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Abstract

Electron-impact ionization mass spectra, the decay of metastable ions, ionization and appearance energies and bond energies, as dissociation
energies, are reported for the title compounds. An ionization energy of 9.47 eV was obtained for benzoic acid, 9.43 eV for benzoic acid n-butyl
ester, 9.61 eV for nicotinic acid and 9.97 eV for nicotinic acid n-butyl ester.

Molecular ions of both butyl esters show two common main fragmentation pathways: the first process is a McLafferty rearrangement, characterized
by the transfer of one H-atom from the aliphatic ester chain, which leads to the ions of either the organic acid or 1-butene. From their appearance
energies and known thermodynamic data, gas-phase formation enthalpies (A H{) of the parent n-butyl esters are calculated. Values of AH) =
(—4.29 £ 0.3) eV for benzoic acid n-butyl ester and AHP = (—3.66 £ 0.3) eV for nicotinic acid n-butyl ester were obtained.

The second process is characterized by the transfer of two H-atoms from the ester chain leading to a protonated form of the corresponding
organic acids and C4H7 radicals. Good evidence is provided for the formation of methylallyl radicals. Appearance energies are used to calculate
a proton affinity (PA) for benzoic acid. The obtained value of PA=(8.73 +0.3) eV, corresponding to a protonation of the carbonyl group, is in
close corroboration with published data (PA =8.51¢eV). Activation energies for the intermediate H-transfers were found to be insignificant. This
methodic gateway is applied to the system of nicotinic acid and its butyl ester. Adopting the formation of a methylallyl radical, the obtained proton
affinity of nicotinic acid, PA=28.58¢V, is very near to the published data of benzoic acid. An alternative fragmentation mechanism leading to a
value of PA 22 9.5 eV (typical for a protonation of the pyridine-nitrogen) is very unlikely. It is concluded that this transfer of two H-atoms from the
ester chain is controlled by a charge switching between the carboxylic oxygen atoms which leads to a regiospecific protonation site, in this case to
the protonated carbonyl group. This is conform with a B3LYP DFT calculation with a corresponding proton affinity of PA =8.29eV.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction ficulties in the product analysis, especially in the case of

organometallic compounds. Well-known obstacles of mass spec-

Mass spectrometric ionization and appearance energies (IE,
AE) are a valuable tool for the evaluation of detailed ionic
fragmentation mechanisms and, particularly, of thermodynamic
properties of ions and of neutral molecules and fragments as
well. Offering a wider application range, some of the accessible
data can be compared with results of competing methods like
photoelectron spectroscopy (PES) and combustion calorimetry.

While PES is a reliable source of ionization energies of
molecules, the limitations of combustion calorimetry are dif-
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trometric methods, leading to experimentally higher minimum
threshold energy values, are the formation of ions with internal
excess energy in a vertical excitation or the kinetic shift [1,2], in
cases where the formation of ions is too slow to allow a detection
at the true energetic threshold conditions.

Moreover, for the evaluation of thermochemical data from
appearance energies, the internal energies of the products have
to be addressed. In the theoretic extreme, all internal energy of
the educt is concentrated into the reactive coordinate and the
products are left with an internal temperature of 0K [3,4]. On
the time scale of the decay of a polyatomic molecule, this needs
an efficient vibrational coupling under collisionless conditions
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by far beyond the accidental resonant coupling case. However, at
least for simple dissociation reactions on electron-impact ioniza-
tion, good evidence is provided that, at most, only a small part of
the initial internal energy of the educt contributes to the reaction
energy in such an intramolecular collisionless fragmentation.
Therefore, the products are regarded to be formed near to the
original sample temperature [4]. This modified picture means
that the reservoir of the excitation energy is efficiently coupled
only with the corresponding reaction coordinate, which centers
in the concept of excited local modes. Important for the eval-
uation of experimental data, however, most of the temperature
dependence actually arises from the vibrational heat capacity
and these changes are usually not exceeding the experimental
error limit of the AE measurements (see Appendix A).

During our investigations of laser-induced multipho-
ton ionization/dissociation processes of organic [5-7] and
organometallic [8—15] compounds, we found that carefully
calibrated ionization and appearance energies obtained on
electron-impact (EI) ionization can be compared very well with
the absorbed photon energies for the formation of a specific
ion. Organometallic compounds which decompose to their bare
metal ions allow the determination of their formation enthalpies
based on the well-known ionization energies and enthalpies of
formation of these metal ions. Thermochemical investigations
of organic compounds, however, are sometimes sophisticated
due to their tendency to extensive H-shifts, migration of entire
functional groups and, not at least, the lack of necessary reliable
thermodynamic data.

Small organic molecules, however, appear to be challenging
targets. Therefore, this method has recently been extended to
suited organic compounds, where reliable formation enthalpies
of intermediate fragment ions are accessible from protonated
smaller neutral molecules using their known enthalpies of
formation and their proton affinities. Mandelic acid and man-
delic acid methyl ester, as prototypes for the CcHsCH(OH)-X
system [15] and triphenylmethanol, as a prototype for the
(Ce¢Hs)2C(OH)—X system [16], were studied.

For many molecules, the ionic fragmentation process results
in fragments actually representing the protonated form of a well-
known stable neutral molecule.

In reverse, appropriate reliable ionization and appearance
energy data are a gateway to the direct determination of proton
affinities of these neutrals.

A promising target into such investigations are organic car-
boxyl esters, where the ionic fragmentation strongly depends on
the length of the aliphatic ester chain.

Beginning with the ethyl esters, the (classical) McLafferty
rearrangement with the transfer of a y-H-atom from the ester
chain to the carbonyl oxygen results in the formation of ions
of the pure organic acid. It has been shown that the origin
of the itinerant H-atom in this rearrangement is highly spe-
cific. For benzoic acid propyl ester, deuterium labelling of the
propyl group showed, that, on El ionization at 70 eV, C-2-propyl-
hydrogens were transferred with a probability of 86%, becoming
higher at lower internal excess energy.

Beginning with propyl esters, a competitive mechanism,
denoted as a double McLafferty rearrangement, becomes oper-

ative. This mechanism is characterized by the transfer of two
H-atoms resulting in the formation of the protonated form of the
organic acid. With a lesser specifity, double H-transfer involved
one H-atom from the C-2 and the other from the C-3-carbon of
the propyl group [17]. Mechanistic proposals cover a sequential
two-step reaction [18], a concerted reaction for isopropyl esters
[19] or even an intermediate ion/molecule complex [20].

