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1. Reagents 

1.1 Chemicals 

Alkyl amines, amino acids, and peptides were purchased from Sigma Chemical Co. (Sigma-Aldrich, 

St. Louis, MO, USA). Different concentrations (5-100 µM) of the samples were prepared in methanol for 

nanoESI with 0.2 % acetic acid added to increase the intensity of protonated species if necessary. 

Pyrolysis precursors including allylchloride, 1,5-hexadiene, pentane,  propargylchloride were 

purchased from Sigma Chemical Co. (Sigma-Aldrich, St. Louis, MO, USA). Propargylbromide was 

purchased from TCI America (Portland, OR, USA), and d12-pentane was purchased from Alfa Aesar 

(Ward Hill, MA, USA). The headspace vapor of precursors in the Helium buffer was injected into the 

pyrolysis nozzle to generate reactive neutrals.  

1.2 Synthesis 

1,3-Dibromopropyne was synthesized and used as the pyrolysis precursor for C3H2 according to 

previous reports.1 In short, 1,3-dibromopropyne was prepared in two steps: Propargyl alcohol was 

converted to 1-bromopropyn-3-ol by triphenyl phosphite methiodide.2 PBr3 was used in benzene and then 

pyridine to replace the hydroxyl group with Br.1 The final product was distilled under reduced pressure 

with Argon.  
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2. Instrumentation 

The home-built DAPI-RIT-DAPI mass spectrometer (MS) was developed for the study of gas-phase 

ion reactions (DAPI: discontinuous atmospheric pressure interfaces3; RIT: rectilinear ion trap4). 

Integrated with a pyrolysis nozzle, the instrument allows conducting reactions between ions and reactive 

neutrals in an isolated environment. Characterization of reactive neutral is achieved by an additional glow 

discharge electron impact (GDEI) source. The whole platform is demonstrated in Fig. S1a.  

2.1 DAPI-RIT-DAPI system 

The DAPI-RIT-DAPI MS without the addition of the pyrolysis nozzle was described previously.5  In 

this work, DAPI-1 was used to introduce ions from nanoESI. DAPI-2 together with the pyrolysis nozzle6 

was used to produce reactive radical species from the head-space vapor of precursors (placed in a glass 

tube with a plastic Swagelok connected to capillary 3 of 0.25 mm i.d.). Both DAPIs were protected in 

helium environment, which was used as buffer gas to trap low mass ions and to protect pyrolysis nozzle 

from oxidation. An RIT with dimensions x0 = 5 mm, y0 = 4 mm, and z = 40 mm for ion storage and MS 

analysis, was operated with a single-phase radio frequency (rf) at 920 kHz or 1490 kHz for mass range of 

m/z 80-800 or 20-180, respectively. The GDEI source7 with aperture diameter of 0.450 µm was put on the 

side of the RIT to emit electrons to ionize the neutral species for MS characterization. Air around 1 Torr 

was leaked into the glow discharge cell through a 4 cm fused-silica capillary. The electrons were 

generated by discharge when applying -600 V direct current (dc) to cathode while grounding the anode.  

The control electronics was directly adopted from a Griffin Minotaur 300 (FLIR Systems, Inc., 

Wilsonville, OR). The front endcap (close to DAPI-1) was a flat electrode with a center hole of 3 mm 

diameter for ion introduction, while a mesh electrode (18 x 18 mesh size, 0.015” wire diameter; 

