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ABSTRACT 

Rationale 
The mechanism underlying dopant-assisted APPI's formation of ions is unclear and still under 
debate for many chemical classes. In this study, we reexamined the gas-phase reaction mechanisms 
responsible for the generation of [M–H]+ precursor ions, resulting from the loss of a single 
hydrogen atom, in a series of N-alkyl-substituted thieno[3,4-c]-pyrrole-4,6-dione (TPD) 
derivatives. 

Methods 
Atmospheric pressure photoionization along with higher-order MS/MSn using high-resolution 
mass spectrometry (APPI-HR-CID-MSn) and electronic structures calculations using density 
functional theory were used to determine the chemical structure of observed  [M–H]+ ions. 

Results 
As a result, the higher-order MSn (n=3) experiments revealed a reversed-Diels-Alder 
fragmentation cleavage mechanism leading to a common fragment ion at m/z 322 from the studied 
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[M1-5–H]+ ion species. In addition, the calculation for two chemical structure models  (N-alkyl-
TPD1 and N-alkyl-TPD5) revealed that the fragment structure by removing the H atom connected 
to the 3rd carbon atom of the N-Alkyl side chain has a more stable cyclic form compared to the 
linear one.  

Conclusions  
The proposed chemical structure of the N-alkyl TPD ion species following the loss of a single 
hydrogen atom was revealed during APPI-HRMS-CID-MSn (n=3) experiments of the [M–H]+ ion 
species. A hydrogen radical (H•) abstraction from the alkyl side chain (e.g. hexyl, heptyl, octyl, 2-
ethylhexyl, and nonyl) activated a rearrangement of the N-alkyl-TPD derivatives radical cation 
structure initiating a cyclization and forming a six-membered ring that links the oxygen atom to 
the 3rd carbon atom in the alkyl chain. In addition, the theoretical calculations supported the APPI-
HR-CID-MSn (n=3) experiments by revealing that the proposed chemical structure resulted from 
the intramolecular cyclization of the N-alkyl-TPD ion species was stable in the presence of 
chlorobenzene. These research results will facilitate structural determination and elucidation of 
molecules with similar basic structures. 

1 INTRODUCTION 

The formation of positively charged species [M–H]+ which resulted from the removal of a single 

hydrogen atom from the precursor molecules has been reported with a wide range of compounds 

using various ionization techniques.1–6 This phenomenon is also common for alkanes.7–10 

Moreover, the [M–H]+ species were pinpointed for different compound classes such as active 

pharmaceutical ingredients during LDI/MALDI-MS1, hydroxy-4-phenyl-1,-2-dihydroquinoline 

derivatives during MALDI-TOF-MS,2,3 benzoxazine monomers during MALDI-LTQ-Orbitrap-

MS,4 hydrocarbon analytes during nAPCI,5 and alkaloids using multimatrix variation matrix-

assisted laser desorption/ionization mass spectrometry (MALDI-MS)11. Hence, the mechanism 

formation of the [M–H]+ ions by mass spectrometry in positive mode was previously reported in 

multiple studies.6,12–16 In fact, three hypothesized mechanisms for generating [M−H]+ were 

proposed. The first mechanism is a protonation followed by a loss of a hydrogen molecule (H2) 

located on the alkyl side chain, the second possibility requires the formation of the [M]+• ion 

followed by an abstraction of a hydrogen radical (H•), and the third mechanism is a direct 

abstraction of a hydride (H–) from the [M] neutral molecule. 
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During our previous work, we investigated the formation of unusual [M−H]+ ions during 

atmospheric pressure photoionization high-resolution mass spectrometry with chlorobenzene as a 

dopant,16 from a class of N-alkyl-substituted thieno[3,4-c]pyrrole-4,6-dione (TPD) derivatives that 

are essential in the fabrication of photovoltaic polymer-based solar cells.17–21 The compound 

dibromothieno[3,4-c]pyrrole-4,6-dione (TPD), with a nominal mass of 308 Da and the molecular 

formula C6H79Br2NO2
32S, exhibits enhanced electron-accepting capabilities when copolymerized 

with electron-donor monomers, such as dithiophene units, in donor-acceptor (D-A) alternating 

copolymers.22–24 TPD has attracted significant research interest due to its straightforward 

synthesis, which can be achieved in a few steps from inexpensive, commercially available starting 

materials.17,25 Studies have shown that the presence of linear or branched alkyl side chains on the 