Therefore, these compounds offer the chance to determine
both the formation enthalpy of the parent neutral ester and the
proton affinity of the corresponding acid as well.

The relatively well investigated system of benzoic acid was
chosen to confirm the applicability of this approach and the
method is transferred to the nicotinic acid system.

The increase in the proton affinity from the benzoic core via
the carbonyl group to the pyridinic core, as potential competing
reaction centers, provides more insight into the fragmentation.

2. Experimental

Benzoic acid was obtained from Merck (Darmstadt). Ben-
zoic acid n-butyl ester, nicotinic acid and nicotinic acid n-butyl
ester were purchased from Aldrich. The samples were used
as received. The measurements were performed with a Finni-
gan MAT95 mass spectrometer (Finnigan MAT, Bremen) with
reversed Nier-Johnson geometry. Metastable ions were recorded
in the two field-free regions between the ion acceleration and the
magnetic sector field (FFR1) or between the magnetic sector and
the electrostatic sector field (FFR2). Fragment ions of a selected
parent ion, precursor ions of a selected fragment ion or parent
ions which eliminate a specific neutral fragment were analyzed.
The appropriate scan laws were set by the instrument.

Minimum energy thresholds for the formation of particular
ions were obtained by extrapolating log (ion intensity) versus
experimental electron energy to a vanishing ion intensity. A vari-
ety of references with masses and IEs or AEs close to the ion
of investigation was used for the calibration of the energy scale:
1,2-dibromoethane (IE=10.37 eV, AE (CoH4Br*)=10.53¢V),
CH;,Br; IE=10.49 eV, AE (CH;Br*)=11.25 V), dibutylether
(IE=9.55¢eV), benzene (IE=9.244¢eV), CHCl3 IE=11.37¢V,
AE (CHCI,")=11.57eV, AE (CHCI*)=17.5eV). All values
were taken from Refs. [21] and [22]. For these experiments,
the electron capture dynode was deactivated and the draw-out
aperture was kept at the potential of the ionization chamber.

In this way, mass depending non-linearities in the ion
transmission were corrected. Sample and reference ions were
measured at the same particle density in the ionization chamber.

The sample temperatures were kept at 298 K with the excep-
tion of nicotinic acid, which was measured at a temperature of
330K.

The results are summarized in Tables 1-4. The error limit
reflects the actual spread in the obtained values.

3. Results and discussion
The following calculations of thermodynamic parameters

uses a variety of necessary literature data, collected in Table 5.
Derived thermochemical data are summarized in Table 8. Inher-
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Table 1
Tonization and appearance energies of benzoic acid obtained on calibrated
electron-impact ionization

mlz 1IE, AE Literature Reference
122 9.47 9.66 (averaged) [22,23], see text
105 11.17 11.5,12.1, 12.11 [22,23]

77 13.94 14.3, 15.1, 15.08 [22,23]

All values are in eV. The error limit is 0.3 eV.

Table 2
Tonization and appearance energies of benzoic acid n-butyl ester obtained on
calibrated electron-impact ionization

mlz 1IE, AE Literature Reference
178 9.43
123 9.65
122 10.79
105 11.43 11.2 £ 0.1* [23f]
79 11.96
77 14.65 15.0 + 0.032 [23f]
56 10.67

All values are in eV. The error limit is £0.3 eV.
2 Using Krypton as calibrant.

Table 3
ITonization and appearance energies of nicotinic acid obtained on calibrated
electron-impact ionization

mlz 1IE, AE Literature Reference
123 9.61 9.38 [24]
106 11.58
105 10.94
78 14.20
77 13.67

All values are in eV. The error limit is +0.3 eV. The sum formula of the ions
at m/z 78 (CsH4N™) and m/z 77 (CsH3N**) were confirmed by high resolution
mass spectrometry.

ently, the enthalpies of formation of ions are derived according
to the ion convention, which treats the electron as an ideal ele-
ment in its standard state at all temperatures, arbitrarily setting
its formation enthalpy AHP (e7)=0[3]

Table 4
Ionization and appearance energies of nicotinic acid n-butyl ester obtained on
calibrated electron-impact ionization

mlz IE, AE
179 9.97
178 9.60
164 9.85
151 10.55
150 10.79
137 10.32
124 9.94
123 10.85
106 11.71
105 12.15
78 14.40
56 11.03

All values are in eV. The error limit is £0.3 eV.

3.1. Benzoic acid (BA)

The mass spectrum of benzoic acid on EI ionization shows
molecular ions C7HgO,** at m/z 122. Their intensity is 95% of
the base peak, which is characterized by C¢HsCO™ benzoyl ions
atm/z 105. Other prominent fragments are C¢Hs* ions are at m/z
77 (90%) and C4H3* ions at m/z 51 (70%).

Thermochemical data of benzoic acid are crucial for the
following evalution of benzoic acid n-butyl ester results. Liter-
ature data for ionization and appearance energies are scattered,
even on application of the same ionization method. Published
results for the ionization energy are IE=9.3eV (adiabatic)
[22,23a], 9.41 eV (vertical) [23a], 9.6eV [23b] on photoelec-
tron spectroscopy and [E=(9.8 +0.2)eV [23c], 9.75eV [23d]
or (9.73 £0.09) eV [23e] on electron-impact ionization. From
these data, an averaged value of IE=9.66¢eV is obtained for
a vertical excitation. Even more scattered are the appearance
energies for the C¢HsCO™ ion at m/z 105 on electron-impact ion-
ization with AE (105%)=(12.1£0.1)eV [23c], 12.11 eV [23d]
or (11.5+£0.07)eV [23f] and those for the C¢Hs* ion at m/z
77 with AE (77*)=(15.1£0.2)eV [23c], 15.08eV [23d] or
(14.3£0.07)eV [23f].

Therefore, the ionization and appearance energies had to be
remeasured and the results are listed in Table 1.

Using thermochemical data from Table 5, the appearance
energy of CgHsCO* ions of AE (105%)=(11.17£0.3)eV
is consistent with the calculated reaction enthalpy of
AH;=(11.45+0.2)eV according to reaction (1).

C¢HsCOOH — CgHsCO™ +HO® + e~ (D

In addition, the AE (77*)=(13.94+0.3)eV is in good
corroboration with AH;=14.11eV as obtained according to
reaction (2).

