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S1. Experimental and computational methods

Experimental Methods. The experiments were performed with the customized reflection time-of-flight mass 
spectrometer sketched (Fig. S1). The laser used was a all-solid-state DUV laser system (177.3 nm wavelength, 
15.5 ps pulse duration, ~ 15 μJ pulse energy, 10 Hz repeating rate, Fig. S2b)1. The powder samples of dopamine 
hydrochloride (99% purity, Alfa Aesar) and norepinephrine (98% purity, Alfa Aesar) were loaded into a 
customized quartz container and heated to a certain proper temperature (140 oC for dopamine hydrochloride and 
100 oC for norepinephrine, respectively) that produce enough vapor to form a stable molecular beam for 
photoionization. A high-vacuum plasma cleaning setup (XEI Evactron EP) was built for this instrument, helping 
to remove unwanted contamination especially organic chemicals. The 118nm and 177.3nm laser systems that 
used in the laser ionization mass spectrometry (LIMS) experiment are shown in Fig. S2, respectively. The vacuum 
ultraviolet (VUV) laser system (118 nm wavelength, ns-pulsed 355 nm radiation focused into a 1: 10 Xe/Ar gas 
cell to realize third harmonic.2

Fig. S1 The customized Re-TOF-MS based on the all-solid-state DUV laser system. Re-TOF-MS technical: (a) thermal 
evaporation source, (b) ionization zone with laser incidence, (c) focus, (d) deflection, (e) reflector, (f) MCP ions detector.

Fig. S2 The optional laser systems of (a) 118nm VUV and (b) 177.3nm DUV used in the LIMS experiment.

Computational Methods. All the optimization, frequency, and energy calculations are carried out on the basis 
of density functional theory (DFT) embedded within the Gaussian 09 program package.3 The geometries of all 
species are fully optimized at the unrestricted b3lyp/6-311++g(d,p) level of theory.4 All the energies are corrected 
with the zero-point vibrational contributions. The transition state (TS) structures are checked and confirmed by 
intrinsic reaction coordinate (IRC)5 calculations. Natural population analysis (NPA)6 is performed to reveal the 
charge distribution changes when the neurotransmitter molecules are ionized. Natural bond orbital (NBO)7 
analysis of neutral and cationic dopamine and norepinephrine was also performed to estimate the amount of 
charge transfer during the ionization process. The NBO orbitals were plotted with Multiwfn and VMD software.8
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S2. Thermogravimetric analysis

Regarding the proper evaporation temperature, thermogravimetric analysis of samples dopamine hydrochloride 
and norepinephrine were performed to make sure the stability without thermal decomposition (Fig. S3).

Fig. S3 Thermogravimetric curves of (a) dopamine hydrochloride (b) norepinephrine.

S3. VUV-LIMS details

As shown in Fig. S4, there are three peaks observed in the VUV-LIMS: m/z=153, 30, 124 amu, respectively. 
Among them, the mass peak at 153 amu aims at the molecule ion (C8NO2H11

+.), while the 30-amu peak 
corresponds to Cα-Cβ bond cleavage fragment (CNH4

+). Besides, the dominant peak 124 amu (C7O2H8
+.) indicates 

a gain of H atom induced by intramolecular hydrogen atom transfer (HAT) process, which is well consistent with 
the previously reported investigations on a basis of the McLafferty rearrangement.9 Comparing with the DUV-
LIMS results as mentioned in the main text due to the insufficient single-photon energy of the DUV light, the 
observation of fragmentation in VUV-LIMS is due to the relatively large pulses (20ns) of VUV laser (Xe/Ar gas 
cell to realize third harmonic) and there is residual 355 nm laser which readily give rise to fragmentation.10

Fig. S4 Mass spectra of DA (a) and NE (b) ionized by VUV laser.
S4. DFT calculation details

Energies
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Table S1 list the sum of electronic and zero-point energies (E0), sum of electronic and thermal enthalpies (H), 
sum of electronic and thermal free energies (G) of nascent molecule and that after adiabatic ionization for 
dopamine (DA) and norepinephrine (NE) at the b3lyp/6-311++g(d,p) level of DFT. All the energies were 
corrected with zero-point vibrations.

