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Semi-empirical MO study for ionization mechanism of peroxyacetyl nitrate and its derivatives
in negative ion chemical ionization mass spectrometer

Yasuyuki ITANO and Mamoru SAKAI

Abstract

Fragmentation and ionization mechanism of peroxyacetyl nitrate (PAN), peroxyglycoloyl nitrate (GPAN)
and peroxybenzoyl nitrate (PBzN) in the negative ion chemical ionization mass spectrometer (NCI/MS) source
was investigated with semi-empirical molecular orbital (SEMO) method. Optimized structures of their neutral and
negatively charged forms, potential energy curves for dissociable bonds and standard heat of formation (AH%) of
potential products were calculated by SEMO with PM3 Hamiltonian. The AH’ of negatively charged PAN, GPAN
and PBzN were ca. 400 kJ/mol lower than those neutral forms. Loosened RC(O)O-ONO: bonds was the common
feature among PAN, GPAN and PBzN with negative charge. This feature was also reproduced by density
functional theory (DFT) calculations at B3LYP/6-31+G(d) level of theory. The dissociation energy for the
RC(0)O-ONO: bonds were estimated to be less than 52 kJ/mol, expecting the dissociative electron attachment:
RC(O)OONO: + em” — RC(0O)O + NOs™ as the initial process of these molecules in NCI/MS sources. In addition,
RC(O)OONO:; + em~ — RC(0O)OO" + NO: seemed possible on capturing a thermal electron (ewm’). The
corresponding neutral products, RC(O)O and NO., were also electrophilic enough that undergo electron
attachment reactions to form RC(O)O and NOz ions, respectively. Accordingly, NO>" (m/z = 46), NOs™ (m/z =
62), RC(O)OO (m/z =M - 46, M denotes the mass number of the parent molecule) and RC(O)O™ (m/z =M - 62)
were the potential product ions during NCI/MS analysis of PAN, GPAN and PBzN.

Key words: NCI/MS, PAN, Semi-empirical molecular orbital method.
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Fig.1 Example GC-NCI/MS chromatograms for PANs
analysis of ambient air in Osaka City. Extracted ion
chromatograms (m/z = 62) for ambient air (black) and
ambient air heated at 150 deg. C before injection (gray),
shifted by 300 and 100 counts from the raw signals,
respectively, are shown. Major peaks attributed to known
PANs were disappeared by heat, showing the thermally
unstable feature of PANs. The NCI/MS spectrum for the
unidentified peak at R.T. = 2.9 min (indicated by an arrow),
also disappeared by heat, is superimposed. Analytical
conditions are described elsewhere [5].
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Fig. 2 Identification of atoms in PANs molecule for
SEMO and DFT calculations in this study.
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Table 1 Selected bond length, bond angle and dihedral angle in optimized structure of neutral and negatively ionized PAN,
GPAN and PBzN

PAN PAN GPAN GPAN PBzN PBzN
SEMO  DFT SEMO  DFT SEMO  DFT SEMO  DFT SEMO  DFT SEMO  DFT

bond length (A)

C(1)-0(7) 1.209 1.197 1.229 1.231 1.210 1.199 1.231 1.239 1.210 1.202 1.228 1.234
C(1)-0(2) 1.376 1.407 1.303 1.293 1.370 1.389 1.297 1.276 1.377 1.412 1.302 1.291
0(2)-0(3) 1.486 1.411 1.855 2.235 1.484 1.414 1.848 2.237 1.485 1.405 1.850  2.225
O(3)-N(4) 1.543 1.512 1.272 1.294 1.560 1.518 1.276 1.297 1.542 1.516 1.274 1.298
N(4)-0(5) 1.189 1.197 1.226 1.237 1.187 1.196 1.224 1.233 1.189 1.196 1.226 1.234
N(4)-0(6) 1.186 1.198 1.231 1.252 1.184 1.196 1.230 1.249 1.186 1.198 1.229 1.249
bond angle (degree)
O(7)-C(1)-0(2) 119.26 12334 12293  129.66 119.84 12490  123.80 130.83 119.11 12233 12342  128.90
C(1)-0(2)-0(3) 111.70  111.55  117.96  112.36 111.71 11195 11691  111.73 11143 111.16  117.46  110.46
0(2)-0(3)-N(4) 110.28  109.58 11698  115.11 11021 10939 11671  115.03 110.11  109.56 11642 111.86
0(3)-N(4)-0(5) 118.62 11698 12225 120.93 11845 11677  122.33  120.89 11850 11692  121.89  121.05
0O(3)-N(4)-0(6) 13499 13359 12146  123.23 135.59  133.91 121.77  123.81 135.01 133.68  121.77 123.66
dihedral angle (degree)
O(7)C(1)-0(2)0(3) -11.02 -4.96 -3.68 2.02 -12.06 -1.05 -8.38 3.81 -11.02 -6.40 1.70 0.00
C(1)O(2)-O(3)N(4) 105.29 86.59  107.19  109.40 104.93 86.33 11096 101.76 104.62 86.79  100.75 -180.00
C(8)C(1)-0(2)0(3) 169.88 17522 17597 -178.14 168.08 -178.64  170.75 -175.91 169.63  174.05 -178.67  180.00
0(2)0(3)-N4)O(5) -10.97 -1.98 -6.68  -10.42 -7.49 -3.49 -6.52 -9.89 -6.35 -1.24 -4.94 0.00
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Fig. 3  Variation of inter-atomic bond lengths in PAN
(top), GPAN (middle) and PBzN (bottom) on their
ionization. Horizontal axis represents the bond lengths
calculated by DFT at B3YLP/6-31+G(d) level, while
vertical axis represents those by SEMO calculations with
PM3 Hamiltonian. Starting points of each vector showes
the bond lengths of neutral PANs, while the arrowhead
showes those of negatively ionized PANs. Broken line
shows one-to-one correlation.
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Fig. 4 Potential energy curve for O(2)-O(3) bond
dissociation in neutral (open circles) and negatively
charged (filled circles) PAN (top), GPAN (middle) and
PBzN (bottom). AH’ for optimized structure (opt) and for
transition state (ts) are overlaid on each graph.
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Fig. 5 Variation of O(3)-N(4) bond length according to
those O(2)-O(3) bond in PAN" ion.
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Fig. 6 Potential energy curve for O(3)-N(4) bond

dissociation in neutral (open circles) and negatively
charged (filled circles) PAN (top), GPAN (middle) and
PBzN (bottom). AH’ for optimized structure (opt) and for
expected product system are overlaid on each graph.
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Table 2 Calculated standard heat of formation for PANs
and their potential NCI/MS products (unit in kJ/mol).

PAN GPAN  PBzN
RC(0)OONO, 2273 -388.3 775
RC(O)OONO; -624.5 -803.7 -482.3
RC(0)00 -149.8 -304.2 1.2
RC(0)00 3287 -509.0 -187.5
RC(0)O 207.5 -367.3 -59.8
RC(0)O -500.8 -707.6 -375.3
NO; 74.6 - -
NOy -390.6 - -
NO, 7.8 - -
NO, -179.7 — -

B HZEH (Table 2), WTFNOA W EVE
EE I ZEIET D NCUMS AF L JRIZEBWT, kD LS
REFIMBMZE0AA AT DHEE Z BT

RC(0)O + ewm” — RC(0)O" (m/z =M - 62),
NO:z + en” — NO2 (m/z = 46).
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