McMaster-Carr, Aurora, OH, USA) was used for the back endcap (close to DAPI-2). A dc of 10-30 V 

was applied on both end electrodes to create a dc trapping potential well along the z direction. Resonance 

ejection (q = 0.81), was implemented for MS scan with a dipolar alternative signal at 324 and 524 kHz for 

rf frequency of 920 and 1490 kHz, respectively. The inductance and capacitance of the rf coil were 

changed to accomplish the two frequencies. The conversion dynode of the detector was grounded. The 

isolation of the trapped ions was achieved by forward/backward scan. As shown in Fig. S21b for carbene 

reaction, DAPI-1 was opened for 15 ms to introduce ions from nanoESI. The ionic species of interest 

were then isolated after 150 ms cooling time by rf ramping to scan out the lower mass ions followed by 

backward alternative current (ac) resonance ejection to get rid of the higher mass ions. The mass-isolated 

ions were cooled for another 750-1000 ms for the pressure to drop back to 1 mTorr before DAPI-2 

opening (50 ms). The products generated by the pyrolysis nozzle together with the neutral precursors 
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were then interacting with the trapped ions for 500-750 ms. Further isolation for the products was carried 

out and collision induced dissociation (CID) was employed by ac excitation to verify the product structure, 

if necessary. CID was implemented by dipolar excitation with a single-frequency ac applied between the 

x electrodes of the RIT. In the mechanistic study, the low mass cutoff (LMCO) of CID was set to m/z 25 

for rf 1490 kHz to trap low mass CID fragments (e.g. C3H3
+, m/z 39). Multiple triggers were provided 

from the control electronics for synchronizing the operations of DAPIs, GDEI, and MS analysis. All the 

spectra presented are the average of 5-9 continuous scans. 

 

Fig. S1 (a) Schematic of Detail-labeled DAPI-RIT-DAPI platform for the study of reactive radical species, 

with a pyrolysis nozzle6 and  a nanoESI and a GDEI source7; and (b) scan functions for carbene reaction 

by pyrolysis 
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2.2 Pyrolysis nozzle 

The pyrolysis nozzle was first developed by Chen et al. to generate intense radical species.8 In our 

setup, it employs a silicon carbide (SiC) tube of 1 cm long, 1 mm i.d., 2 mm o.d. (Hexoloy SA, Niagara 

Falls, NY) as the resistance heater with an alumina tube (8746K12, McMaster-Carr, Aurora, OH, USA) 

for insulation.  The SiC and the Al2O3 tube were nested and cemented with ceramic adhesive (903HP, 

Cotronics, Brooklyn, NY) into the machinable Al2O3 flange (8484K78, McMaster-Carr, Aurora, OH, 

USA). Stainless steel capillary 2 inside the pinch valve of DAPI-2 was directly inserted into the Al2O3 

tube without further sealing. Electrical contact was provided by graphite disks (AXF-FQ Poco Graphite, 

Decatur, TX) and 0.127-mm tantalum-foil clips (Alfa Aesar, Ward Hill, MA). Two light bulbs of 100 W 

and 200 W, parallel to each other and in series with the nozzle, were used as the ballast. Both nanoESI 

and radical precursors were protected in Helium environment ca 760 Torr to prevent the heated SiC from 

oxidation. 

The major differences for the pyrolysis nozzle in our platform compared to those in flowing-afterglow 

selected ion flow tube or Fourier transform ion cyclotron resonance is 1) the high pressure ca 10-100 

mTorr in the vacuum chamber during precursor injection and 2) injection duration of 50 ms continuously 

instead of 200 µs with 20-40 Hz frequency. Therefore, the radicals produced through the pyrolysis nozzle 

were expected to have 103 times more collisions in our platform than that in high vacuum (10-5 Torr) and 

pyrolysis temperature was dropping during the opening. The high pressure and energetic gas flow are the 

two factors contributing to the formation of nonspecific C3H2 carbene from various precursors. Among 

three structures of C3H2 species, the most stable c-C3H2 is more likely to survive under the given 

environment.  
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3. Mass spectra 

    Fig. S2 summarizes the reaction spectra of protonated n-heptylamine (m/z 116) with C3H2 formed from 

pyrolysis of different organic precursors: (a) allylchloride, (b) propargyl bromide, (c) 1,5-hexadiene, and 

(d) pentane. Although for different organic precursors the temperature of the pyrolysis valve needed to be 

tuned to achieve the highest reaction yield, the same reaction phenomenon, i.e., mass increase of one, two, 

or even three 38 Da to the protonated amine ions was consistently observed.  These data are consistent 

from that observed from using 1,3-dibromopropyne (BrC≡CCH2Br) as the precursor of C3H2.    