Table S1. Thermodynamic energies of DA and NE at the b3lyp/6-311++g(d,p) level of DFT (hatree).

DA NE
Nascent 
molecule

After vertical 
ionization

After adiabatic 
ionization

Nascent 
molecule

After vertical 
ionization

After adiabatic 
ionization

E0 -516.641525 -516.357890 -516.367700 -591.883493 -591.598261 -591.607422

H -516.629343 -516.346805 -516.355806 -591.870690 -591.586398 -591.594882

G -516.679052 -516.393885 -516.405003 -591.921428 -591.634819 -591.645478

UV absorption

Utilizing TD-DFT first-principles calculation, Fig. S5 present the absorption bands of nascent molecule and 
that after adiabatic ionization for DA and NE in the UV area at the b3lyp/6-311++g(d,p) level of DFT.

Fig. S5 Calculated UV spectra of neutral (upper) and cationic (bottom) (a/c) DA and (b/d) NE, respectively, at the b3lyp/6-
311++g(d,p) level of DFT.

Bond lengths
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Fig. S6 The bond lengths of Cα-Cβ and Cα-N in (a) DA and (b) NE respectively (Å).

Table S2. The bond lengths (Å) and relative changes of Cα-Cβ and Cα-N in DA and NE, respectively, before and after ionization.

Cα-Cβ bond Cα-N bond

Before 
ionization

After 
ionization

Increment
Before 

ionization
After 

ionization
Increment

DA 1.548 1.623 0.075 1.462 1.417 -0.045

NE 1.542 1.590 0.048 1.471 1.446 -0.025

Ionization energies & HOMO-LUMO gaps

Ionization energies and HOMO-LUMO gaps of DA and NE at the b3lyp/6-311++g(d,p) level of DFT are 
calculated. All energies were corrected with zero-point vibrations. As shown in Table S3, neutral DA bears a 
relatively smaller HOMO-LUMO gap, which is consistent with its relatively small ionization potential.

Table S3. Ionization energies and HOMO-LUMO gaps of DA and NE at the b3lyp/6-311++g(d,p) level of DFT (eV). 

Ionization energies HOMO-LUMO gaps

Adiabatic Vertical Neutral Cationic

DA 7.45 7.72 5.30 5.46
NE 7.51 7.76 5.34 5.26

HOMO-LUMO orbitals
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Fig. S7 Frontier molecular orbitals of the nascent molecule and that after ionization for (a-c) DA and (d-f) NE, at the b3lyp/6-
311++g(d,p) level of DFT.

Molecular electrostatic potential (MEP) analysis 

Fig. S8 depicts the Molecular electrostatic potential (MEP) of DA and NE, where red regions correspond to 
the maximal negative potentials and blue regions to positive. Different values of the MEPs at the surface are 
presented by different colors, with potential increasing in the order ‘‘red < orange < yellow < green < blue’’.

Fig. S8 Electrostatic potentials on the surface of (a) DA and (b) NE. Red and blue colors indicate negative and positive regions, 
respectively, at the b3lyp/6-311++g(d,p) level of DFT.

Natural Population Analysis (NPA)
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The method of natural population analysis (NPA) was developed to calculate atomic charges and orbital 
populations of molecular wave functions in general atomic orbital basis sets. The atom labels and NPA of neutral 
and cationic DA and NE at the b3lyp/6-311++g(d,p) level of DFT are shown in Fig. S9-10 and Table S4-7. All 
the energies were corrected with zero-point-vibrations.

Fig. S9 Atom labels of (a) DA (b) NE for all analysis in this paper. Atoms in dark gray, blue, red and light gray atoms refer to C, 
N, O and H, respectively.

Fig. S10 Surface charge distribution from NPA of neutral and cationic (a) DA and (b) NE at the b3lyp/6-311++g(d,p) level of 
DFT. Atoms in dark gray, blue, red and light gray atoms refer to C, N, O and H, respectively.

