
ultrapure water (Millipore Milli-Q Advantage A10), methanol
(HPLC grade, Sigma-Aldrich, Germany), and formic acid
(reagent grade, Sigma-Aldrich, Germany). The MS responses
were recorded in a flow injection mode as previously done by
Kruve et al.8 For every compound, the response versus
concentration slope was measured. Converting these slopes
to absolute ionization efficiency (IE) is complicated. Thus, the
ionization efficiencies were expressed in relative terms, using
pyrene as the reference compound. Thus, the IE of any
compound M1 was calculated relative to pyrene, according to
the following equation:
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+RIE(M /pyrene)
IE([M H] )

IE([pyrene H] )
slope([M H] )

slope([pyrene H] )1
1 1

(1)

where the slope of the analyte signal versus concentration was
estimated via linear regression in the linear range of the signal-
concentration plot. The measurements were carried out during
3 months, making 3−7 replicate measurements per compound.
For better presentation of the data, the logarithmic scale
(logIE) is used. Information about the experimental conditions
and COSMO-RS calculations can be found in Table S2.

■ RESULTS AND DISCUSSION

Choice of Analytes for the APCI Scale. Altogether, 40
analytes were used to construct the APCI efficiency scale
(Tables 1 and S-1). In comparison to the ESI scale of refs 7 and
20, new analytes were added to the APCI scale in order to
encompass a wide range of chemical properties (pKa ranging
from −18 to 14 and logP ranging from −1.3 to 7.4) and
ionization behaviors. Some analytes ionize well in ESI, and
some are not expected to ionize in ESI at all. The APCI IE scale
is expected to be strongly beneficial for developing derivatiza-
tion reagents for the APCI source. Therefore, compounds
related to derivatization such as derivatization reagents
themselves, as well as amino acid derivatives of diethyl
ethoxymethylenemalonate (DEEMM) and 9-fluorenylmethy-
loxycarbonyl chloride (Fmoc-Cl), were used in the scale.
APCI is not affected much by small variations in the source

parameters, e.g., nebulizing gas pressure and needle current, as
reported in the literature4 and also confirmed by our
observations. Therefore, default ionization conditions of the
instrument were used, as with the earlier ESI IE scale.7 The
main change made compared to ref 7 was using methanol
instead of acetonitrile, since it is more common for APCI
applications.2,3,11−15 Formic acid was used as additive, since
inclusion of formic acid increases the abundance of the
protonated form of basic analytes in both ESI and APCI.3

Constructing the APCI Efficiency Scale. The constructed
IE scale is presented in Table 1. For the construction of the
scale, the signal of the most abundant ion was used. In most
cases, this was the protonated form of the analyte [M + H]+

(see Table S-1 for details). In APCI, some molecules can ionize
as molecular ions, M·+,2 but this was not observed for the
compounds in this study.
All logIE values are presented relative to pyrene, chosen as

the reference compound with the assigned logIE value 3.41 (see
below), and range from −0.62 up to 4.32, i.e., spanning almost
5 orders of magnitude. The day-to-day reproducibility standard
deviation of the logIE values did not exceed in most cases 0.35
logIE units, and the pooled standard deviation over all assigned
logIE measurements was 0.27 logIE units.

Flow Rate Suitability. The previous ESI IE measurements
were done at flow rates of 8.3 μL/min7,9 or 0.2 mL/min.8

Generally, APCI is considered more suitable for higher flow
rates,16 but there is no clear correlation between flow rates and
ionization efficiency.17,18

Three flow rates were compared in this work: 0.05, 0.2, and
0.6 mL/min (measurements were carried out on the same day).
Results on 12 different analytes (pyrene, tetrahexylammonium,
4-CF3-PhP1(pyrr), triphenylamine, diphenyl phthalate, dimeth-
yl phthalate, triethylamine, diphenylamine, aniline, pyridine,
diethylamine, and acridine) showed that, even though the
absolute values of the ionization efficiencies vary, the order of
the compounds remains the same for all flow rates and
correlations between data obtained at different flow rates are R2

> 0.8, which is good considering the standard deviation of logIE
values. A flow rate of 0.2 mL/min was used.

Measurements with Different APCI Sources and Mass
Spectrometers. In addition to the measurements carried out
on the Agilent XCT ion trap instrument, two triple quadrupole

Table 1. LogIE Values for ESI7 and APCI

logIE ESI7 logIE APCI

1 tetrabutylammonium 5.13 4.32
2 [2,4,6-(MeO)3C6H2]3P 4.30
3 tetrahexylammonium 5.65 4.26
4 4-CF3-PhP1(pyrr) 5.55 4.22
5 centralite I 4.02
6 triphenylguanidine 3.96
7 triphenylamine 3.67 3.94
8 dimethyl phthalate 3.54 3.71
9 diphenylamine 4.18 3.69
10 tributylamine 4.83 3.68
11 triphenylphosphine 3.51
12 acridine 4.42 3.50
13 2,2′-bipyridine 3.48
14 pyrene 3.41
15 tetraethylammonium 3.95 3.40
16 sudan I 3.39
17 PheFmoc 3.28
19 1-naphthylamine 4.04 3.27
19 GlyFmoc 3.12
20 tetramethylguanidine 3.89 3.01
21 anthtracene 2.93
22 diphenyl phthalate 4.1 2.92
23 3-aminopyridine 2.82
24 triethylamine 3.53 2.81
25 aniline 3.04 2.75
26 2-methylpyridine 3.02 2.61
27 DEEMM 2.57
28 DBEMM 2.51
29 PheDEEMM 2.47
30 arginine 2.47
31 GlyDEEMM 2.42
32 pyridine 2.94 2.38
33 diethylamine 2.66 2.02
34 EBEMM 1.99
35 phenylbenzoate 2.44 1.79
36 azelaic acid 1.24
37 methylbenzoate 0 0.96
38 sulphanylamide 0.84
39 benzoic acid 1.22 −0.47
40 myristic acid −0.62
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