Ce¢HsCOOH — CgHst +CO + HO® + e~ 2)

For a direct comparison with benzoic acid n-butyl ester, the
metastable ion decay of benzoic acid was analyzed on chemi-
cal ionization using methane as reactant gas. Fragments of the
quasi-molecular ion (MH"), the C7H70,% ion at m/z 123, are
C7HeO»>°*" ions at m/z 122. Furthermore, CyHgO®* ions at m/z
106 and C7HsO™ ions at m/z 105 are formed by elimination of
OH?® or H;0, respectively. C¢H7* ions at m/z 79, formed by elim-
ination of CO», are seen as their fragment ions and vice versa
in the parent ion scan. Fragments of C7HgO®* ions (m/z 106)
are C7H50™" ions at m/z 105, C¢Hg®" ions at m/z 78 and CgHs*
ions at m/z 77. These results are very similar to the metastable
ion decay of comparable ions of the corresponding ester.

3.2. Bengzoic acid n-butyl ester (BABE)

A mass spectrum of benzoic acid butyl ester is presented in
Fig. 1. Together with the analysis of the metastable ion decay
(Table 6), a first insight into the fragmentation process is pro-
vided.

Molecular ions C;{H40,°* are seen at m/z 178. Fragment
ions at m/z 149 and 135 are formed with very low intensity, espe-



4 J. Opitz / International Journal of Mass Spectrometry 265 (2007) 1-14

Table 5
Gas-phase enthalpies of formation (AHP ), proton affinities (PA) and appearance energies
Species Parameter kJ/mol eV Reference
H* AH) 217.998 2.259 [21]
IE 13.598 [21]
HY AH) 1530 15.857 [21]
HO* AH 38.99 0.404 [22]
H0 AH —241.83 —2.506 [22]
co AH -110 -1.15 [22]
CO, AH —393.52 —4.079 [22]
HOOC*® AH —223.0 —2.311 [22]
CgHs* AH 1138 11.794 [15]
CeH7* AH 862.53 8.9395 [15]
CeHsCO* AH 770.92 7.9940.2 [15]
C¢HsCO* AH 109.2+8 1.13 [21]
Benzoic acid AH? —295.2 —3.06 [22]*
IE 9.66+0.3 [22,23]°
PA 821.1 8.51 [22]
AE (CgH5CO") 11.90 [22,23]°
Nicotinic acid IE 9.38 [22,24]
AH? —2215+15 —2.296 [22,25]
PA 907 9.40 [26]
C4Ho0° AH? —62.8 —0.651 [21]
C4Hg
1-Butene AH —0.63£0.79 —0.006 [21,22]
IE 9.55 [21,22]
C4H7’
MeCH=CH—C"*H, AH? 1255463 1.30 [21]
H,C=CHC*HMe AH? 1255463 1.30 [21]
H,C=CHCH,C*H, AH 192.5 2.00 [27]
Cyclobutyl AH 2142442 222 [21]
Cyclopropylmethyl A Ht(‘) 213.8+6.7 2.22 [21]
EtC*=CH, AH 246.8 2.56 Estimated ¢
Benzene IE 9.244 [22]
PA 750.4 7.78 [22]
Pyridine 1IE 9.26 [22]
PA 930 9.64 [22]
3-Acetopyridine PA 916.2 9.50 [22]

@ AH (g) was calculated from A HY(s) = —3.988 eV and AH° (sub)=(0.922+0.04) eV [22].

b Mean value from IE (eV, PES)=9.41, 9.60; IE (eV, EI)=9.80, 9.75, 9.73.
¢ Mean value from AE (eV)=12.1, 12.11, 11.5.

d Estimated from AHP (1-butene) and D(C—H) =465.3 kJ/mol for ethylene [27].

cially in comparison with nicotinic acid butyl ester (see below),
by elimination of CoHs® or C3H7*, respectively. The dominant
fragmentation process, however, is the elimination of C4H7*
radicals yielding the prominent C7H70,* ions at m/z 123. These
C7H;70," ions are precursors for three further fragment ions,
C7HgO®* (m/z 106) by elimination of OH®, CyH50% (m/z 105)
by elimination of HyO or C¢H7™" (im/z 79) by elimination of CO».

C7HgO,*" ions at m/z 122 are formed from molecular ions by
loss of C4Hg (1-butene). Subsequent elimination of OH® radicals
leads to C7HsO™" ions at m/z 105. C¢H7™ ions at m/z 79, as
metastable fragments, were observed only in the fragment ion
scan in FFR1. Due to its absence in FFR2, this peak is regarded
as an artefact, most probably induced from an interfering decay
from the more intensive CyH70,* ions at m/z 123.

C7HsO™ ions at m/z 105 eliminate CO thus forming C¢Hs*
ions at m/z 77.

C4Hg®* ions at m/z 56 are directly produced from parent
molecular ions by elimination of neutral benzoic acid.

A more detailed insight into these various fragmentation steps
is achieved by a thermochemical analysis.

The formation enthalpy of benzoic acid butyl ester is
derived from two pathways, summarized by reactions (3) and
(4). Both pathways represent the classical McLafferty rear-
rangement and the detailed mechanism is disputed between a
concerted or a stepwise reaction via an intermediate distonic
ion [28].

BABE — BA*T +C4Hg+e~ 3)
or

BABE — BA + C4Hg*t +e¢~ 4
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Fig. 1. Mass spectrum of benzoic acid n-butyl ester on EI ionization at 70 eV.

Table 6
Metastable ion decay of benzoic acid n-butyl ester on electron-impact ionization
(electron energy: 70eV)

(a) Fragment ions of a given parent ion

Parent ions mlz Fragment ions mlz Relat. intensity (%)
C]]H1402'+ 178 C7H702+ 123 Strong
123 C7HgO,*" 122 5
C7HgO** 106 20
N
CH70 C;H50* 105 45
CeH7* 79 100, strong
122 C7Hs0" 105
o+
CrHs02 CeHr* 79 Atefact in FFR1
C7HsO™* 105 CeHs* 77
CgH7* 79 CgHs* 77

(b) Parent ions of a given fragment ion

Fragment ions mlz Parent ions miz Relat. intensity (%)

C4Hg** 56 Cy1Hj40,%% 178 Tiny

77 CgH7* 79
.

CoHs C7Hs0* 105 Strong

CeHy* 79 C7H;0,% 123
105 C7HgO,* 122

"
C7HsO CoHoO,* 149

C7HeOx** 122
C7H;0,* 123

Cy1Hj40,%% 178
Ci1H 140, 178

(c) Precursor ions eliminating a neutral fragment of specific mass

Neutral Mass Parent ions mlz
H,0 18 C7H;0,* 123
CO, 44 C7H;0,% 123
C4H7* 55 Ci1Hj400%% 178

As depicted in Fig. 2, reactions (3) and (4) differ only in
the distribution of the positive charge among the two prod-
ucts. Since the IEs of 1-butene and BABE are in a comparable
range (Tables 2 and 5), the charge distribution among both is in
agreement with the semi-empirical rule of Stevenson.

