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Abstract. For p-(dimethylamino)chalcone (p-DMAC), the N atom is the most basic
site in the liquid phase, whereas the O atom possesses the highest proton affinity
in the gas phase. A novel and interesting observation is reported that the N- and
O-protonated p-DMAC can be competitively produced in atmospheric pressure
chemical ionization (APCI) with the change of solvents and ionization conditions.
In neat methanol or acetonitrile, the protonation is always under thermodynamic
control to form the O-protonated ion. When methanol/water or acetonitrile/water
was used as the solvent, the protonation is kinetically controlled to form the N-
protonated ion under conditions of relatively high infusion rate and high
concentration of water in the mixed solvent. The regioselectivity of protonation

of p-DMAC in APCI is probably attributed to the bulky solvent cluster reagent ions (S
n
H+) and the analyte

having different preferred protonation sites in the liquid phase and gas phase.
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Introduction

E lectrospray ionization (ESI) and atmospheric pressure
chemical ionization (APCI) are important and popular

ionization techniques. Based on these methods, mass
spectrometry has been a powerful analytical tool in many
areas of science and applications. Despite widespread use of
these two methods, their fundamental aspects on the
ionization process have not yet been fully understood, which
is crucial for further applications and developments. In these
two soft ionization methods, protonation (or deprotonation)
usually takes place predominantly on the most basic (or
acidic) site of a molecule to produce the thermodynamically
stable ions. However, when the most basic (or acidic) site of
a compound in the gas phase differs from that in solution, it
is still unclear that the ionization should follow the liquid-
phase or gas-phase thermodynamics. In ESI, the charged
analyte is formed in the solution first and then transferred to
the gas phase, but recently several researchers reported the
regioselectivity of protonation (or deprotonation) of a given
molecule through changing the spraying solvent [1–7]. For

example, in the protonation of p-aminobenzoic acid, Kass
and Tian observed that ESI produces gas-phase structure
(O-protonation) in methanol/water while liquid-phase structure
(N-protonation) in acetonitrile/water [1]. APCI is a good
complement to ESI. It is best for low molecular weight
(G1000 Da), thermally stable, and moderately to low polar
samples [8–10]. In APCI, the analyte and solvent are converted
to a gaseous state first and then the analyte is charged through
gas-phase ion/molecule reactions with solvent reagent ions, thus
it seems no doubt that the gas-phase thermodynamically favored
ion should be formed. However, in this work, we newly found
that the protonation site of p-(dimethylamino)chalcone
(p-DMAC, structure see Table 1) upon APCI is changeable at
different ionization conditions leading to produce either the
gas-phase or liquid-phase thermodynamically favored proton-
ated species.

Experimental
Materials

N,N-Dimethylaniline, p-dimethylaminobenzophenone, and
p-aminobenzoic acid were all commercial products, and were
used without further treatment. p-(Dimethylamino)chalcone
was synthesized and purified following reported procedures
[11]. The structure was confirmed by NMR spectroscopy and
mass spectrometry. The purity was checked by HPLC.
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Mass Spectrometry

The mass spectrometric experiments were performed on a
Varian 500-MS ion trap mass spectrometer equipped with an
APCI interface. Nitrogen was used as the nebulizing gas and
the drying gas. A solution containing the analytes (1 μg mL–1)
was infused to the mass spectrometer with a syringe pump
at a flow rate of 5–50 μL min–1. Unless stated otherwise,
APCI in positive ion mode was performed using the
following settings: spray chamber temperature 65 °C,
nebulizer gas pressure 35 psi, drying gas pressure 10 psi,
drying gas temperature 350 °C, vaporizer gas pressure
20 psi, vaporizer gas temperature 350 °C, corona current
5 μA, spray shield voltage 600 V, capillary voltage 75 V, rf
loading 75 %, scan mass range 50–600m/z. The collision-
induced dissociation (CID) mass spectra were obtained with
helium as the collision gas after isolation of the desired
precursor ion. The isolation window is 1m/z, waveform type
is resonant, and excitation amplitude is 0.7 V.

Theoretical Calculations

All theoretical calculations were carried out at the
B3LYP/6-311++G(2d,p) level of theory using the Gauss-
ian 03 suit of programs [13]. Frequency analysis was
performed at the same theoretical level to confirm that the
optimized species have no imaginary frequency. The
proton affinities (PAs) were calculated using the semiclassical
approximation: PA0−ΔE+5/2RT, where ΔE0E(BH+)−E(B)

[13]. The resulting energetics were reported as electronic and
thermal energies at 298 K corrected for zero-point energy
(ZPE).