TPD unit impacts the efficiency of solar cells. A key challenge in optimizing solar cell performance 

is the precise control over the number of aliphatic carbons in linear N-alkyl-substituted TPD 

derivatives.18,19,21,26 

Specifically, the studied molecules shown in Scheme 1 contain different linear alkyl side chains 

(methyl, ethyl, butyl, hexyl, heptyl, octyl, 2-ethylhexyl, and nonyl) appended at the imide site. As 

a result of the previous investigation, N-methyl and N-ethyl-TPD derivatives favored the 

generation of [M+H]+ ions with fewer [M–H]+ ions. In contrast, N-butyl, N-hexyl, N-heptyl, N-

octyl, N-2-ethylhexyl, and N-nonyl-TPD derivatives favored the generation of [M–H]+ ions. The 

ion species [M–H]+ were only observed under chlorobenzene-assisted photoionization conditions 

and in the presence of N-alkyl long-side chains, CnH2n+1, with n≥4 (Figure S1).16  Furthermore, in 

the previous study, the CID-MSn (n=2) experiments did not provide conclusive results for 

determining the final chemical structure of the N-alkyl-TPD species that have undergone hydrogen 

atom removal. On the other hand,  density functional theory (DFT) simulations showed that the 
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formation of the [M–H]+ ion is more likely to occur through the removal of a hydrogen molecule 

from the [M+H]+ ion, leading to the formation of a C=C bond in the alkyl side chain.16   

Since it is important to investigate the appropriate final chemical structure of the mentioned ion 

species of the studied substance, this discovery excluded the gas-phase intramolecular cyclization 

of N-alkyl-TPD molecules that resulted from the loss of the hydrogen radical H• followed by the 

formation of potentially more stable cation species. 

In this study, gas-phase fragmentation studies were performed to elucidate the structure of the [M–

H]+ ion formation in N-alkyl-substituted TPD derivatives photoionized at ambient pressure using 

higher-order MSn high-resolution mass spectrometry (APPI-HR-CID-MSn (n=3)). DFT 

calculations were performed to predict and analyze the structure of N-alkyl-TPD ion species, 

providing insights into their electronic properties and stability. 

2 MATERIALS AND METHODS 

2.1  Reagents 

A fluoranthene standard at a concentration of 500 ng/mL in methanol was purchased from Restek 

Corporation (Bellefonte, PA, USA). Water was purified by a Milli-Q water purification system 

(Millipore, Milford, MA, USA). Methanol, acetonitrile, dichloromethane, and formic acid (LC/MS 

grade) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). Chlorobenzene 

(>99.5%), was purchased from Acros Organics (Morris Plains, NJ, USA). 

2.2  Preparation of N-alkyl derivatives 
The five N-alkyl-substituted thieno[3,4-c]pyrrole-4,6-diones (N-TPDs) used in this study and 

described in Scheme 1 were synthesized according to a previously reported method.27 

The N-TPD derivatives sample preparation for high-resolution mass spectrometry was reported in 

the previous study.16 
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2.3 Ion sources and mass spectrometer 
The analyses of the N-alkyl-substituted TPD derivatives (Scheme 1) were performed using a 

Thermo LTQ Velos Orbitrap mass spectrometer (ThermoFisher Scientific, Pittsburgh, PA, USA) 

equipped with different atmospheric pressure sources (Ion Max APCI, Syagen’s Photo-Mate 

APPI) as described in the previous study. Collision-induced dissociation (CID) experiments were 

performed in the ion trap using 20–30% normalized collision energy (NCE). Activation parameter 

q was set to 0.25 and an activation time of 30 ms was applied. All higher-order MS/MSn (n=3) 

spectra were acquired in the Orbitrap at a resolving power of 100 000 FWHM (full width at half 

maximum). 

