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Instrumentation

An Agilent 6560 IM-QTOF mass spectrometer was used for all measurements. A Dual 
Jetstream electrospray ion source (ESI) and a corona discharge atmospheric pressure 
chemical ionization (APCI) source (G1947B, Agilent Technologies) were used for ionisation of 
the compounds. The instrument was calibrated prior to measurements in the 2 GHz extended 
dynamic range mode using the standard Dual Jetstream ESI ion source and following the 
recommended tune procedure of the manufacturer. Temperature and flow rate of the drying 
gas in ESI were 225 °C and 13 L min-1, respectively. Temperature of vaporiser and pressure 
of the nebuliser in APCI were 350°C and 30 psi, respectively. The drift tube was operated with 
a pressure of 3.94 Torr at 26–27.25 °C with high purity nitrogen as the drift gas (Linde Gas 
GmbH, Vienna). A trap release time of 150 μs, trap filling time of 10 ms and maximum arrival 
time of 60 ms were applied as standard settings for IM-MS measurements, while a trap filling 
time of 1.25 ms was used for acquisition with 4-bit multiplexing. The in-source ion activation 
before the IM drift tube was performed using a prototype in-source ion activation hardware 
between the capillary exit lens and capillary cap (fragmentor) [1]. The capillary exit lens voltage 
is maintained at about 360 V (same as high-pressure funnel entrance voltage) and the in-
source ion activation is achieved by raising the fragmentor voltage to 600 V so that the 
maximum ion collision voltage is 240 V.

Ionization mechanism in the APCI ion source

For the APCI source H3O+ and NO+ are the main reactant ions (RIs) which ionize analytes via 
protonation ([M+H]+) and electron transfer (M+˙), respectively [2]. As solvent competes with 
the analyte for ionization, relative abundances of [M+H]+ and M+˙ ions are influenced by 
solvents. In methanol and water solvents with low basicities, the analyte is ionized mainly by 
protonation and formation of [M+H]+. Acetonitrile produces a trimer with high basicity in the 
Agilent APCI ion source which depletes H3O+ RI to be protonated. Hence, in acetonitrile NO+ 
can ionize analytes via electron transfer and formation of M+˙ [2]. Further details can be found 
 in [2].

Materials and method

1-Aminonaphthalene (99%), 2-aminonaphthalene (analytical standard), 1-aminoanthracene 
(90%), 2-aminoanthracene (96%), 9-aminophenanthrene (96%), and 1-aminopyrene (97%) 
were purchased from Sigma-Aldrich (Vienna, Austria). Methanol (99.9%), acetonitrile (99.9%), 
and formic acid (97.5%) were purchased from Honeywell. The concentration of polycyclic 
aromatic amines in all measurements was 10 µmol L-1. A syringe pump (KD Scientific, Series 
100, USA) was used to infuse solutions with flow rate of 20 µL min-1 into the nebuliser. A 
commercially available tune mix (ESI-L Low Concentration Tuning Mix, G1969-85000, Agilent 
Technologies) was prepared according to manufacturer instructions for tuning and accurate 
mass calibration of the mass spectrometer. Agilent IM-MS Browser 10.0 was used for single-
field calibration and DTCCSN2 calculation. PNNL Preprocessor was used for demultiplexing and 
data pre-processing steps [3], Agilent Mass Profiler 10.0.2.202 was used for feature extraction, 
followed by high-resolution demultiplexing (HRdm) of the DTIM-MS data with Agilent HRdm 
2.0 [4].
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Computational details

Benchmark studies on the assessment of different methods of density functional theory (DFT) 
show that ωB97xD functional is one of the best functionals giving energetic values and 
structural parameters with reasonable precision [5,6]. Hence, ωB97xD was used for Structural 
optimization and energy calculation of all neutral and protonated PAAs. For additional 
comparison, the calculations in gas phase were performed using B3LYP. The relative energies 
calculated by ωB97xD and B3LYP for the protomers of PAAs are compared in Figures S1-S6 
and show good agreement and predict the same relative stability trend for the protomers.  The 
basis set 6-311++G(d,p) including diffuse and polarization functions for hydrogen and heavy 
atoms was used for the calculations. The transition state (TS) structures were obtained directly 
using opt=(ts,calcfc,noeigen) keywords followed by frequency calculations to prove the TS 
structure by its imaginary frequency. Further TS confirmation was done by intrinsic reaction 
coordinate (IRC) calculation. Proton affinity (PA) and gas phase basicity (GB) of the 
compounds were computed as -∆H and -∆G values of their protonation reactions in gas phase. 
Charge distribution calculation was carried using the Merz-Kollman (MK) method at the same 
level of theory. Tomasi’s Polarized Continuum Model (PCM) was used for calculations in 
solvents water, methanol, and acetonitrile. Gaussian 16 software [7] was used for DFT 
calculations on the Vienna Scientific Cluster (VSC). The Gaussian output files containing 
geometric parameters of the optimized structures and MK charges were used to build input 
file for collision cross section (CCS) calculations. CCS calculations were performed on the 
VSC using MOBCAL-MPI software [8] using the trajectory method (TM) in nitrogen as buffer 
gas and at 298 K. 
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Figure S1. Comparison of ωB97XD-relative electronic energies of the protomers of 1-
aminonaphthalene (1AN) in gas phase, acetonitrile, methanol, and water. The relative 
energies in parenthesis have been calculated by B3LYP for the protomers in gas phase. The 
energies are in kJ mol-1.

