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ABSTRACT
Rationale: In electrospray ionization and atmospheric pressure chemical ionization, the protonation site directly guides the ion's 
dissociation. But what if the site of protonation is ambiguous? In this study, we explored the unimolecular reactions of protonated 
α- and β-pinene ions with a combination of tandem mass spectrometry and theory. Each has multiple potential protonation sites 
that influence their chemistry.
Methods: Atmospheric pressure chemical ionization was employed to form the protonated pinene isomers. The unimolecular 
chemistry of these ions was explored with a Waters Ultima triple-quadrupole mass spectrometer using energy-resolved collision-
induced dissociation with argon collision gas. Reaction mechanisms were calculated with CBS-QB3 single-point energy calcula-
tions on B3LYP/6-311+G(d,p) optimized structures.
Results: The two main dissociation reactions in each ion lead to the loss of neutral propene and isobutene. Both ions were found 
to dissociate over the same minimum energy reaction pathway, the only difference being the site of initial protonation. α-Pinene 
preferentially protonates at the bridging carbon, while β-pinene can only significantly protonate at the exocyclic double bond. 
This leads to a lower appearance energy for loss of isobutene, and thus relatively greater m/z 81 fragment ion abundance for 
β-pinene.
Conclusions: The distinct sites of initial protonation result in the subtle differences observed in the CID of α- and β-pinene. The 
work highlights that it is not necessarily the “lowest energy” ion that will be formed in the ion source, and any distribution of 
initial structures must be accounted for when examining CID mass spectra.

1   |   Introduction

Monoterpenes are produced naturally through biosynthetic 
pathways available across a variety of plant species [1]. These 
compounds constitute the majority component of plant essen-
tial oils, an extract that captures and concentrates the plant's 
unique aroma and/or flavor. Aside from their natural produc-
tion and function in plants, humans make extensive use of 
monoterpenes across a variety of industries [2–5]. Pinene is 
one of the most abundant monoterpenes and features a unique 

[6 + 4]-bicyclic structure that has two prominent isomers: the 
α isomer bearing an endocyclic double bond, and the β isomer 
bearing an exocyclic one (Figure  1). Anthropogenically, the 
pinene isomers offer an excellent starting point for the organic 
synthesis of more complex natural products and pharmaceu-
ticals [6]. In addition, there has been evidence showing that 
the pinene isomers themselves have broad-ranging therapeu-
tic effects [7]. A significant consequence resulting from both 
natural and human sources of monoterpene production is the 
emission of gaseous terpenes into the atmosphere, estimated 
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to be in the range of 26–156 Tg per year, of which the pinene 
isomers contribute a large portion [8]. Atmospheric reactions 
of pinene include a wide variety of oxidation reactions that 
contribute towards secondary organic aerosol formation 
[9–13].

There remain relatively unexplored avenues of pinene chemis-
try, for instance, protonation of gaseous pinenes and reactions 
that result from this protonation. It has been demonstrated that 
α-pinene can react on the surface of acidic aerosols, leading to 
the occurrence of polymerization reactions [14]. Another study 
demonstrated that the abundance of pinene isomers can be 
observed to decrease on the surface of sulfuric acid solutions, 
coinciding with the appearance of a smaller mass product, sug-
gesting that the acidic solution may protonate the pinenes and 
subsequently lead towards fragmentation [15]. It has also been 
reported that gaseous pinene may protonate on the surface of 
acidic water and ethanol clusters, leading to the stabilization of 
a protonated pinene-water cluster complex, which may undergo 
further reactions [16, 17].

It has previously been shown that the site of protonation can 
significantly impact the fragmentation of organic molecules 
in mass spectrometry, where there are multiple sites within 
the molecule that can accept a proton [18, 19]. A few research 
groups have attempted to perform positively charged mass 
spectrometry experiments involving protonated terpenes. One 
paper showed that there was minimal differences between the 
pinene isomers with regard to product ion abundances, with a 
dominant m/z 137 precursor ion and m/z 81 product ion, and in-
cluded the presence of some minor products at m/z 138, 95, and 
82 [20]. However, the authors did not explore the mechanisms 
of formation of these product ions. Another group attempted to 
use proton transfer mass spectrometry to differentiate isomeric 
monoterpenes, including α-, and β-pinene, noting marginal dif-
ferences owing to the position of the double bond [21]. Research 
that has come out of our group has demonstrated that the site 
of protonation can significantly impact the fragmentation of 
protonated terpenes [22–24]. This paper will aim to further un-
derstand the chemistry that occurs following the protonation of 

the two most abundant isomers of pinene, through a combina-
tion of tandem mass spectrometry and density functional theory 
calculations.