The source vaporizer temperature, sheath gas, auxiliary gas, dopant flow rate, discharge current, 

and the position of the APPI krypton lamp were optimized using a single PAH fluoranthene 

standard solution of 2.5 ng/µl (Figure S2). The capillary temperature was kept constant at 250 ˚C 

for all experiments. The source vaporizer temperature was adjusted to 450 ˚C (Figure S2(a)). 

Sheath and auxiliary gases were optimized and set to 60 and 30 arbitrary units, respectively. 

(Figure S2(b)) The APCI discharge current was studied and showed to decrease the signal 

intensity (Figure S2(d)). The discharge current was turned off and set to zero in all experiments. 

The position of the APPI krypton lamp at the entrance of the mass spectrometer was adjusted to 

maximize the signal intensity of the [M]+• ion of the PAH analyte. The chlorobenzene dopant 

solvent was delivered using the syringe pump (Thermo Fisher Scientific, Pittsburgh, PA, USA) 

and was combined with the LC eluent solvent after the separation and before entering the ion 

source using a zero dead volume-mixing tee. The dopant flow rate was optimized and set to 10% 

of the mobile phase flow rate. (Figure S2(c)). 
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2.4  Density functional theory calculations 
To gain a deeper understanding of the mechanism behind the formation of the [M–H]+ ions 

possibly involving an intramolecular cyclization structure of the studied N-alkyl-TPD species, two 

TPD derivatives with the N-alkyl side chain CnH2n+1 (n = 6 & n=9) were modelized with DFT.  

Geometry optimization, frequency and single point energy calculations were obtained in the gas 

phase (T = 298.15 K) using the B3LYP functional 28,29 associated to the 6-311++G(d,p) basis set 

30,31. The trustworthiness of B3LYP/6-311+(d,p)  has been confirmed by earlier reports 32–36. All 

calculations were carried out using the  Gaussian16 (Rev.C.02) package.37 

3 RESULTS AND DISCUSSION 

As reported in the previous study, under APPI conditions using chlorobenzene as the dopant, CID-

MS/MS fragmentation of [M1-5–H]+ ions generated from the five studied N-alkyl-substituted TPD 

derivatives (Figure S3) exhibited a specific fragmentation pattern compared to the MS/MS 

fragmentation of [M1-5+H]+ ions generated from the same molecules under ESI and APCI 

conditions.16 The product ions of each studied molecule during the APPI MS/MS experiment of 

the [M1-5–H]+ ions were observed to be associated with the loss of a water molecule (18 Da), as 

well as product ions differing by 14 Da. Additionally, two common TPD fragment ions were 

detected at m/z 310 and m/z 322. As a result, these APPI-CID-HR-MS/MS experimental outcomes 

are not sufficient to confirm a conclusive final chemical structure molecules identity of the 

observed [M1-5–H]+ ion species.  

Furthermore, as reported in the previous study, under APPI conditions with chlorobenzene as the 

dopant, TPD derivatives with the N-alkyl side chain CnH2n+1 (n ≥4) generally promoted the 

formation of [M–H]+ ions. As demonstrated in Figure S1(c)&(d), TPD-CnH2n+1 (n=4 and n=6) 

produce a stable precursor [M–H]+ at m/z 364 and m/z 392 respectively with the disappearance of 
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the [M+H]+ ions species. In contrast, when TPD-CnH2n+1 (n=1 and n=2), the stable precursor 

[M+H]+ ions at m/z 324 and m/z 338 are more favored despite the presence of [M–H]+ ions species 

as shown in Figure S1(b).  