Figure S2. Comparison of ωB97XD-relative electronic energies of the protomers of 2-
aminonaphthalene (2AN) in gas phase, acetonitrile, methanol, and water. The relative 
energies in parenthesis have been calculated by B3LYP for the protomers in gas phase. The 
energies are in kJ mol-1.
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Figure S3. Comparison of ωB97XD-relative electronic energies of the protomers of 1-
aminoanthracene (1AA) in the gas phase, acetonitrile, methanol, and water. The relative 
energies in parenthesis have been calculated by B3LYP for the protomers in the gas phase. 
The energies are in kJ mol-1.
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Figure S4. Comparison of ωB97XD-relative electronic energies of the protomers of 2-
aminoanthracene (2AA) in the gas phase, acetonitrile, methanol, and water. The relative 
energies in parenthesis have been calculated by B3LYP for the protomers in gas phase. The 
energies are in kJ mol-1.
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Figure S5. Comparison of ωB97XD-relative electronic energies of the protomers of 9-
aminophenanthrene (9AP) in the gas phase, acetonitrile, methanol, and water. The relative 
energies in parenthesis have been calculated by B3LYP for the protomers in gas phase. The 
energies are in kJ mol-1.
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Figure S6. Comparison of ωB97XD-relative electronic energies of the protomers of 1-
aminopyrene (1AP) in the gas phase, acetonitrile, methanol, and water. The relative energies 
in parenthesis have been calculated by B3LYP for the protomers in gas phase. The energies 
are in kJ mol-1.
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Figure S7. Comparison of standard (solid line) and HRdm (dashed line) IM spectra of [M+H]+ 
ion of 1-aminonaphthalene (1-AN), 2-aminonaphthalene (2-AN), 1-aminoanthracene (1-AA), 
2-aminoanthracene (2-AA), 9-aminophenanthrene (9-AP), and 1-aminopyrene (1-AP).
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Table S1. Comparison of the experimental and calculated CCSN2 values of the C- and N-
protomers of polycyclic aromatic amines (PAAs) and their dipole moments (µD). The CCSN2 
and µD values are in Å2 and Debye, respectively. For each PAA, CCSN2 and µD of the N-
protomer are larger than those of the corresponding C-protomers. The “N” and “C” letters in 
parenthesis indicate the proton acceptor atom.

Protomer µD (D) CCSN2 (calculated) DTCCSN2 (exp)
1AN-a (N) 8.00 134.2 135.5
1AN-b (C) 4.6 125.2
1AN-c (C) 1.9 121.0
1AN-d (C) 3.5 123.3 126.2
1AN-e (C) 1.8 123.3
1AN-f (C) 2.0 121.7
1AN-g (C) 3.4 123.3
1AN-h (C) 2.3 122.5
1AN-I (C) 2.6 120.7
2AN-a (N) 10.7 137.2 138.3
2AN-b (C) 4.3 124.2
2AN-c (C) 2.2 122.1
2AN-d (C) 1.5 122.2
2AN-e (C) 1.6 123.5
2AN-f (C) 1.6 123.1
2AN-g (C) 1.7 122.5
2AN-h (C) 5.8 125.3 126.8
2AN-I (C) 0.6 121.2
1AA-a (N) 10.1 147.9 150.4
1AA-b (C) 6.5 137.7
1AA-c (C) 2.9 134.5
1AA-d (C) 6.3 136.9 140.2
1AA-e (C) 2.8 134.9
1AA-f (C) 3.2 133.9
1AA-g (C) 3.4 135.2
1AA-h (C) 3.9 134.9
1AA-I (C) 4.5 135.8
1AA-j (C) 0.8 133.9
1AA-k (C) 4.0 134.7
2AA-a (N) 14.3 153.0 154.3
2AA-b (C) 5.6 136.8
2AA-c (C) 4.2 135.2
2AA-d (C) 0.9 134.0
2AA-e (C) 3.3 136.4
2AA-f (C) 1.6 136.1
2AA-g (C) 2.6 135.7
2AA-h (C) 0.6 134.9
2AA-i (C) 4.3 135.7
2AA-j (C) 8.8 139.3 140.2 
2AA-k (C) 1.2 136.3
9AP-a (N) 9.5 146.5 149.3
9AP-b (C) 6.1 137.0 141.0
9AP-c (C) 3.1 133.4
9AP-d (C) 3.5 133.7
9AP-e (C) 1.9 134.4
9AP-f (C) 3.3 132.0
9AP-g (C) 3.9 133.2
9AP-h (C) 3.3 133.0
9AP-I (C) 4.3 132.6
9AP-j (C) 4.0 132.8
9AP-k (C) 3.7 132.4
1AP-a (N) 11.1 150.7 155.6
1AP-b (C) 7.0 141.1
1AP-c (C) 1.1 136.2
1AP-d (C) 3.1 137.8
1AP-e (C) 4.8 139.1
1AP-f (C) 2.6 138.9
1AP-g (C) 3.2 138.0
1AP-h (C) 3.4 138.6 143.6
1AP-I (C) 6.9 141.0
1AP-j (C) 3.8 137.4
1AP-k (C) 0.9 136.8
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Figure S8. Comparison of mass spectra of (a) 1-aminonaphthalene (1-AN), (b) 2-
aminonaphthalene (2-AN), (c) 1-aminoanthracene (1-AA), (d) 2-aminoanthracene (2-AA), (e) 
9-aminophenanthrene (9-AP), and (f) 1-aminopyrene (1-AP) in ESI and APCI ion sources in 
acetonitrile (ACN) and methanol (MeOH) solvents. Standards were prepared in 0.01% (v/v) 
formic acid (FA) for ESI measurements. 
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Table S2. Calculated proton affinity (PA) and gas phase basicity (GB) for nitrogen and 
carbon atoms of the PAAs at 298 K. Only the PA and GB of the most basic carbon are 
shown.