Table S4. The natural charge increments between and after ionization in DA (e).
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Atom No.
Natural charge increment before 

and after vertical ionization
Natural charge increment before 

and after adiabatic ionization

C 1 -0.00892 0.01822

C 2 -0.01386 0.00847

C 3 0.1204 -0.01668

N 4 0.15976 -0.02168

C 5 -0.00109 -0.00746

C 6 0.07524 -0.00701

C 7 0.07284 -0.00414

C 8 0.02311 -0.00934

O 9 0.06506 -0.00851

C 10 0.10017 0.01726

O 11 0.11799 -0.0392

Note: The natural charge increment provided in the table is obtained by subtracting the natural charge of nascent molecule from 
the natural charge that after ionization.

Table S5. The natural charge increments between and after ionization in NE (e).

Atom No.
Natural charge increment before 

and after vertical ionization
Natural charge increment before 

and after adiabatic ionization

O 1 0.07718 -0.00353

C 2 0.08773 0.00788

C 3 -0.00473 -0.01553

C 4 0.14577 -0.00004

C 5 -0.02854 -0.00005

O 6 0.04313 -0.0124

C 7 0.00476 0.00906

N 8 0.03332 -0.00834

C 9 0.08757 -0.00593

C 10 0.02312 -0.01113

C 11 0.10984 0.02184

O 12 0.13227 -0.00751

Note: The natural charge increment provided in the table is obtained by subtracting the natural charge of nascent molecule from 
the natural charge that after ionization.

Table S6. Summary of Natural Population Analysis for nascent molecule (Left) and that after vertical (Middle) and adiabatic 
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ionization (Right) for DA.

      

Table S7. Summary of Natural Population Analysis for nascent molecule (Left) and that after vertical (Middle) and adiabatic 
ionization (Right) for NE.

      

Fragment structures
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The optimized fragment structures of DA and NE are shown in Fig. S11. Table S8 list the sum of electronic 
and zero-point energies (E0) neutral and cationic DA and NE, respectively, at the b3lyp/6-311++g(d,p) level of 
DFT. All the energies were corrected with zero-point vibrations.

Fig. S11 The optimized fragment structures of (a-g) DA and (h-r) NE. Atoms in dark gray, blue, red and light gray atoms refer to 
C, N, O and H, respectively.

Table S8. Thermodynamic energies of the optimized fragment structures in Fig. S11 (hatree).

Energies Energies
Molecules Labels

Neutral Cationic
Molecules Labels

Neutral Cationic
Fig. S11-a -77.329678 Fig. S11-j -76.437242 -75.974059
Fig. S11-b -94.622715 -94.261393 Fig. S11-k -57.052664 -56.870873
Fig. S11-c -95.187901 -94.951334 Fig. S11-l -458.856353 -458.570614
Fig. S11-d -382.699050 -382.405706 Fig. S11-m -459.430231 -459.199329
Fig. S11-e -421.361997 -421.117744 Fig. S11-n -497.229872 -496.949924
Fig. S11-f -421.998627 -421.716566 Fig. S11-o -534.706866 -534.434296

DA

Fig. S11-g -460.085947 -459.810170 Fig. S11-p -515.446017 -515.205512
Fig. S11-h -75.753961 -75.158167 Fig. S11-q -516.007584 -515.775951

NE
Fig. S11-i -56.548470 -56.175409

NE

Fig. S11-r -535.331098 -535.059407

Supplementary results of thermodynamics energy changes



S-11

1) Photo-induced 16-amu fragment removal for DA and NE

                       ΔE= 2.21 eV          (S1)[𝐶8𝑁𝑂2𝐻11] + •→[𝐶8𝑂2𝐻9] + + 𝑁𝐻2

                       ΔE= 1.99 eV          (S2)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂3𝐻9] + + 𝑁𝐻2

