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Quantification for non-targeted 
LC/MS screening without standard 
substances
Jaanus Liigand   1, Tingting Wang   2, Joshua Kellogg3, Jørn Smedsgaard2, Nadja Cech3 & 
Anneli Kruve   1,4*

Non-targeted and suspect analyses with liquid chromatography/electrospray/high-resolution mass 
spectrometry (LC/ESI/HRMS) are gaining importance as they enable identification of hundreds or even 
thousands of compounds in a single sample. Here, we present an approach to address the challenge to 
quantify compounds identified from LC/HRMS data without authentic standards. The approach uses 
random forest regression to predict the response of the compounds in ESI/HRMS with a mean error 
of 2.2 and 2.0 times for ESI positive and negative mode, respectively. We observe that the predicted 
responses can be transferred between different instruments via a regression approach. Furthermore, we 
applied the predicted responses to estimate the concentration of the compounds without the standard 
substances. The approach was validated by quantifying pesticides and mycotoxins in six different cereal 
samples. For applicability, the accuracy of the concentration prediction needs to be compatible with the 
effect (e.g. toxicology) predictions. We achieved the average quantification error of 5.4 times, which is 
well compatible with the accuracy of the toxicology predictions.

Liquid chromatography mass spectrometry (LC/MS) has become the most versatile analytical tool to discover 
and detect metabolites1, pharmaceuticals and their transformation products2, environmental contaminants3, and 
food contaminants4 with non-targeted5 analysis. To better understand the chemical and mechanistic dynamics 
of a system, a quantitative approach is preferred, which requires two main elements: identification and quantifi-
cation of each metabolite (determining the concentration of compounds within the dataset). Currently, accurate 
mass measurements from high-resolution mass spectrometry (HRMS), together with relevant data analysis6,7, are 
increasingly able to assign putative structures to the detected features8. Quantifying, however, remains a primary 
challenge. For example, out of 114 100 compounds in the Human Metabolome Database, only ca. 21 000 have 
been detected and identified9. Currently, the ability to obtain quantitative information from LC/MS is almost 
exclusively limited by the availability of standard substances, as different compounds ionize to different extents 
in an electrospray (ESI) source. The response of the compounds in LC/MS is influenced by the properties of the 
compound, eluent composition, and instrument. Thus, quantifying all detected compounds with a targeted anal-
ysis is exceedingly difficult, as standard reference materials (to match retention time, mass fragmentation pattern, 
and provide a calibration curve) are not available for the majority of compounds.

Additionally, the results of most LC/MS analyses conducted in different laboratories can currently only be 
compared based on qualitative data, as the measurement conditions and instruments used vary strongly and 
quantitative data are not available5. The lack of facile quantification also represents an obstacle to longitudinal 
studies, as samples collected over a long period of time must be stored and analysed all together in the same 
laboratory with the same methods. This raises concerns about sample preservation and stability, and delays in 
information dissemination, especially in cases where fast interventions may be crucial.

Several groups have studied ionization efficiencies in electrospray sources to understand which factors con-
tribute to the ionization process10–15. Several ionization efficiency prediction models have been proposed for small 
sets of compounds, mainly based on multilinear regression algorithms (see Table S1 in Supporting Information 
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for a detailed overview). In general, researchers have focussed on finding a suitable predictive model for a specific 
compound group (drugs, metabolites, steroids) in studies that normally cover a few tens of compounds measured 
on a single instrument, and most have been carried out in ESI positive mode with one eluent composition in 
infusion or flow injection mode. More recently, some groups have used LC separation with gradient elution16. The 
latter point is important to effectively model the influence of both compound properties and eluent properties. 
However, a general model that would fit a wide range of compounds, LC conditions, instruments, and would also 
allow quantitation is lacking.

Based on the promising results obtained for predicting ionization efficiencies for specific compound classes, 
we propose a general approach for quantifying compounds using their predicted ionization efficiency values. We 
demonstrate that this approach can be transferred between different eluents, LC setups, and instruments and can 
be used for the analysis of real samples. The approach incorporates both positive and negative ionization modes 
under more than 100 eluent compositions and covers over 450 compounds. We validated this approach by pre-
dicting the concentrations of 35 compounds, including pesticides and mycotoxins, in cereal samples. The quanti-
fication for the samples was conducted on an instrument that was not involved in the ionization efficiency model 
development. The results presented herein demonstrate that our approach for calculating ionization efficiencies 
has the potential for making non-targeted analysis (semi-)quantitative.

Experimental
Ionization efficiency data: training and test set.  Previously measured ionization efficiency values were 
collected in positive17–24 and negative24–28 mode. The ionization efficiency values for both modes and all studied 
eluent compositions are presented in Table S2. We measured an additional 165 compounds with diverse chemi-
cal properties in both the main eluent composition (acetonitrile/0.1% formic acid (aq) 80/20) and ca. 1000 new 
analyte-eluent combinations. For ESI positive mode, a total of 3139 ionization efficiency values were measured 
and collected from our previous works17–21. These data belong to 353 unique compounds and 106 different elu-
ent compositions (Table S3 in SI). For ESI negative mode, an additional 1286 ionization efficiency values were 
collected from our previous works25,26, including 33 eluent compositions Table S4), and 101 unique compounds.