 

 

Fig. S2  Reaction MS spectra of protonated n-heptylamine (m/z 116) with C3H2 formed from pyrolysis of 

(a) allylchloride, (b) propargylbromide, (c) 1,5-hexadiene, and (d) pentane. 
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    Protonated secondary amine (dibutylamine), tertiary amine (tributylamine) can also react with heated 

propargylbromide with the similar +38 Da pattern, while cetyltrimethyl ammonium is a quaternary 

ammonium which does not have such reaction due to the lack of proton (Fig. S3).  The data suggest that 

protonated amine is the reaction site. The CID spectra show both loss of 40 Da (red) and 38 Da (green) 

for dibutylamine carbene reaction products (blue), corresponding to a covalent product and direct 

dissociation of the complex. The +38 Da adduct of tributylamine only yields loss of 38 Da (green) in its 

fragmentation pattern, which indicates no covalent product formed in this process.   

 

 

Fig. S3  Reaction MS spectra of protonated (a) di-n-butylamine, (b) tri-n-butylamine, and (c) 

cetyltrimethyl ammonium with C3H2 formed from pyrolysis of propargylbromide. MS3 CID spectra of the 

reaction products (d) m/z 168 from spectrum (a) and (e) m/z 224 from spectrum (b). 
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    In order to further verify if the reaction is proton-driven, protonated and sodiated proline methyl ester 

were utilized as ionic reactants for the carbene reaction. For protonated species, addition of both 38 Da 

and 2 × 38 Da was observed (Fig. S4a) while only a low abundance of +38 Da increase occurred for 

sodiated ions (Fig. S4b), which indicates protonation of the amine is critical to C3H2 addition reaction. 

 

 

Fig. S4  Reaction MS spectra of (a) protonated and (b) sodiated proline methyl ester with C3H2 formed 

from pyrolysis of allylchloride. MS3 CID spectra of reaction products (c) m/z 168 from spectrum (a) and 

(d) m/z 190 from spectrum (b). 
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    Fig. S5 summarizes the MS3 CID data of complexes formed between C3H2 and amines with different 

gas-phase basicities (Fig. 3), while Table S1 documents the % Covalent complexes based on the CID data. 

 

 

 

Fig. S5. CID spectra of C3H2 addition reaction products of (a) n-propylamine (m/z 98), (b) n-butylamine 

(m/z 112), (c) isobutylamine (m/z 112), (d) n-hexylamine (m/z 140), (e) cyclohexylamine (m/z 138), (f) 

diethylamine (m/z 112), (g) di-n-propylamine (m/z 140) (h) di-n-butylamine (m/z 168), (i) 

diisopropylamine (m/z 140), and (j) guanidine (m/z 98).  
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Ion/molecule reaction  Ion/molecule reactions of C3H3
+ and neutral amines were selected to verify 

the proposed proton-bonded dimer mechanism of carbene reactions. C3H3
+ ion/molecule reactions have 

been previously studied with multiple reaction panels observed such as interactions with unsaturated 

hydrocarbons,9, 10 proton transfer and complexes.11 However, no CID results were reported to study the 

final structure of the products, probably due to the instrumental setup. In this section, we used 

propargylchloride to generate a majority of c-C3H3
+ ions by GDEI as comparison to the proposed c-C3H2 

carbene reactions. It was previously shown that propargylchloride produced 85-90% of non-reactive 

cyclic C3H3
+ ions by electron impact or chemical ionization.10 No effort was made to further separate 

linear (reactive) and cyclic (non-reactive) C3H3
+ species. After isolating C3H3

+ m/z 39 ions with rf 

frequency 1490 kHz at low mass cutoff (LMCO) of m/z 10, neutral amines were injected through DAPI-1 

with an additional capillary of i.d. 0.25 mm. The reaction took place at LMCO of m/z 25, which allows 

the trapping of m/z 39-180. CIDs were performed at LMCO of m/z 25 as well. Ethylamine and 

heptylamine were used as two models to demonstrate the comparison between ion/molecule and 

ion/carbene reactions.  