Results and Discussion
APCI mass spectrometry was used in the fragmentation
studies of protonated chalcone and its derivatives in our
previous work [14, 15]. The most favorable gas-phase
protonation site for the unsubstituted chalcone is the
carbonyl oxygen [15]. The dimethylamino group of p-
DMAC is a competitive protonation site with the carbonyl
oxygen. The PA of N,N-dimethylaniline is higher than that
of aromatic ketones (e.g., PA(C6H5N(CH3)2)0941.1 kJ mol–1,
PA(C6H5COC6H5)0882.3 kJ mol–1, and PA(C6H5COCH3)0
861.1 kJ mol–1) [16], but this does not insure such priority is
retained in a conjugated molecule (p-DMAC) consisting of
these two parts. The p-dimethylamino group, as a strong
electron-donating group, increases the PA of the carbonyl
group, while the benzoyl vinyl group, as an electron-
withdrawing group, decreases the PA of the p-dimethylamino
group. Such conjugated effect makes the preferred protonation
site in p-DMAC uncertain.

To predict the most favored protonation site in the gas
phase, density functional theory (DFT) calculations at the
B3LYP/6-311++G(2d,p) basis set were carried out. Proton-
ation at the carbonyl oxygen forms the thermodynamically
stable ion, which is 70.9 kJ mol–1 lower than the N-
protonated ion in terms of energy (Table 1). Therefore, the
carbonyl oxygen of p-DMAC is the preferred protonation
site in the gas phase.

It is well-known that the amino group of an organic
compound is usually the preferred protonation site in solution.
The 13C NMR spectra of p-DMAC were recorded to clearly
determine the most basic site of p-DMAC in solution and the
spectra are presented in the supplementary material [17]. The
N-methyl carbon resonance was found to shift downfield (Δδ0
6.6 ppm) in 3:1 (vol/vol) CD3CN/H2O-HCl(1 M) solution
compared with in 3:1 (vol/vol) CD3CN/H2O solution. The
change of carbonyl carbon resonance was quite small in
contrast to the known significant shift of a carbonyl carbon
upon its protonation [18]. The N-methyl carbon resonance of a
reference compound, N,N-dimethylaniline, was also found to
shift downfield (Δδ06.3 ppm) under identical acidified
conditions. The changes in the ring carbon shifts for the
protonated p-DMAC and N,N-dimethylaniline also mimic that
for theN-protonated p-aminobenzoic acid [2, 19]. These results
indicate that the nitrogen of p-DMAC is the preferred site for
protonation in liquid phase.

Determination of the actual site of protonation in the gas
phase can be achieved with the aid of tandem mass
spectrometry (MS/MS). The CID spectra of the [M+H]+ ion
of p-DMAC generated by APCI from 2:1 (vol/vol) CH3CN/
H2O at infusion rates of 5 and 50 μL min–1 respectively exhibit
clear difference in relative abundance (RA) of product ions, as
shown in Figure 1. The most abundant product ion at a low

Table 1. Computed Relative Energies of Protonated p-DMAC and Proton
Affinities of p-DMAC for Protonation at Different Sitesa

Compound Protonation site E Relative
Proton

affinity

N 70.9 922.9

O 0 993.9

C1 100.8 893.1

C2 169.1 824.8

C3 124.6 869.3

C4 99.1 894.7

C5 42.5 951.4

C6 70.3 923.6

a DFT method at B3LYP/6-311++G(2d,p) theoretical level. All energy
values are in kJ mol-1
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infusion rate is m/z 105 but that at a high infusion rate is m/z
237, which indicates that the [M+H]+ ions have different
structures. In dissociation reactions, theO- andN-protonated p-
DMAC can show different fragmentation behavior (Scheme 1).
Product ion m/z 237 is generated by loss of a methyl radical
from the N-protonated p-DMAC, which is a common
fragmentation reaction observed in other protonated N-methyl
analogues [20–22]. Fragmentation of the O-protonated p-
DMAC leads to the product ions at m/z 105, 174, and 234
[13, 14]. Multi-step proton transfers from O to N in CID may
be considered [23, 24], but the huge difference in fragmentation
behavior suggests this process probably does not occur in the
fragmentation of protonated p-DMAC. It is noteworthy that the
collision energy and sample concentration have little effect on
the abundance ratio ofm/z 237/105 (Supplementary Figures S1
and S2). Furthermore, the protonation of p-DMAC was also
studied by ESI and CID fragmentations (Supplementary Figure
S3). The formation ofO-protonated ion (gas-phase structure) is
preferred in 2:1 (vol/vol) CH3OH/H2O while the formation of
N-protonated ion (liquid-phase structure) is preferred in 2:1
(vol/vol) CH3CN/H2O. This result is well consistent with that
observed in the case of p-aminobenzoic acid [1].

The most commonly used solvents in the reversed-phase
liquid chromatography-mass spectrometry, CH3CN/H2O and
CH3OH/H2O in different proportions, were further investigated
for protonation of p-DMAC upon APCI (Table 2). The O-
protonated species is always dominant at an infusion rate of 5
μL min–1 irrespective of the solvent used in this study
(Supplementary Figures S4 and S5). At an infusion rate of 50
μL min–1, in neat methanol or acetonitrile, the O-protonated
species is still the predominant protonated ion, however, the

presence of water and its higher concentration in the mixed
solvents favor the formation of theN-protonated species. Using
the solvent mixtures, when the flow rate is stepwise increased
from 5 μL min–1 to 50 μL min–1, the formation of the N-
protonated species is more and more favored (Supplementary
Figures S4 and S5). These results indicate that the solvent and
infusion rate are two important factors to control the
protonation process upon APCI.