According to reaction (3), the AE (BA®*) of 10.79 ¢V and the
formation enthalpies of BA®** and 1-butene yields a formation
enthalpy of BABE of —4.386¢V.

It should be kept in mind, that this result is directly dependent
on the ionization energy of benzoic acid.

According to reaction (4), the AE (C4Hg**) of 10.67eV
and the formation enthalpies of benzoic acid and the 1-butene
cation C4Hg** a formation enthalpy of BABE of —4.186¢V is
obtained.

From both results, a mean value for the formation enthalpy
of AHP (BABE) = (—4.286 £ 0.3) eV is calculated, equivalent
to (—414 £ 30) kJ/mol (Table 8).

If an activation energy for the H-transfer must be taken into
account, the experimental appearance energies for the product
ions would be higher than the pure thermochemical reaction
enthalpy by the same amount. The same holds for the derived
formation enthalpies.

The contribution of a potential activation energy is estimated
from the dissociation energy (D) of benzoic acid or benzoic
acid butyl ester to a benzoyl radical and their counter radicals
according to reactions (5) and (6).

BA — CgHsCO® + HO® (5)
BABE — CgH5CO® + C4HoO°® (6)

For benzoic acid D=4.59eV is calculated (data from
Table 5), which is in good correlation to D =4.76 eV for BABE.
This result points to an insignificant activation energy for the
H-transfer during the McLafferty rearrangement.

The ion at m/z 123 represents a protonated form BAH* of
benzoic acid. A sequential reaction mechanism for the involved
double H-transfer is depicted in Fig. 3. Previously, a mechanis-
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Fig. 2. McLafferty rearrangement of benzoic acid n-butyl ester: a concerted and a stepwise reaction mechanism.

tic proposal has been published for n-propyl esters by Benoit
et al. [18]. According to this, the first step, a single H-transfer
from the 2-alkyl position to the carbonyl oxygen, is exothermic,
apparently occuring without activation energy. This provides
the internal excess energy for the subsequent rearrangement and
fragmentation, being endothermic by roughly the same amount.
Additionally, by appearance energy measurements, the protona-
tion site of carboxylic acids has been shown to be the carbonyl
group rather than the OH group [18].

Among the two distinct structures of C4H7® radicals in
Fig. 3, preference is given to the methylallyl radical formed
via reactions (a) and (b). At energetic threshold conditions, the
alternatives, including a cyclopropylmethyl or a cyclobutyl rad-
ical, are ruled out by their high formation enthalpies. The same
holds for the EtC® = CH; radical which may be formed in a four-
membered transition state (Table 5). As depicted in Figs. 2 and 3,

the stepwise mechanism for the single H-transfer could easily
explain the competing double H-transfer by the formation of a
rotamer.

According to reaction (7), the AE (123*)=9.65¢eV and the
formation enthalpy of the methylallyl C4H7* radical a formation
enthalpy of the BAH" ion of (4.064 +0.3) eV is obtained.

BABE — BAH" +C4H7* + ¢~ 7

This formation enthalpy of BAH" is interpreted according to
reaction (8).

BAH' — BA + H* (8)

Using formation enthalpies of benzoic acid and H* (Table 5),
a reaction (8) enthalpy of AH;=(8.73+£0.3)eV is obtained.
This reaction enthalpy corresponds to the proton affinity of ben-
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Fig. 3. A sequential charge-controlled mechanism for the transfer of two H-
atoms leading to the formation of a protonated acid.

zoic acid as derived from appearance energy data. Within the
experimental error of the AE determinations and the underly-
ing literature data of benzoic acid, this result agrees well with a
published proton affinity of PA=8.51¢eV (Table 5). Therefore,
with good evidence, the described reactions are occuring near to
their thermochemical enthalpies. Activation energy barriers for
the two reactions (a) the transfer of either one H-atom during
the McLafferty rearrangement (used for the calculation of the
parent formation enthalpy) and (b) the transfer of two H-atoms
leading to the protonated intermediate (used for the calculation
of the proton affinity of benzoic acid) are insignificant. This
is supported by comparison with mandelic acid and its methyl
ester on EI ionization, where fragmentation to molecular prod-
ucts, involving the intramolecular transfer of one H-atom, was
found to occur without significant internal excess energy [15].
Furthermore, this result is characteristic for the thermochemi-
cally favoured protonation of the carbonyl group rather than the
phenyl core as compared with PA =7.78 eV for benzene [22].

Confirmed by the metastable ion analysis, the next fragment
ion of BABE, C¢HsCO™ ions at m/z 105, can be formed by three
different processes.

The first represents a direct a-cleavage according to reaction

9).
BABE — CgHsCO™' +C4HoO® + e~ 9)

A reaction enthalpy of AH,=(11.63 +0.2)eV is calculated.
The second formation process (10) is the elimination of HoO
from the intermediate protonated acid (BAH™).

C7H702+ — C6H5CO+ +H,0 (10)

From BABE, an overall thermochemical reaction enthalpy
of AH,=(11.07=£0.2)eV is calculated. The experimental AE
(105%)=(11.43 +0.3) eV is in accordance with both processes.

With respect to the appearance energy of the C¢Hs* ions (as
products by CO elimination) and the results for nicotinic acid
butyl ester, which point to the need of an activation energy for
this elimination (see below), preference is given to reaction (9).

The third option, a formation via intermediate benzoic acid
ions and subsequent elimination of OH® radicals, needs a
thermochemical reaction enthalpy of AH,=12.67eV and can
definitely be ruled out at energetic threshold conditions.

Benzoyl cations C¢HsCO™" are prominent, but not the only,
precursors for CgHs* ions at m/z 77.