Ethylamine was chosen because its protonated species (m/z 46) and expected reaction products (m/z 84) 

have mass to charge ratios closed to C3H3
+ m/z 39 ions, while the alkyl chain is long enough to observe 

the covalent products. Fig. S6a shows the reaction of C3H3
+/ethylamine. Proton transfer reaction between 

C3H3
+ and ethylamine (m/z 46) and complex formation (m/z 84) are the major reaction channels. CID of 

the complex produces loss of 40 Da (C3H4), m/z 39, and proton transfer products (m/z 46) as shown in Fig. 

S6b.  We compared the C3H3
+/ethylamine reactions to ethyl ammonium/C3H2 reactions (Fig. S6c) and 

CID of the complex at m/z 84 (Fig. S6d). CID of m/z 84 resulting from both types of reactions share 

similar fragmentation pattern, indicating they shared common reaction mechanism. Yet, no proton 

transfer reaction products (ethyl ammonium to C3H2 carbene to form m/z 39) were observed in the Fig. 

S6c ion/carbene reaction, inferring covalent bond formation is favored in carbene reactions. 
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Fig. S6. (a) Ion/molecule reaction and (b) corresponding CID spectra of C3H3
+/ethylamine interactions. (c) 

ion/C3H2 reaction and (d) corresponding CID spectra of protonated ethylamine ammonium/C3H2 
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Fig. S7 compares the reaction of n-heptylamine with C3H2 and C3D2 formed from pyrolysis of pentane 
and d12-pentane.  CID of the C3D2 addition product at m/z 156 produced three peaks at m/z 114, 115, and 
116 corresponding to iminium ions consisting of zero, one, and two D atoms.  Their relative ratios are 
close to the prediction from random H/D scrambling (2:4:1) between the covalent product and complexes 
(Fig. 4a in the manuscript).  

 

Fig. S7. (a) Reaction MS spectrum of protonated n-heptylamine with C3D2 formed by pyrolysis of petane 

and d12-pentane.  CID of the reaction products: (b) m/z 154 formed from pentane and (c) m/z 156 formed 

from d12-pentane. 
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Table S1. % Covalent complexes and relative standard deviations of reactions bewteen protonated alkyl 

amines and c-C3H2 

 

Amines 
Gas-Phase Basicity 

(kJ/mol)a 
%Covalent complex 

% Standard 
deviation  

n-Propylamine 884 63 4 

n-Butylamine 887 52 4 

Isobutylamine 891 64 3 

n-Hexylamine 894 63 4 

Cyclohexylamine 900 82 6 

Ethylmethylamine 909 68 4 

Diethylamine 919 68 6 

Di-n-propylamine 929 49 5 

Di-n-butylamine 935 29 12 

Diisopropylamine 939 26 3 

Guanidine 949 0 0 
 

aData from the NIST data base (http://webbook.nist.gov/chemistry/).   
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4. Theoretical calculations 

The calculated proton affinity and gas-phase basicity data are summarized in Table S2. 

Table S2.  Proton Affinities and Gas-Phase Basicities of Ion Molecule Reactants  
 
_____________________________________________________________________________________ 
   

Proton Affinity (Gas Phase Basicity)a,b 
 
Species          B3LYPc M06-2Xd CCSDe  CCSDTf lit.g 
_____________________________________________________________________________________ 
 
c-C3H2   956 (925) 945 (914) 954 (923) 952 (920) 951 (916) 
 