APCI is a form of chemical ionization (CI) that takes place
at atmospheric pressure. Kinetic control of protonation means a
thermodynamically less favored site is protonated preferential-
ly. Kinetically controlled protonation under CI conditions is
known because of steric hindrance, reagent ion, temperature, or
other factors [25–31]. Recently, kinetic control of protonation
in ESI was reported [1, 2, 32]. However, such phenomenon has
not been investigated in APCI. The ion formation in APCI
requires a series of successive gas-phase reactions initiated by
the corona discharge [9, 10]. N2

+• and N4
+• are the primary

reagent ions and S+• (S0solvent) is the secondary reagent ion.
Then S+• undergoes repeated collisions with the analyte (M)
resulting in the formation of the protonated analyte as described
in Equations. 1, 2, 3, 4 below. It is well acknowledged that
protonated solvent clusters (SnH

+) in APCI play a very
important role, even more important than the protonated single

Figure 1. CID spectra of the [M+H]+ ions of p-DMAC (m/z
252). The precursor ions were generated by APCI from 2:1
(vol/vol) CH3CN/H2O at infusion rates of (a) 5 μL min–1, and
(b) 50 μL min–1. Other conditions are identical. The peaks of
some very low-abundant product ions have been omitted

Scheme 1. Proposed fragmentation mechanisms for O- and
N-protonated p-DMAC

Table 2. The Most Abundant Product Ion in the Fragmentation of
Protonated p-DMAC Generated by APCI using Different Mixed Solvents
at an Infusion Rate of 50 μL min–1 a

Solvent Ratio Product ion with 100 % relative abundance (m/z)

CH3CN/H2O 1:0 105
99:1 105
9:1 237
1:9 237

CH3OH/H2O 1:0 105
9:1 105
2:1 105
1:9 237

a The CID spectra are presented in the supplementary material. The RA of
product ion m/z 105 is always 100 % at an infusion rate of 5 μL min–1 using
the solvents listed in this table.
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solvent molecule (SH+) [10]. By using different mixed solvents
or different infusion rates,

Sn þ S�þ ! SnH
þ þ S � H½ �� ð1Þ

M þ S�þ ! MHþ þ S � H½ �� ð2Þ

M þ SnH
þ ! SnMHþ ð3Þ

SnMHþ ! MHþþ Sn ð4Þ
the clustering degree (n) of SnH

+ is different. Water is easier to
form clusters than methanol and acetonitrile. Higher concentra-
tion of water in the mixed solvent or faster infusion rate leads
more water to be sprayed into the source chamber, which results
in the formation of bulky cluster reagent ions. When n is large,
the intermediate solvated analyte ion (SnMH+) adopts liquid-
phase structure (N-protonation) and it can be retained in the
desolvation process. The kinetic control of protonation upon
APCI is probably attributed to the bulky cluster reagent ions and
the analyte having different preferred protonation sites in the
liquid phase and gas phase. When n is small, the protonation
upon APCI is a thermodynamically controlled process to form
the O-protonated ion. In addition, the APCI interface parame-
ters, including drying gas pressure, nebulizer gas pressure,
vaporizer gas pressure, drying gas temperature, and vaporizer
gas temperature, were also examined (Supplementary Figures
S6–S9). Generally, the higher values of them disfavor the
formation of bulky cluster reagent ions and so the thermody-
namically controlled protonation is favored. If the solvent is
CH3OH/H2O, the initial liquid-phase structure may be modified
to the gas-phase structure by methanol clusters in the
desolvation process (a proposed explanation also in ESI [1]),
so only when the ratio of methanol in CH3OH/H2O is low
enough (see Table 2 for detail), the N-protonated ion can be
generated.

As additional evidence, the protonation of p-
dimethylaminobenzophenone [(CH3)2NC6H4COC6H5] and p-
aminobenzoic acid (H2NC6H4COOH) upon APCI was also
investigated (Supplementary Figures S10 and S11). By using
different solvents and infusion rates, the regioselectivity of
protonation (O- versus N-protonation) is in accordance with
that in the case of p-DMAC.

Conclusions
The kinetically or thermodynamically controlled protonation
of p-DMAC in APCI can be observed with the change of
solvents and ionization conditions. An interface is a bridge
of liquid phase and gas phase, so the ionization process is
influenced by both liquid- and gas-phase chemistry. Gener-
ally, the protonation upon APCI should be under the control
of gas-phase thermodynamics. However, the liquid-phase

thermodynamics can also largely affect the protonation
process because the intermediate gas-phase microsolvated
analyte ions have certain properties of ions in solution. This
study improves our knowledge on the mechanism of APCI
and the ion chemistry at the boundary of liquid phase and
gas phase. It also reminds us of the importance of condition
control in qualitative and quantitative analysis using APCI
mass spectrometry.
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