The first pathway to C¢Hs™ ions is the elimination of CO
from these benzoyl ions according to reaction (11).

CgH5CO"T — CgHs™ +CO (11)

Within the experimental error limit, the difference between
AE (77%) and AE (105%) of 3.22 €V is in acceptable corrobo-
ration with the calculated thermochemical reaction enthalpy of
AH;=(2.66£0.2)eV. The reason for the apparent discrepancy
seems to be the relatively low AE (105%). From BABE, the over-
all fragmentation via reaction (12) comprises only simple bond
cleavages, which predominantly fulfill the requirement to occur
without additional activation energy [4].

BABE — CgHs5™ +CO + C4HoO® + e~ (12)

A thermochemical reaction enthalpy of 14.28 eV is obtained
which is in fairly good corroboration with the experimental result
of AE (77")=(14.65+0.3)eV.

The second pathway to C¢Hs* ions includes the last promi-
nent fragment ion, CgH7* at m/z 79. As seen in the metastable
ion decay of protonated benzoic acid and its butyl ester, this ion
is formed from BAH™ ions according to

C7H70," — CeH7 T 4+ CO, (13)

A thermochemical reaction (13) enthalpy of AH;=0.80eV
is calculated. Therefore, based on the AE (123*)=9.65¢V,
an appearance energy of 10.45eV is expected for the C¢H7™*
ion. The comparison with the experimental value of AE
(79%)=11.96 eV points to an activation energy of 1.51eV for
this elimination process, which involves the transfer of two H-
atoms to the phenyl core during the elimination of CO;. A
very similar behaviour has been found for the elimination of
CO from protonated benzaldehyde with an activation energy of
(1.1 +0.1)eV [15]. C¢H7™* ions are known precursors for C¢Hs™
ions. A thermochemical reaction enthalpy of AH,;=2.86eV
has been calculated for the elimination of H, and an activa-
tion energy of (1.1 +0.1) eV was assigned to this process [15].
Concerning the decay of protonated benzoic acid, this acquired
excess energy will be distributed among the C¢H;" ions and
COg, since a significant intermolecular collision-induced energy
dissipation is not likely under the experimental conditions for
the determination of the appearance energies. Being a better
acceptor of internal excess energy than CO, CO, may be a sig-
nificant shareholder of the previously acquired activation energy
of 1.51 eV. For C¢Hs™ ions, formed on this pathway, an appear-
ance energy between 14.42 and 15.92 eV is expected, depending
on the shared internal excess energy of the C¢H7* ions and its
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Fig. 4. Derived thermochemical reaction enthalpies and activation energies E,¢ (in eV) for the fragmentation of benzoic acid n-butyl ester.

distribution (Fig. 4). Therefore, this route is more endothermic
than reaction (12).

In view of the various pathways to CgHs™ ions (and to
C¢HsCO™ ions as well) near to the energetic threshold con-
ditions, some differences between the experimental AEs and
calculated reaction enthalpies may be caused by the vanishing
ion extrapolation method itself, since, with slightly increased
electron energies, additional pathways are accessible and will
influence the ion intensity.

3.3. Nicotinic acid (NA)

A mass spectrum is shown in Fig. 5. On EI ionization, the
metastable ion analysis revealed molecular ions C¢HsNO,**
at m/z 123 as precursors of CgH3NO®* ions at m/z 105.
Remarkably, CsH4NO™ ions (m/z 106), as fragments by OH®

elimination, were not detected. In the precursor scan of
CgH4NO* ions only the low abundant (M+1)* peak was
observed, which points to an actually monitored transition from
the 13C isotope peak of molecular ions. CsH4sNO™ ions at m/z
106 are precursors of CsH3NO®* ions (m/z 105) and CsH4N*
ions (m/z 78). CcH3NO®* ions at m/z 105 are precursors of
CsH3N** ions (m/z 77).

On chemical ionization using methane as reactant gas, the
fragmentation of the CcHgNO,* (MH") ion at m/z 124 was gov-
erned by C¢H5NO,** ions (m/z 123), C¢H4NO™ (m/z 106) and
C5HeN* ions (m/z 80), CsHsN®* ions (m/z 79) and CsH4N* ions
(m/z78). Prior to the discussion of nicotinic acid butyl ester, rel-
evant formation enthalpies for common intermediate ions are
derived. In this case, the slightly enhanced sample temperature
of 330 K does not significantly affect the given A HP values since
the integrated heat capacity between 298 and 330K is regarded
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to be far below the experimental error limit in the determination
of the appearance energies.

The formation enthalpy of the C¢H4NO* cation is calculated
from the AE (106%)=11.58 eV and the formation enthalpy of
the OH® radical (Tables 3 and 5) according to the a-cleavage
reaction (14).

NA — CgH4NO" +HO® + e~ (14)

A value of AH? (CéHsNO™) = 8.88 eV is obtained.

This is in a reasonable correlation with AHP (CeH5CO™) =
7.99eV for the benzoyl cation with a difference of AAHP =
0.89eV between the two enthalpies of formation. Continu-
ing the fragmentation by elimination of CO from CgH4NO™
ions to CsH4N* ions, the formation enthalpy AHfO(C5H4N+) =
12.65¢V is calculated from its AE (78%)=14.20eV according
to reaction (15).

NA — CsH4NT 4+CO + HO® + e~ (15)

Again, this result is in a reasonable correlation with
AHX(C¢Hs™) = 11.794eV with a difference of AAH? =
0.86eV.

Furthermore, a AHfO(C5H4N‘) = 4.05eV (391.0kJ/mol for
pyrid-3-yl [27]) leads to IE (CsH4N®)=8.60eV in good corre-
lation to IE (CgHs®)=8.39 V.

The abundant formation of the fragment ion at m/z 105 is
unparalleled by benzoic acid. Since the AE (105%) is lower than
AE (106%), the formation is interpreted with an elimination of
H;O from the molecular ion.

NA — CgH3NO** +H,0 + e~ (16)

Since intensive fragment ions at m/z 105 are specific for the 3-
pyridinecarboxylic acid, a-cleavage of the 2-pyridine-hydrogen
is the most likely step for its formation. This is supported by a
study using site-specifically deuterated analogs of nicotinic acid
[29].

With respect to a potential activation energy for this process,
an upper limit for the formation enthalpy of AHfO (CeH3NO™) =
11.15 eV is derived using the AE (105%)=10.94 V.