Propadienylidene 902 (870) 888 (856) 890 (858) 891 (860) N/A 
 
(3A’’)Propynylidene 725 (697)h 713 (685) 721 (693) 715 (687) N/A 
 
CH3NH2  898 (861) 894 (856) 906 (868) 902 (864) 899 (865) 
 
n-C3H7NH2  918 (885) 913 (880) 924 (890) 920 (887) 918 (884) 
 
n-C4H9NH2          922 (887) 
 
i-C4H9NH2          925 (891) 
 
n-C6H13NH2          928 (894) 
 
Cyclohexylamine 938 (904) 932 (898)     934 (900) 
 
CH3NHC2H5  941 (908) 938 (905) 947 (914) 945 (912) 942 (909) 
 
(C2H5)2NH  953 (920) 948 (915) 957 (924) 955 (922) 952 (919) 
 
(n-C3H7)2NH          962 (929) 
 
(i-C3H7)2NH          972 (939) 
 
(n-C4H9)2NH          969 (935) 
 
Guanidine  993 (962) 984 (953) 988 (957) 985 (954) 986 (949) 
_____________________________________________________________________________________ 
 
aIn units of kJ mol-1. bIncluding zero point, enthalpy, and entropy corrections and referring to 298 K. 
cFrom B3LYP/6-311+G(2d,p) optimized geometries and energies. dFrom M06-2X/6-311+G(2d,p) 
optimized geometries and energies. eFrom CCSD/6-311+G(2d,p) optimized geometries and energies.  
fFrom CCSD(T)/aug-cc-pVTZ single-point energies on CCSD/6-311+G(2d,p) optimized geometries. 
 gData from the NIST data base (http://webbook.nist.gov/chemistry/).  hFor triplet cation. 
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       All electron structure calculations were carried out using the Gaussian 09 suite of program.12 

Geometries were successively optimized with the B3LYP13 and M06-2X14 hybrid functionals, and 

coupled-clusters15 with single and double excitations,  CCSD,16 all using the 6-311+G(2d,p) basis set. 

Harmonic frequencies were obtained by B3LYP/6-311+G(2d,p) calculations to provide zero-point 

vibrational energies, enthalpies and entropies. Wherever appropriate, the molecular entropies were 

corrected for hindered rotors17, 18 and the reaction entropies were corrected for symmetries of reactants 

and products.  Single-point energy calculations were performed using coupled clusters with single, double 

and disconnected triple excitations, CCSD(T),16 and the aug-cc-pVTZ basis set.19  Unimolecular rate 

constants were calculated using RRKM theory, as reported previously.20 

    At the highest level of theory, which was CCSD(T)/aug-cc-pVTZ + ZPVE referring to 0 K reaction 

enthalpies, the 1A1 state of propadienylidene is 53 kJ/mol less stable than c-C3H2.  The latter carbene 

exothermically binds CH3NH3
+ in Brauman-type double-well complexes where the binding energy is ca. 

120-130 kJ/mol at different levels of theory (B3LYP, M06-2X, and CCSD(T)). A complete proton-

transfer from CH3NH3
+ to c-C3H2 forming c-C3H3

+ is 49 kJ/mol exothermic (at 0 K). 

    The reaction is highly exothermic to first form two Brauman-like intermediate complexes (Scheme S1). 

The complex of CH3NH2 + C3H3
+ (Complex 2) rearranges by forming an N-C bond to covalent adduct 

A. The overall addition to form a covalent adduct ion is 216 kJ/mol exothermic (CCSD(T)/aug-cc-pVTZ 

+ ZPVE, 0 K). The graph (B3LYP/6-311+G(2d,p) optimized) in Scheme S1b shows the rotations 

following the out-of plane N--H--C angle, where H is the binding proton and C is the C3H2 carbon. The 

final angle in the covalent adduct is 43.4 degrees. Interestingly, Complex 1 does not want to rearrange, as 

twisting the CH3NH3
+ moiety results in a repulsive PES. The initially formed covalent adduct A could 

readily rearrange to an isomer A’ which would further mix the NH3 and C3H2 protons by reverse 

migration. Given the enormous exothermicity of the addition leading to A, there is a plenty of energy in 

the system to undergo a complete cascade to reach the most stable isomers cis-syn-B and trans-anti-B 

(Scheme S1a), and perhaps visit the other isomers C, D.  