2   |   Experimental Procedures

2.1   |   Sample Preparation

Both compounds were used as purchased, without further 
purification, were prepared as individual solutions in metha-
nol, and diluted to 100 μg/mL prior to injection into the mass 
spectrometer.

2.2   |   Tandem Mass Spectrometry

Solutions were introduced into the Waters Quattro Ultima triple 
quadrupole mass spectrometer (Waters, Manchester, UK) using 
a syringe pump operating at a flow rate of 50 μL/min. An at-
mospheric pressure chemical ionization (APCI) source was used 
to generate protonated α-pinene and protonated β-pinene, with 
the probe set to a temperature of 200 °C, the source operating at 
100 °C and the corona discharge needle set to 10 μA, operating 
in the positive ionization mode. Desolvation gas (N2) was set to 
a flow rate of 36 L/h. The collision-induced dissociation (CID) 
experiment was performed by reducing the main precursor ion 
beam signal intensity by 50 % through the addition of argon gas 
in the collision cell. The CID experiments were performed using 
0–20 eV of collision energy (laboratory frame, ELab), at intervals 
of 1 eV.

2.3   |   Breakdown Diagrams

The collection of CID data was compiled into breakdown di-
agrams, where the relative abundance of the ions observed in 
the CID mass spectra are plotted as a function of increasing 
collision energy. To compare the breakdown behaviour of dif-
ferent ions more accurately, the collision energy applied by the 

FIGURE 1    |    Optimized minimum energy structures obtained for (A) neutral α-pinene and (B) neutral β-pinene calculated at the B3LYP/6-
311+G(d,p) level of theory. 2-dimensional stick diagrams have been included to assist with visual clarity of the double bond position.
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instrument (ELab) is first converted to the center-of-mass frame 
of reference (ECoM). This conversion accounts for differences in 
the efficiency of energy transfer during the collisional activa-
tion, according to Equation 1 below:

where mAr is the mass of argon and mI is the mass of the ion 
undergoing CID.

2.4   |   Computational Methods

All calculations (geometry optimizations and vibrational fre-
quency calculations and intrinsic reaction coordinate) were 

performed with the GAUSSIAN 16 suite of programs at the 
B3LYP/6-311+G(d,p) level of theory [25–27]. The B3LYP out-
put files were used for single-point energy calculations using 
the CBS-QB3 composite method, to provide more accurate 
energy values [28, 29]. Transition state structures featuring a 
single negative vibrational mode were verified using intrinsic 
reaction coordinate calculations. The optimized geometries 
and internal energies obtained through these sets of calcula-
tions were used to produce minimum energy reaction path-
ways (MERP). In these models, the pathway from reactants to 
products was mapped through the individual transformations 
involved (transition states, intermediates, and ion-molecule 
complexes). All relative energies are reported at 0 K and all 
processes are described in terms of energy (eV). The structure 
marked as zero energy is considered the baseline to which oth-
ers are compared.

(1)ECoM = ELab

(

mAr

mAr +mI

)

FIGURE 2    |    Representative CID-MS/MS spectra obtained from (A) protonated α-pinene and (B) protonated β-pinene, where the collision energy 
was set to 10 eV in both cases.
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3   |   Results and Discussion

3.1   |   Tandem Mass Spectrometry and Breakdown 
Diagrams

Representative mass spectra that were obtained during the col-
lection of CID-MS/MS experiments performed on protonated α-, 
and β-pinene are presented in Figure 2, labeled with the precursor 
ion (m/z 137), and the most prominent product ions at m/z 81, 95, 
and 109. There is little difference between the fragmentation of 
the two protonated pinene isomers. There appears to be a slightly 

greater abundance of m/z 95 in the fragmentation of protonated 
α-pinene when compared to protonated β-pinene. Numerous 
minor product ions can be seen in both spectra, although there 
appears to be a greater variety of minor fragments observed in 
the case of α-pinene, and the abundance of these ions does not 
exceed 1 %. The CID-MS/MS mass spectra were compiled into 
breakdown diagrams, Figure  3. At low collision energy (under 
1 eV), m/z 81 is the only ion observed for both protonated pinenes. 
The m/z 95 product ion begins to appear at approximately 1 eV 
and is slightly more abundant in protonated α-pinene as the col-
lision energy increases. The most abundant of the minor product 

FIGURE 3    |    CID breakdown curves obtained from protonated α-pinene (A), and protonated β-pinene (B). The data was consistent across two 
separate measurement days.
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ions, m/z 109, was included in the breakdown diagram, and can 
be observed between 2–5 eV, however, its abundance does not ex-
ceed 3 % at any point throughout the experiment.