It may be speculated that the dominance of this fragment
ion is caused by a ring opening to a thermochemically favoured
ion with a seven-ring cyclic structure. CsH3N®" ions at m/z 77
are formed by subsequent elimination of CO. Its structure is
assigned to that of 2,3-didehydropyridine. An upper limit of
AHfO = 15.03 eV is derived for this ion. Some data for benzyne
are available for comparison. An early work reports an ionization
energy of 9.75 eV and a formation enthalpy of AHfO =5.12eV
[30a]. More recent results point to a lower AHfO =5.08¢eV
[30b] or 4.56eV [30c,d] and (on PES) to IE=9.24¢eV [30e]
or 9.03 eV [30f]. On average, a AH19 (CeHy) = (4.82 £0.3)eV
and IE=(9.154+0.1)eV lead to AHP (CeHy* ™) = 13.97eV
with a reasonable difference of AAHtQ ~ 1eV to CsH3N®**.
Therefore, potential activation barriers should not exceed the
given error limit.

3.4. Nicotinic acid n-butyl ester (NABE)

Molecular ions C1gH;3NO>** are seen at m/z 179 in the
mass spectrum (Fig. 6). Documented by their metastable ion
decay, they are direct precursors of fragment ions at m/z 178,
164, 151, 150 and 137. These five fragment ions are formed
by elimination of H®, CH3®, CoH4, CoHs® or C3Hg, respec-
tively. A comparable elimination is virtually absent for benzoic
acid n-butyl ester. Similar fragmentations are seen in many pyri-
dine compounds with long aliphatic chains. In correlation with
the significantly increased proton affinity of the pyridine core
in comparison to the benzene core, this behaviour is rational-
ized as being caused by an increased cation affinity. Therefore,
it is concluded that the cationic fragment ions are stabilized
by interfering (in any form of a cyclisation) with the pyridine
core. The structure of the radical cations at m/z 151 and 137 is
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Fig. 6. Mass spectrum of nicotinic acid n-butyl ester on EI ionization at 70 eV. See discussion of the protonation site for the C¢HgNO,* ion at m/z 124.

tentatively assigned to the ethyl and the methyl ester, respec-
tively.

The dominant fragmentation of molecular ions, however, is
the elimination of C4H7*® radicals leading to C¢HgNO,* ions
at m/z 124 (Table 7). This ion represents a protonated form of
nicotinic acid, where the actual protonation site could be either
the pyridine core or, as in the case of benzoic acid, the carbonyl
group. From these C¢HgNO,* ions, a sequential elimination of
H,0 and CO leads to C¢H4NO™ ions at m/z 106 and to CsH4N*
ions at m/z 78, respectively. In addition, a direct formation of
CsH4N™ ion from these precursors points to a contribution of a
fast elimination of H,O and CO or to an elimination of CH,O».
With low abundance, CsHgN* ions at m/z 80 are formed by the
metastable elimination of CO; from parent C¢HgNO,* ions.

The second important fragmentation pathway from molec-
ular ions is a classical McLafferty rearrangement leading to
CgHsNO,** ions at m/z 123 by elimination of C4Hg (1-butene).
The subsequent fragmentation is similar to the pure nico-
tinic acid and involves the elimination of either H>O yielding
CcH3NO*®* ions (m/z 105) or a sequential elimination of OH®
and CO yielding C¢gH4NO™ ions (m/z 106) and CsH4N™ ions
(m/z 78), respectively.

1-Butene C4Hg®* ions at m/z 56 are directly formed from
molecular ions by elimination of neutral nicotinic acid.

A more detailed insight is achieved in conjunction with ther-
mochemical data (Fig. 7).

In analogy to BABE, the formation enthalpy of NABE is
derived from two reaction pathways.

NABE — NA®*"T +C4Hg +e~ (17)
or
NABE — NA + C4Hg*t +e~ (18)

According to reaction (17) or reaction (18) and published data
from Table 5, formation enthalpies of —3.542eV or —3.782eV

are obtained, respectively. Supported by the results for BABE,
an insignificant activation energy for the involved H-transfer
is assumed. Thus, a mean value for the formation enthalpy of
AHfO (NABE) = (—3.662 £ 0.3) eV is obtained, equivalent to
(=353 £30) kJ/mol (Table 8).

The appearance energy of the C¢HgNO,* ion at m/z 124,
representing a protonated form of nicotinic acid (NAH™*), allows
the calculation of a proton affinity of this acid.

Its formation is summarized according to

NABE — CgHgNO, " +C4H7® + ¢~ (19)

At this point, the formation enthalpy of the C4H7* radical and
its structure is a crucial parameter. Following the discussion for
BABE (see Fig. 3), at energetic threshold conditions preference
is given to the C4H7°® methylallyl radical over the alternative
structures.

From the appearance energy AE (124*)=9.94¢V, a forma-
tion enthalpy for this C¢HgNO,* ion of 4.978 eV is calculated.

Using this value and additional data from Table 5, a reaction
enthalpy of 8.58 eV is calculated according to

NAH" — NA + H* (20)

The enthalpy for this reaction corresponds directly to the pro-
ton affinity of nicotinic acid and a value of PA (NA)=8.58¢eV
(=828 kJ/mol) is obtained.

The result is very similar to the result for a protonation of
the carbonyl group of benzoic acid (Table 5). On the other
hand, however, the discrepancy to a published proton affinity
of PA =9.40¢eV [26], measured by the kinetic method, and well-
known proton affinities of various pyridine compounds for a
protonation of the pyridinic nitrogen of roughly 9.5¢eV (e.g., 3-
acetopyridine, Table 5) is striking. A tentative decision between
these two protonation sites is based on the following arguments.