In this study, we propose that the chemical structure of the predominant [M–H]+ ion species results 

from the elimination of a single hydrogen atom, leading to the formation of a six-membered cyclic 

system. In this configuration, the oxygen atom is bonded to the third carbon atom (C-3), leading 

to enhanced stability in the gas phase (Scheme 2(a)).  

Similarly, we propose that the chemical structure of the less abundant [M–H]+ ion species results 

from the elimination of a single hydrogen atom, leading to the formation of a five-membered cyclic 

system. In this configuration, the oxygen atom is bonded to the third carbon atom (C-3), leading 

to reduced stability in the gas phase (Scheme 2(b)). 

As a result, our innovative exploration proposes that the chemical structure of the [M1-5–H]+ ions 

for the studied molecules is formed through the loss of a hydrogen radical (H•), followed by a 

structural rearrangement that generates 1,6-cyclized N-alkyl-TPD ion species, as illustrated in 

Scheme 3 and Scheme S1. It is important to note that the specific transfer of the hydrogen atom 

can only be confirmed using a suitably deuterium-labeled compound. Therefore, conducting 

additional experiments, such as collision-induced dissociation mass spectrometry (CID-MSn, 

where n=3) and electronic structure calculations, will help to support the proposed mechanism of 

the formation of these ion species. 
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3.1  APPI-CID-HR-MSn (n=3) investigation of the [M–H]+ ions generated from the N-alkyl-

substituted TPD derivatives 

In the CID-MS/MS experiment shown in Figure 1(a), the ion [C12H12
79Br2NO2

32S]+ at m/z 

391.89575 generates the ion [C7H2
79Br2NO2

32S]+ at m/z 321.81731 through the loss of a pentene 

molecule (C5H10, 70 Da) via a retro-Diels-Alder mechanism.38 (Scheme 4)  

Additionally, Figure 1(a) shows the product ion [C6H2
79Br2NO32S]+ at m/z 309.81743, potentially 

formed by the loss of a 1,3 hexadiene molecule (C6H10, 82 Da). This loss may occur through an 

ion-dipole complex resulting from the rearrangement of the 1,6 cyclization N-hexyl-TPD 

derivative [M1–H]+ ion at m/z 392 (Scheme S2). Furthermore, Figure 1(a) also shows the product 

ion [C9H6
79Br2NO32S]+ at m/z 349.84867, likely formed through the unusual loss of a propene 

molecule (C3H6, 42 Da), possibly via an ion-molecule complex involving allyl cation. 

To further investigate the structure of the [M1-5–H]+ species, (CID-MSn (n=3)) experiments were 

conducted on select product ions, including those at m/z 350, 336, and 322, generated during the 

CID-MS/MS analysis of the N-hexyl-TPD derivative 1. 

The CID-MS/MS/MS experiment presented in Figure 1(b) shows that the ion [C9H6
79Br2NO32S]+ 

at m/z 349.84862 forms the ion  [C7H2
79Br2NO32S]+ at m/z 321.81731 through the loss of ethene 

molecule (C2H4, 28 Da) through a retro-Diels-Alder mechanism.38 (Scheme 4) 

Additionally,  the CID-MS/MS/MS fragmentation of the ion [C9H6
79Br2NO2

32S]+ at m/z 349.84862 

produces the ion [C6H2
79Br2NO32S]+ at m/z 309.81726. (Figure 1(b)) 

Hence, the CID-MS/MS/MS experiment shown in Figure 1(c) of the ion [C8H4
79Br2NO2

32S]+ at 

m/z 335.83292 produces the ion at m/z 308.82196.  
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Finally, the CID-MS/MS/MS of the ion [C7H2
79Br2NO2

32S]+ at m/z 321.81729 shown in Figure 

1(d) produces the ion [C6H79Br2O2
32S]+ at m/z 294.80589 from the loss of the neutral molecule 

(CHN, 27 Da). (Scheme 4) 

Figure 1. (a) the APPI-(+)-CID-MS/MS (NCE= 20%) spectrum of the precursor ion N-hexyl TPD 

derivative 1 [M1–H]+ ion at m/z 392,  (b) the APPI-(+)-CID-MS/MS/MS (NCE=20%) spectrum of 

the product-ion at m/z 350, (c) the APPI-(+)-CID-MS/MS/MS (NCE: 20%) spectrum of the 

product-ion at m/z 336, (d) the APPI-(+)-CID-MS/MS/MS (NCE= 20%) spectrum of the product-

ion at m/z 322. 
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Similar fragmentation routes were observed for the rest of the studied TPD derivative ion species.  