2) Photo-induced 30-amu fragment removal for DA and NE

                      ΔE= 1.48 eV          (S3)[𝐶8𝑁𝑂2𝐻11] + •→𝐶7𝑂2𝐻7 + [𝐶𝑁𝐻4] +

                      ΔE= 1.69 eV          (S4)[𝐶8𝑁𝑂2𝐻11] + •→[𝐶7𝑂2𝐻7] + + 𝐶𝑁𝐻4

                      ΔE= 1.39 eV          (S5)[𝐶8𝑁𝑂3𝐻11] + •→𝐶7𝑂3𝐻7 + [𝐶𝑁𝐻4] +

                      ΔE= 0.99 eV          (S6)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶7𝑂3𝐻7] + + 𝐶𝑁𝐻4

3) Photo-induced 17-amu fragment removal for DA and NE

                      ΔE= 2.89 eV          (S7)[𝐶8𝑁𝑂2𝐻11] + •→𝐶8𝑂2𝐻8 + [𝑁𝐻3] + •

                      ΔE= 0.25 eV          (S8)[𝐶8𝑁𝑂2𝐻11] + •→[𝐶8𝑂2𝐻8] + • + 𝑁𝐻3

                      ΔE= 2.75 eV          (S9)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂3𝐻8 + [𝑁𝐻3] + •

                      ΔE= -0.01 eV        (S10)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂3𝐻8] + • + 𝑁𝐻3

                     ΔE= 2.11 eV         (S11)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑁𝑂2𝐻10] + + 𝑂𝐻

                     ΔE= 12.02 eV        (S12)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑁𝑂2𝐻10 + [𝑂𝐻] +

4) Photo-induced secondary dissociation of [C8O2H8]+ fragment for DA

                      ΔE= 1.99 eV          (S13)[𝐶8𝑂2𝐻8] + •→[𝐶8𝑂2𝐻6] + • + 𝐶2𝐻2

5) Photo-induced 18-amu fragment removal for NE 
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                      ΔE= 0.81 eV          (S14)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂3𝐻7 + [𝑁𝐻4] +

                      ΔE= 3.28 eV          (S15)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂3𝐻7] + + 𝑁𝐻4

                    ΔE= 5.10 eV          (S16)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑁𝑂2𝐻9 + [𝐻2𝑂] + •

                    ΔE= -0.96 eV         (S17)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑁𝑂2𝐻9] + • + 𝐻2𝑂

6) Photo-induced 29-amu fragment removal for DA and NE 

                     ΔE= 2.93 eV         (S18)[𝐶8𝑁𝑂2𝐻11] + •→𝐶7𝑂2𝐻8 + [𝐶𝑁𝐻3] + •

                     ΔE= 0.77 eV         (S19)[𝐶8𝑁𝑂2𝐻11] + •→[𝐶7𝑂2𝐻8] + • + 𝐶𝑁𝐻3

                     ΔE= 0.95 eV         (S20)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶7𝑂3𝐻8] + • + 𝐶𝑁𝐻3

                     ΔE= 3.17 eV         (S21)[𝐶8𝑁𝑂3𝐻11] + •→𝐶7𝑂3𝐻8 + [𝐶𝑁𝐻3] + •

7) Photo-induced 134-amu, 17-amu and 18-amu fragments removal for NE

     ΔE= 0.89 eV         (S22)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻6] + • +  [𝐻2𝑂] + • +  [𝑁𝐻3] + • +  2𝑒 ‒

         ΔE= 11.54 eV        (S23)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻6] + • +  𝐻2𝑂 +  [𝑁𝐻3] + • +  𝑒 ‒

         ΔE= 16.37 eV        (S24)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂2𝐻6 +  [𝐻2𝑂] + • +  [𝑁𝐻3] + • +  𝑒 ‒

         ΔE= 0.51 eV         (S25)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻6] + • +  [𝐻2𝑂] + • +  𝑁𝐻3 +  𝑒 ‒

                 ΔE= 1.39 eV         (S26)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻6] + • +  𝐻2𝑂 +  𝑁𝐻3

                 ΔE= 6.22 eV         (S27)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂2𝐻6 +  [𝐻2𝑂] + • +  𝑁𝐻3

                 ΔE= 3.77 eV         (S28)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂2𝐻6 +  𝐻2𝑂 +  [𝑁𝐻3] + •