3.2   |   Minimum Energy Reaction Pathways

The calculated reaction pathways for m/z 81 and 95 are pre-
sented in Figure 4. Both compounds are represented within the 
figure, although they differ by which species along the path they 
populate in the ion source. In the case of m/z 95, the reaction be-
gins through protonation of neutral α-pinene at the CH2 carbon 
of the four-membered ring, leading to structure 1a, set as the 
relative zero energy structure for the reaction pathways. The re-
action proceeds through TS1a-1b where one of the protons from 
the CH3 group formed in the previous step undergoes a 1,4-H 
shift, leading to the structure 1b, featuring a four-membered 
ring. From 1b, the reaction proceeds through a sequence of low 
energy barrier bond stretching transition states that ultimately 
lead to structure 1e, where the four-membered ring has been 
broken to yield an exocyclic propyl moiety and sits at 0.30 eV. 
From the intermediate 1e, the reaction continues towards an 
ion-molecule complex through the transition state TS1e-1f 

where the exocyclic propyl undergoes a 1,2-H shift, landing at 
1 f. The reaction completes through dissociation of the two spe-
cies that produce the neutral loss of C3H6 and the observed ion 
at m/z 95.

The pathway leading to m/z 81 can also be observed in Figure 4, 
labeled in purple. This reaction pathway begins from the inter-
mediate 1b, which passes through a transition state TS1b-1c at 
1.16 eV, where one of the CH2 carbons that is part of the four-
membered ring can undergo a 1,2-H shift, leading to the ion-
molecule complex 1c. The reaction completes through the loss 
of neutral C4H8, leaving the observed ion at m/z 81, a protonated 
methylcyclopentadiene.

3.3   |   Relating Theoretical Reaction Pathways to 
the Experimental Observations

The CID-MS/MS experiment of the protonated pinenes can 
first be related to the theoretically calculated minimum en-
ergy reaction pathways by the initial site of protonation of 
each of the neutral pinene species. In each of the two neutral 
pinene isomers, five carbons may reasonably accept a proton 

FIGURE 4    |    CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated minimum energy reaction pathways that include the major product ions observed in 
the breakdown of both protonated α-pinene and protonated β-pinene. The pathways have been differentiated by color, where the black pathway leads 
towards m/z 95 and C3H6 loss and the purple pathway leads towards m/z 81 and C4H8 loss.
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in the ion source, including the double-bond bearing carbons 
and the carbons of the four-membered ring system (Figure 1). 
For α-pinene, four structures may be produced via protona-
tion of these five carbons, two of which are represented in the 
minimum energy reaction pathways as 1a, and 1b (Figure 4 
& Figure S1). Thus, the initial protonation of α-pinene would 
be expected to nearly exclusively populate 1a, with a frac-
tional proportion of 1b being produced. In comparison, the 
β-pinene isomer has four protonated structures that may be 
formed from protonation at the five positions, however only 
one of these structures is found on the minimum energy re-
action pathway (1b). The remaining structures are relatively 
higher in energy, only βS3 has the possibility of being mar-
ginally populated following protonation and has been de-
termined not to contribute towards the observed reaction 
pathways (Figure  S2). Thus, the chemistry of protonation of 
β-pinene would exclusively start from populated structure 1b 
on the reaction surface. This difference in the starting point 
along the reaction coordinate for each of the isomers explains 
the slightly different relative abundances of m/z 81 and 95 in 
the protonated β-pinene breakdown (Figure  3). 1b can im-
mediately access the key transition state TS1b-1c that leads 
towards the m/z 81 ion, compared with 1a, which must first 
overcome the energetically higher TS1a-1b to access the two 
fragmentation channels (Figure 4). Dissociating protonated α-
pinene ions thus have a higher average internal energy, lead-
ing to slightly more m/z 95 forming.

4   |   Conclusions

The unimolecular chemistry of the protonated bicyclic mono-
terpenes α-pinene and β-pinene were investigated using a 
combined experimental and theoretical approach, encom-
passing CID-MS/MS and density functional theory calcula-
tions. The CID breakdown experiments led to nearly identical 
fragmentation for both isomers, with subtle differences. Two 
prominent product ion pathways were observed at m/z 95 and 
81, corresponding to the neutral losses of propene and isobu-
tylene, respectively. Calculations revealed that the observed 
products for each protonated isomer were dependent upon the 
site of protonation. The α-isomer initially populates a slightly 
more stable structure, which requires an initial transforma-
tion before reaching the reactive intermediate 1b, whereas 
the β-isomer initially populates 1b directly. This extra step 
may explain the two isomers' different relative fragment ion 
abundances.
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