs, i@hem. Phys1976 18,
CBS-APNO  —304.149199 —304.445827 —778.8 (7) Bach, R. D.; Ayala, P. Y.; Schlegel, H. B. Am. Chem. Sod996

118 12758.
appears to be the peroxide linkage and the intramolecular  (8) ,(\:ﬁ:USSi’AE.Jt Grela, 'V'I-_Aént- J_I- %heMm_- Ifi”et_1998 30, 4plr-]
hydrogen bonding it enables in the peracid. The potential Che(n?l) Allggg %ba'iligtlon'l + Keevil, D. M.; Francisco, J. 3.Phys.
assignment of the Srinivasan et al. measurement to PACEH (10) Miller, C. E.; Francisco, J. Sl. Phys. Chem. 2000

(O)OOH) becomes even less likely given that the calculated at  (11) Miller, C. E.; Francisco, J. SChem. Phys. LetR002 364 427.

~ K - _ 15 (12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
room-temperature value, %%APNO 775.4 kJ mot?, lies M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

3.4 kJ mot? further below the experimental number. We cannot syatmann, R. E.: Burant, J. C.: Dapprich, S.; Millam, J. M.; Daniels, A.
at present reconcile the theoretical proton affinities of either D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

PAN or peroxyacetic acid with the Srinivasan e atork and M.; Cammi, R.; Mennucci, B.. Pomelli, C.; Adamo, C.; Clifford, S.;
concludgthat)t/hat a definitive experimental value for PA(PAN) SCHierski, J.; Petersson, G. A Ayala, . Y.; Cul, Q.; Morokuma, K. Malick,
. p D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
remains to be measured. Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Conclusions Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,

The structure, harmonic vibrational frequencies and proton mc .Rgﬁlgg:?r'gﬁ- PSA; TSSQE’ J. AGaussian 98revision A.7; Gaussian,
gf_ﬁ_nlty of peroxyacetic acid have _been mvestlgated_ using ab (13) Becke, A.D.J. Chem. Phys1993 98, 5648.
initio methods. The results describe a molecule with strong  (14) Head Gordon, M.; Pople, J. A.; Frisch, M.Ghem. Phys. Lett.
intramolecular hydrogen bonding between the carbonyl oxygen 1988 153 503.
atom and the hydrogen atom of the peroxy acid group. The 195(9%)5)16?5207% M. J.; Head Gordon, M.; Pople, J. @hem. Phys. Lett.
calculated rotational constants, dipole moments, and vibrational ™~ (16) Frisch, M. J.: Head Gordon, M.: Pople, J. @hem. Phys. Lett.
frequencies for peroxyacetic acid and its deuterated isotopo-199Q 166, 281.
logues are in excellent agreement with the available experi- (17) Head Gordon, M.; Head Gordon, Them. Phys. Letfl994 220,

6 N . )

mental dat&:® Proton affinities computed using the QCISD e_tnd (18) Head Gordon, MMol. Phys.1999 96, 673.
QCISD(T) methods as well as a number of model chemistry  (19) Ditchfield, R.; Hehre, W. J.; Pople, J. A. Chem. Phys1971, 54,

algorithms yielded consistent results. The most accurate proton724.

affinity, PA%%SSK_APNO = —775.4+ 2.0 kJ motl?, lies 22.6 kJ 22!(5270) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56,
mol~* below the experimental the value 6798+ 12 kJ mot* (21) Hariharan, P. C.: Pople, J. Aheor. Chim. Actal973 28, 213.
measured in the experiments of Srinivasan étald suggests (22) Gordon, M. SChem. Phys. Lett198Q 76, 163.

that neither protonation of peroxyacetic acid nor PAN account  (23) Hariharan, P. C.; Pople, J. Mol. Phys.1974 27, 209.
for their results. (24) Pople, J. A.; Head Gordon, M.; RaghavachariJKChem. Phys.

1987, 87, 5968.
(25) Ochterski, J. W.; Petersson, G. A.; Montgomery, J. AJ.JEhem.
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