Underlying a protonation at the pyridinic nitrogen with a pro-
ton affinity of 9.40eV for nicotinic acid, a formation enthalpy
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Table 7
Metastable ion decay of nicotinic acid n-butyl ester on electron-impact ionization
(electron energy: 70eV)

(a) Fragment ions of a given parent ion

Parent ions mlz Fragment ions  m/z Relat. intensity (%)

179 Ci1oH2NOL* 178 100
CoH;oNO,* 164 15
CgHoNOy** 151 3

ot
CioH13NO, CgHgNO,* 150 2
C/H;NO,** 137 12
CeHgNO,* 124 60
124 CeHsNO,** 123 15
CgH4NO* 106 100, strong
CeHgNO,* CeHzNO** 105 20
CsHeN* 80 5
CsH4N* 78 5
123 CeH4NO* 106 3
o+
CoHsNO, CeH;NO** 105 100, strong
106 CeH3NO** 105 40
.
Cot4NO CsH4N* 78 100, strong
105 CsH4N* 78 15
o+
CoH3NO CsH3N** 77 100

(b) Parent ions of a given fragment ion

Fragment ions mlz Parent ions mlz Relat. intensity (%)
CaHg®* 56 CioHi3NOx** 179 Tiny
e T Chyor i

CoaNow+ 1 22228; 106

o o

CiHsNOp++ 123 GsHNO™™ 151

CioH;3NO,** 179

CioH;3NO,** 179
CioH13NO,** 179
CioH;3NO,** 179
CioH13NO,** 179

CeHgNO,* 124
C7H7NO,** 137
CgHy9NO,** 151
CoHoNO,* 164

Strong

of NAH* of 4.16 ¢V is anticipated. Retrospectively, the appear-
ance energy for the protonated acid of AE (124%)=9.94¢V for
reaction (19) is thermochemically in accordance with a forma-
tion enthalpy of 2.12eV for the C4H7*® radical. The choice of
corresponding candidates, listed in Table 5, would imply a frag-
mentation mechanism totally different to that of benzoic acid
butyl ester. However, concerning the formation of protonated
acids, literature mass spectra reveal a common behaviour of
esters of both acids, depending only on the length of the ester
chain. The fragmentation of ethyl esters is dominated by a clas-
sical McLafferty rearrangement leading to the organic acids.
Protonated acids (by a formal elimination of a C,H3*® radical)
are not observed. In contrast to this, the intermediate formation
of protonated acids starts with propyl esters. Their abundance
dominates over ions of the corresponding acid, even for iso-
propyl esters. Emphasized in the last case, both esters show a
parallel fragmentation in respect of the absence of additional

Table 8

Derived gas-phase enthalpies of formation (AHP ) and proton affinities (PA)
Species Parameter eV kJ/mol
CeHyNO* AH) 8.88¢ 857
CeH3NO** AH) 1115 1076
CsHyN* AH) 12.65° 1221
CsH3N** AH) 15.03¢ 1450
BA** AH/ 6.41 618
BAH* AH 4.064 392
NAH* AH] 4.978 480
NA PA 8.58¢ 828
BABE AH) —4.286 —414
BABE** AH] 5.144 496
NABE AH] —3.662 -353
NABE** AH] 6.308 609

The estimated error is £0.3 eV (£30kJ/mol).
2 Compare with AH?(C(,HSCO*) =(7.99£0.2)eV.
® Compare with AH{(CsHs™) = 11.794¢€V.
¢ Structure assigned to 2,3-didehydropyridine.
4 For a protonation of the carbonyl group.

fragment ions for the nicotinic acid ester. One aspect for the
competitive transfer of a second H-atom over the alken loss
could be the formation of a rotamer allowing the abstraction
from a saturated CH3 group instead of that from a radicalic CH»
end group for ethyl esters.

A further argument supports the assumption of a protonated
carbonyl group: the difference of the PA values for the N-
protonated and the CO-protonated form of APA=0.82¢V is
in accordance with a density functional theory (DFT) molecu-
lar orbital approach, where, e.g., for 2-aminonicotinic acid, the
nicotinic-N-protonated form was found to be more stable than
the carbonyl-protonated form by 1.12eV. In addition, a pro-
ton affinity of 9.51 eV was obtained for the formation of the
N-protonated nicotinic acid [31]. Following this method, we
reproduced this value and, for the direct comparison, a proton
affinity of 8.29 eV (799.5 kJ/mol) was obtained for the formation
of the carbonyl-protonated form (see Appendix A and Table 9).

For the n-butyl esters, the transfer of the first H-atom undoubt-
edly leads to the formation of the OH group of a preformed
carboxylic group. However, a competing potential transfer of
the second H-atom to the nitrogen of a pyridinic core requires
large transition states. On the time scale of the mass spectromet-
ric detection, the efficiency of such a rearrangement is expected
to be very low. Furthermore, the corresponding aliphatic neu-
tral radicals are not preformed in an intramolecular reaction
mechanism.

For NABE, due to the lack of experimental data for the C4H7*
radical, additional arguments for the actual protonation site of
the NAH* ion are derived from the subsequent fragmentation,
the loss of H,O.

NAHT — CgH4NOT +H,0 1)

Underlying the questionable NAH" enthalpy of formation,
the thermochemical reaction (21) enthalpy raises from 1.40 to
231eV.

The higher value is in contradiction to the strong inten-
sity of the metastable fragmention of NAH* ions to C¢H4NO*
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at m/z 106, especially in view of the comparable results for
the elimination of H,O from the protonated benzoic acid
(Tables 6 and 7). In some support are results for tropic acid
CsHsCH(CH,OH)COOH, where the carboxyl group is con-
verted into a dihydroxy form by elimination of H,CO in a

Table 9

McLafferty H-transfer rearrangement. The subsequent predom-
inant elimination of H,O is characterized by a strong intensity
of the corresponding metastable ions.

In summary, the comparison with the BABE system gives
good evidence, that the mechanism of the protonation is very

Electronic and total vibrational energies at 298 K and zero-point energies (Eejec, Evib, ZPE) in hartree for nicotinic acid (NA) and its N- and CO-protonated forms
(NA(NH*) and NA(COH™), respectively) according to the B3LYP DFT Gaussian 03 calculation

Species Eelec Eyip ZPE AEgec AEyip AH;
NA —437.000159352 0.107922 0.103707

NA(NH") —437.361233704 0.121854 0.117553 9.82534 —0.37911 9.51
NA(COH™Y) —437.314286203 0.119892 0.115133 8.54783 —0.32572 8.29

See Appendix A for the corresponding basis sets. Energy differences (AE) between the corresponding protonated forms and NA together with the reaction enthalpy
(AH;) for the deprotonation, as calculated according to formula (A2), are given in eV. AH; is equivalent to the regiospecific proton affinity of NA.
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similar for the two esters. Therefore, for NABE, the actual
protonation site is tentatively to be the carbonyl group. Appar-
ently, on the mass spectrometric time scale, a rearrangement
to the thermochemically favoured stable products, the core-
protonated acid and the methylallyl radical, is not observed.
An ion/molecule complex is expected to be “smooth” enough to
adopt a configuration which allows a reaction to products at the
thermodynamic optimum. Therefore, this regioselectivity pro-
vides some evidence against such an ion/molecule complex as
intermediate.