8) Photo-induced 135-amu and 17-amu fragments removal for NE

       ΔE= 1.07 eV         (S29)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻7] +  +  [𝑂𝐻] + +  [𝑁𝐻3] + • +  2𝑒 ‒
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           ΔE= 0.70 eV         (S30)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻7] +  +  [𝑂𝐻] + +  𝑁𝐻3 +  𝑒 ‒

          ΔE= 13.03 eV        (S31)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻7] + + 𝑂𝐻 +  [𝑁𝐻3] + • +  𝑒 ‒

          ΔE= 22.95 eV        (S32)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂2𝐻7 +  [𝑂𝐻] + +  [𝑁𝐻3] + • +  𝑒 ‒

                 ΔE= 2.88 eV         (S33)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻7] + +  𝑂𝐻 + 𝑁𝐻3

                  ΔE= 12.80 eV        (S34)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂2𝐻7 +  [𝑂𝐻] + +  𝑁𝐻3

                 ΔE= 6.74 eV         (S35)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂2𝐻7 +  𝑂𝐻 +  [𝑁𝐻3] + •

9) Photo-induced 135-amu, 17-amu and 16-amu fragments removal for NE

      ΔE= 1.02 eV         (S36)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻7] +  +  [𝐻2𝑂] + • +  [𝑁𝐻2] + +  2𝑒 ‒

          ΔE= 15.15 eV        (S37)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻7] + + 𝐻2𝑂 +  [𝑁𝐻2] + +  𝑒 ‒

         ΔE= 0.55 eV         (S38)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻7] +  +  [𝐻2𝑂] + • +  𝑁𝐻2 +  𝑒 ‒

         ΔE= 21.47 eV        (S39)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂2𝐻7 +  [𝐻2𝑂] + • +  [𝑁𝐻2] + +  𝑒 ‒

                ΔE= 2.43 eV         (S40)[𝐶8𝑁𝑂3𝐻11] + •→[𝐶8𝑂2𝐻7] + +  𝐻2𝑂 + 𝑁𝐻2

                ΔE= 8.75 eV         (S41)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂2𝐻7 +  [𝐻2𝑂] + • +  𝑁𝐻2

                ΔE= 8.87 eV         (S42)[𝐶8𝑁𝑂3𝐻11] + •→𝐶8𝑂2𝐻7 +  𝐻2𝑂 +  [𝑁𝐻2] +

Supplementary results of hydrogen atom transfer (HAT) reaction pathways

As a supplementary information to the reaction pathways discussed in Fig. 4-5 (main text) and considering the 
likely HAT from other sites, we have also checked the reaction pathways for HAT, as shown below (Fig. S12-
16). Comparing with the pathways having provided in the main text; these pathways show a relatively higher 
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transition-state energies, respectively.

Fig. S12 Fragment pathways toward the NH3 removal initiated by the HAT for DA. The atoms in dark gray, blue, red and light 
gray atoms refer to C, N, O and H, respectively.

Fig. S13 Fragment pathways toward the NH3 removal initiated by the HAT for NE. The atoms in dark gray, blue, red and light 
gray atoms refer to C, N, O and H, respectively.
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Fig. S14 Fragment pathways toward the H2O removal initiated by the HAT for NE. The atoms in dark gray, blue, red and light 
gray atoms refer to C, N, O and H, respectively.

Fig. S15 Fragment pathways toward the CNH3 removal initiated by the HAT for DA. The atoms in dark gray, blue, red and light 
gray atoms refer to C, N, O and H, respectively.

Fig. S16 Fragment pathways toward the CNH3 removal initiated by the HAT for NE. The atoms in dark gray, blue, red and light 
gray atoms refer to C, N, O and H, respectively.
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Natural bond orbital (NBO) analysis.

Table S9. Second order perturbation theory analysis of Fock matrix in NBO basis for nascent molecule of DA.
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Table S10. Second order perturbation theory analysis of Fock matrix in NBO basis for adiabatic molecule of DA.
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Table S11. Second order perturbation theory analysis of Fock matrix in NBO basis for nascent molecule of NE.
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Table S12. Second order perturbation theory analysis of Fock matrix in NBO basis for adiabatic molecule of NE.
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