For example, the CID-MS/MS/MS of some product ions generated from the rearranged 1,6 

cyclized N-nonane-TPD derivative ion [M5–H]+ such as at m/z 392, 378, and 364, are shown in the 

supplementary material (Figure S4). A retro-Diels-Alder fragmentation mechanism was observed 

in all studied molecules, leading to the formation of a common fragment ion at m/z 322, which 

supports the structure rearrangement of the N-alkyl-TPD derivatives. 

Following the structural insights gained, computational experiments were further employed to 

support the proposed structure of the [M1-5–H]+ ion in the studied N-alkyl-TPD derivatives. 

3.2 Computational analysis of the formation of [M1&5–H]+ ion formation in the 1-6 cyclized 

N-Alkyl-TPD ion species. 

When one H atom is removed from the N-alkyl side chain of the TPD molecules, the system energy 

is expected to become higher due to the generation of the hydrogen radical (H•). This is confirmed 

by our calculations for both N-alkyl-TPD1 and N-alkyl-TPD5. The thermodynamically most 

favored localization for removal of H• appears to be on C3 of the N-alkyl side chain and can either 

lead to a cyclic or a linear structure. Both were probed and the cyclic structure was shown to be 

the most stable one, located 26.5 and 27.9 kcal/mol above the corresponding N-alkyl-TPD1 and 

N-alkyl-TPD5 molecular ions, respectiveley. Linear forms of these two fragments ions are more 

than 10 kcal/mol higher in energy than cyclic ones for both  TPD1 and TPD5 (Figure 2).  
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Figure 2. Optimized (a) linear and (b) cyclic geometries of the [M–H]+ ions of a TPD1 derivative 

with the N-alkyl side chain CnH2n+1 (n = 6). The cyclic geometry is 11.3 kcal/mol more stable than 

the linear one. 

The introduction of the chlorobenzene molecule (C6H5Cl) to the system may promote the 

elimination of the generated H• radical. Formation of the TPD1 [M–H]+ ion through the reaction 

of the M+• precursor with C6H5Cl and leading to C6H6 and Cl• helps lowering the energetic cost of 

the reaction as the endothermicity drops by 20.2 kcal/mol to reach a fragment only 6.3 kcal/mol 

above the precursor ion (see Table S1). Although the full reaction energy pathway was not 

completely defined, particularly the transition structures, which would offer deeper insights into 

the reaction profile, this still provides valuable understanding about the role played by the 

chlorobenzene molecule to favored the reaction.. 

4 CONCLUSION 

The APPI-HRMS-CID-MS/MS/MS investigations presented in this work elucidated the chemical 

structure of the N-alkyl TPD ion species [M1-5–H]+, following the loss of a single hydrogen atom. 

The proposed 1,6 cyclization of N-alkyl TPD ions occurs after the abstraction of the hydrogen 

radical (H•), initiating the cyclization and forming a six-membered ring that links the oxygen atom 
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to the third carbon atom in the alkyl side chain. A reversed-Diels-Alder fragmentation mechanism, 

leading to a common fragment ion at m/z 322, further corroborated the structural rearrangement of 

the 1,6 cyclized N-alkyl-TPD derivatives as DFT calculations. 

As a result, the current work demonstrated that APPI-HR-CID-MS/MSn experiments are crucial 

for detecting some gas-phase fragmentation patterns of ionized species, and computational 

approaches are an effective tool for understanding these processes driving advancements in 

chemical analysis and compound identification. 
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