For the next prominent fragment ion, C¢H4NO?* ions at m/z
106, the metastable ion analysis confirms three formation chan-
nels. As discussed, intermediate CoHgNO,* (NAH*) ions at m/z
124 are precursors for the formation of C¢H4NO™ ions.

NABE — CgH4NO' +H,0 + C4H7® + ¢~ (22)

Using the derived formation enthalpy of this fragment ion, a
reaction (22) enthalpy of AH,=11.34¢eV is obtained.

On the second pathway, a reaction (23) enthalpy of
AH:.=11.89¢V is obtained.

NABE — C¢HyNO' 4+ C4HoO® + e~ (23)

This process correlates nicely with the experimental AE
(1067)=11.71 V. Reaction (22) is thermochemically favoured
over reaction (23) by 0.55 eV. With respect to the given experi-
mental error limit, some evidence is provided for the existence of
an activation barrier of at least 0.6 eV for this HO elimination.
The third process from molecular ions via intermediate forma-
tion of nicotinic acid ions and subsequent loss of an OH® radical
needs a reaction (24) enthalpy of 12.94 eV and can definitely be
ruled out at energetic threshold conditions.

NABE — CgH4NOT +HO® + C4Hg+e™ (24)

As confirmed by the metastable ion decay, C¢H3NO®** ions
at m/z 105 are dominantly formed by H,O elimination of inter-
mediate C¢HsNO,** (NA®*) ions at m/z 123.

NABE — CgH3NO*" +H,O + C4Hg+e” (25)

A reaction (25) enthalpy of 12.30eV is calculated, which
agrees very well with the experimental AE (105%)=12.15¢V.

Finally, CsH4N* ions at m/z 78, with an appearance energy of
AE (78%)=14.40¢V, can be formed by two different processes
as confirmed by the metastable ion decay. The first process is
the elimination of CO from intermediate C¢H4NO™ ions.

NABE — CsH4NT 4+CO + C4HoO® + e~ (26)

A reaction (26) enthalpy of AH;=14.51¢eV is obtained.

The difference of the two appearance energies, AE (78*) and
AE (106%), of 2.69 ¢V is in very good correlation with the result
of 2.62 eV obtained for the pure nicotinic acid.

The second process comprises the elimination of H,O from
intermediate NAH®* ions at m/z 124 with a reaction (27)
enthalpy of AH;=13.96¢eV.

NABE — CsH4NT +CO + H,0O + C4H7® + e~ (27)

The formation via intermediate nicotinic acid according to
reaction (28)

NABE — CsH4yN' 4+CO + HO® + C4Hg +e~ (28)

with AH,=15.56¢eV can definitely be ruled out at energetic
threshold conditions.

This leaves reaction (26) as the most probable pathway and,
again, the thermochemically favoured reaction (27) comprising
the elimination of H»O from the protonated acid seems to occur
with a significant activation energy.

4. Conclusions

Using ionization and appearance energies, a pathway has
been presented for the determination of enthalpies of forma-
tion of the parent compounds where fragment ions are formed
via a McLafferty rearrangement to well defined products with
known thermochemical properties. The involved intrinsic y-H-
transfer has been found to occur without significant activation
energy. This is rationalized by an initial charge-induced weaken-
ing of the corresponding C—H bond with formation of a hydrogen
bridge as the transition state.

In addition, the competing double H-atom transfer from the
aliphatic ester chain has been used for the determination of
a proton affinity of benzoic acid and nicotinic acid. As illus-
trated in Fig. 3, the “driving force” for this mechanism seems to
be the charge switching between the carboxyl oxygens result-
ing in two sequential H-transfers via an intermediate distonic
ion. The absence of significant activation energies is rational-
ized as described for the classical McLafferty rearrangement.
As expected from a regiospecific rearrangement process, the
obtained proton affinities reflect the value of a protonated car-
bonyl group rather than, in the case of nicotinic acid, that of
a protonated pyridinic nitrogen. Therefore, this method could
open a gateway for the determination of regioselective proton
affinities. Furthermore, on the way from a proton affinity to the
determination of a (radical) cation affinity, the intermediate dis-
tonic ion in Fig. 2 thermochemically represents, at least formally,
cationized benzoic acid with the specific radical cation being that
of 1-butene (as example).
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Appendix A

The B3LYP DFT molecular orbital approach was performed
with the Gaussian 03 program [32] for nicotinic acid in compari-
son to its N- and CO-protonated forms. A planar molecule in the
trans-configuration of the carboxyl-OH with respect to the pyri-
dinic nitrogen was selected. The geometry optimization and the
frequency analysis was carried out with the 6-31 + G(d,p) basis
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set. Final electron energies were obtained with the optimized
geometries using the 6-311 + G(2d,2p) basis set.

The proton affinity of a neutral molecule (M) was calculated
as the enthalpy change at standard conditions (298 K, 1 atm) in
reaction (A1) according to formula (A2).

MH"—> M + H' (A1)

PA(298) = AE¢jec + AEyip + AEror + AEyans + A(PV)
(A2)

AE.. denotes the difference of the internal electronic ener-
gies, AE,j, the difference in the vibrational energies including
their corresponding zero point energies, AEy the difference in
the rotational energies and AEy,ys the difference in the transla-
tional energies. The A(PV) term represents the work at constant
pressure. The results are summarized in Table 9. Since one
species is converted into two and H* carries neither rotational nor
vibrational energy, AE;o =0, AEans=3/2 RT (=0.03854eV
at 298 K) and A(PV)=RT (=0.0259¢eV at 298 K) were used
following the classical thermodynamic approach. In this con-
text, some commonly applied simplifications for the evaluation
of mass spectrometric appearance energy data are stated: the
A(PV) work can be ignored due to the low pressure conditions.
At energetic threshold conditions, AE,ns &0 is assumed since
no significant extra kinetic energy is transferred into the prod-
ucts. The initial product pair of charged and neutral species is
separated in the external electric or magnetic field. Concerning
the importance of the temperature correction of the products,
the data in Table 9 give an impression for reaction (18). For NA,
as one of the products, the difference in the vibrational energy
content between 0 and 298 K is only 0.1 eV.
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