Two transition states for the further isomerization of A were found (Fig. 3 in the main text and 

Scheme S2): one (TS1) is for forming exothermically a cis-syn-isomer of adduct B. The isomerization 

reaction kinetics (k1) from RRKM shows that the rearrangement will be fast in adduct A (k > 102 s-1), 

provided it maintained the vibrational excitation brought in by the reactants (both assumed at 298 K) and 

the 216 kJ/mol of reaction energy. An alternative  description is by transition state theory (TST) which 

shows  k = 1.6 x 105 s-1 for adduct A at 1450 K which is the equivalent Boltzmann ro-vibrational 

temperature for 216 kJ/mol internal energy. The other rearrangement of adduct A would be by ring 
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opening and H-atom migration through TS2 forming a vinyl carbene product (Scheme S2a). This reaction 

is predicted to be slow (RRKM graph in Scheme S2b) and most likely does not compete. 

 

 

Scheme S1. Calculated PES for (a) CH3NH3
+/c-C3H2 reaction to form the N-C covalent product and its 

further rearrangements; (b) three-dimensional plot of potential energy and reaction pathways for 
Complex 1, 2 and product A as a function of the NH---C distance and N--H--C angle in Complex 2.  
  

(a) 

(b) 
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Scheme S2. (a) Transition state (TS1) for a further isomerization of A from a cyclic to linear product cis-
syn-B; (b) Transition state (TS2) for a further isomerization of A from a cyclic to linear product; (c) 
RRKM and transition state theory (TS1) rate constants. 
 
 
 
 

 
 
Scheme S3. Energy profile (M06-2X/6-311+G(2d,p) + ZPVE) and key structures involved in the 
fragmentation process of covalent product from C7H15NH3

+/c-C3H2 reaction to form an iminium ion. 
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Reaction of propadienylidene (l-C3H2) with methylammonium ion 
 
 

 
Scheme S4. Energy profile (CCSD(T)/aug-cc-pVTZ + ZPVE) and key structures involved in the 
formation and fragmentation of the covalent product resulting from propadienylidene reaction with 
CH3NH3

+. 
 

The CH3NH3
+ ion approaches the carbene end of l-C3H2 in a linear fashion, as exemplified by the N-H-C 

angle which is close to 180 degrees. This is along the farther (green) edge of the PES surface map 

(Scheme S5b). There is a non-covalent complex at 1.788 A NH---C distance (Scheme S4), but no 

covalent adduct.  At closer approaches (see the PES surface map, Scheme S5b), bending of the N---H---C 

angle results in a potential energy increase (see the PES map and contour), but the hump becomes 

relatively small (<40 kJ/mol relative to the complex energy) at NH--C distances below 1.2 A. This means 

that the linear propadienylidene (:C=C=CH2) can also react with the amine ions, because the PES is >110 

kJ/mol attractive, the TS energy to overcome from the complex is low, and the addition is overall highly 

exothermic leading to covalent adduct C at −316 kJ/mol relative to the reactants. The further 

rearrangement of C can proceed by C-N bond dissociation and methyl hydrogen migration that requires 

183 kJ/mol in the transition state to form a CH2=NH2
+…propyne complex.  
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Scheme S5. (a) PES of CH3NH3

+/:C=C=CH2 reaction to form a non-covalent intermediate as a 
function of the distance of  N-H---C; the energy scale in plot (a) is relative to the reactants. The 
connected points are from full gradient optimizations, the disconnected points are from single-
point energy calculations with CCSD(T)/aug-cc-pVTZ. (b) Three-dimensional and contour plots 
of B3LYP/6-311+G(2d,p) potential energy and reaction pathways for a rearrangement of the 
non-covalent intermediate forming covalent adduct C (refer to Scheme S4); the energy scale in 
both plots (b) is relative to the complex. 
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