Nitrogen atom Carbon atom
Compound PA (kJ mol-1) GB (kJ mol-1) PA (kJ mol-1) GB (kJ mol-1)
1-Aminonaphthalene 899.7 868.9 935.7 906.5
2-Aminonaphthalene 897.0 867.6 927.7 901.6
1-Aminoanthracene 906.4 875.6 955.8 926.9
2-Aminoanthracene 902.6 872.6 954.8 926.7
9-Aminophenanthrene 905.5 874.9 945.3 914.8
1-Aminopyrene 909.4 878.5 937.7 908.6

Figure S9. The optimized transition state (TS) structures and activation Gibbs free energies 
for intramolecular N→C proton transfer in (a) 2-aminoanthracene (2AA) and (b) 1-
aminopyrene (1AP). The energies are in kJ mol-1. 



S13

Figure S10. Comparison of mass spectra of tetracene ionised using: APCI (10 µmol L-1 in 
methanol) and ESI (10 µmol L-1 in methanol with 0.01% (v/v) formic acid). In ESI without 
formic acid, the intensity of the [M+H]+ peak was even weaker. Hence, carbon atoms of the 
polycyclic aromatic rings are not protonated in solvent.

Figure S11. Comparison of IM-spectra of C- and N-protomers of (a) 1-aminonaphthalene (1-
AN), (b) 2-aminonaphthalene (2-AN), (c) 1-aminoanthracene (1-AA), (d) 2-aminoanthracene 
(2-AA), (e) 9-aminophenanthrene (9-AP), and (f) 1-aminopyrene (1-AP) produced by APCI 
and ESI ion sources in methanol. No formic acid was added to solvent for ionisation in ESI.
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Figure S12. Comparison of IM-spectra of C- and N-protomers of (a) 1-aminonaphthalene (1-
AN), (b) 2-aminonaphthalene (2-AN), (c) 1-aminoanthracene (1-AA), (d) 2-aminoanthracene 
(2-AA), (e) 9-aminophenanthrene (9-AP), and (f) 1-aminopyrene (1-AP) produced by APCI 
and ESI ion sources in acetonitrile. No formic acid was added to solvent for ionization in ESI.
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Figure S13. Effect of in-source ion activation (collision voltages) on the relative intensities of 
N- and C-protomers of (a) 1-aminoanthracene (1-AA), (b) 1-aminonaphthalene(1-AN), (c) 2-
aminonaphthalene (2-AN), and (d) 9-aminophenanthrene (9-AP).
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Figure S14. The optimized transition state (TS) structures and activation Gibbs free 
energies for intramolecular N→C and C→C proton transfer in (a) 2-aminoanthracene (2AA) 
and (b) 1-aminopyrene (1AP). The energies are in kJ mol-1.



S17

Figure S15.  ESI-mass spectra of (a) 1-aminonaphthalene (1-AN), (b) 2-aminonaphthalene 
(2-AN), (c) 1-aminoanthracene (1-AA), (d) 2-aminoanthracene (2-AA), (e) 9-
aminophenanthrene (9-AP), and (f) 1-aminopyrene (1-AP) using different in-source collision 
voltages (concentration: 10 µmol L-1 in 1:1 (v/v) CH3OH:H2O with 0.01% (v/v) formic acid).
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Figure S16. Comparison of HR-MS fragment spectra of C- and N-protomers of (a) 1-
aminonaphthalene (1-AN), (b) 2-aminonaphthalene (2-AN), (c) 1-aminoanthracene (1-AA), (d) 
2-aminoanthracene (2-AA), (e) 9-aminophenanthrene (9-AP), and (f) 1-aminopyrene (1-AP) 
with CID voltage of 15 V. (10 µmol L-1 in 1:1 (v/v) H2O:CH3OH). Mass spectra are normalised 
to the most intense peak in the spectrum.
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