The compounds covered by the model include protonated and intrinsically charged compounds in positive 
mode and deprotonated compounds in the negative mode. In ESI positive mode both nitrogen and a significant 
amount of oxygen bases could be measured. In ESI negative mode compounds with significant acidic moieties 
could be detected as [M-H]−, including amino acids, benzoic acids and derivatives, phenols, amines, heterocy-
cles, guanidines, and diazines (see Table S5 and S6). As we focus on [M]+, [M + H]+ and [M-H]−, some of the 
compound groups are better represented then some of the other groups. For example, the lipids and sugars form 
primarily sodiated ions in ESI positive mode and are, therefore, not included in the scope of this approach.

From an application perspective, the training and test set compounds fall into a diverse array of categories, 
including drugs or drug-like compounds (e.g. terfenadine, ketoconazole, lidocaine), metabolites (e.g. acetyl-
choline, dopamine, thiamine), amino acids, small organic precursors (amines primarily), lipids (e.g. myristic 
acid, progesterone, glyceryl tributyrate) as well as industrial dyes (e.g. sudan II, sudan IV). The chemical space 
covered by these compounds was compared to the chemical databases Drugbank, NORMAN, and the Human 
Metabolome Database (HMDB), and is presented at Figs. S1 and S2.

Validation set.  The proposed method was validated on a set of 35 pesticides and mycotoxins (Table S7), 28 of 
which had not been included in the training or test set. The chemical space covered by the validation compounds 
can be seen from Fig. S3. The compounds were measured at 10 concentration levels in solvent (acetonitrile), oat, 
barley, rye, wheat, rice, and maize with Agilent 6495 triple quadrupole instrument. The concentrations of the 
compounds ranged over 5 orders of magnitude from 3.6 nM to 0.35 mM. Altogether, 2233 data points (pesticide, 
matrix, and concentration combinations) were measured and corresponding concentrations were predicted. The 
validation set was used to evaluate the applicability of the ionization efficiency predictions for compounds not 
included in the training or test set. All measurements were also done under gradient separation and on an instru-
ment that was not the primary instrument for ionization efficiency measurements.

Ionization efficiency measurements.  For the evaluation of logIE values, the responses of [M + H]+ and 
[M-H]− were recorded in an MS full scan mode corresponding to the polarity mode. In case in-source fragmen-
tation of the compounds occurred, the intensities of the fragment ions peaks were summed with the intensity of 
the molecular ion peak. Six dilutions of the stock solutions were made (1-, 1.25-, 1.67-, 2-, 2.5-, and 5 times) with 
the corresponding eluent by the autosampler and delivered to MS in flow injection mode. The injection volume 
was 10 μL, and the eluent flow rate was 0.2 mL/min. Concentrations in the injected solutions ranged from 10−4 M 
to 10−9 M and measurements were conducted in the linear range. Most of the measurements of logIE values were 
carried out using an Agilent XCT ion trap mass spectrometer. Additionally, six mass spectrometers from five ven-
dors were used in three labs around the world (Tartu/Estonia, Lyon/France, and Beerse/Belgium, see Table S8). 
On all instruments, the default MS and ESI parameters were used. In the case of the ion trap instrument, only the 
optimized Target Mass (TM) parameter was used29.

The absolute ionization efficiency values vary significantly depending on the ionization source geometry, ion 
optics, day, cleanliness of the ionization source, etc. Therefore, we measured the relative ionization efficiency 
(RIE) of a compound M1 relative to anchor compound (M2) according to the following equation26:

=
⋅
⋅
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where the slope of the signal versus concentration is estimated via linear regression in the linear range of the 
signal-concentration plot and the IC is the sum of relative abundances of isotopologues where highest abundance 
is taken equal to 100. All measurements were made relative to tetraethylammonium (positive mode) and benzoic 
acid (negative mode). To make the data easier to present and analyze, the logarithmic scale (logIE) was used. The 
scale in negative mode was anchored to the logIE of benzoic acid, taken as 0 in the 0.1% ammonia/acetonitrile 
20/80 mixture and the scale in positive mode was anchored to logIE of tetraethylammonium, taken as 3.95 in 
the 0.1% formic acid/acetonitrile 20/80. The logIE = 0 corresponds to methyl benzoate in the 0.1% formic acid/
acetonitrile 20/80. The logIE values for each compound were obtained based on the RIE and logIE value of the 
anchor compound.

= +IE RIE M M IElog log ( / ) log (2)M 1 2 anchor1

To minimize the influence of possible differences in conditions when measuring M1 and anchor compound, 
two steps were taken: (1) each compound was measured on at least three different runs (on three different days) 
and the results were averaged, and (2) anchor compound was measured in the beginning and the end of each run 
on each day. To anchor the scales of other eluent compositions, the MS signal intensities of anchor compound 
in all eluent compositions were measured in the same day and the logIE value of anchor compound in an eluent 
composition b was calculated using Eq:
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where the SignalEb and SignalEa are the signal intensities in eluent composition b and a and cEa and cEb are the 
corresponding concentrations of benzoic acid in the respective eluent compositions.

To develop the model, logIE values measured on different instruments were transformed to unified logIE 
values. The unification was performed using the intersection of compounds measured on two instruments in 
the eluent composition acetonitrile/0.1% formic acid (aq) 80/2022,23. To unify the data, linear regression between 
logIE values measured on two instruments was performed (see SI).

Eluent effect of ionization efficiency.  PCA analysis of the physicochemical properties (Fig. S4) of the 
training and test set compounds (n = 353) was conducted in order to incorporate different eluent compositions 
to the ionization efficiency predictive model without measuring all of the compounds in all eluents. Next, random 
sets of 40 compounds were sampled, and the set representing the widest chemical space was chosen for studying 
the solvent effects. As a result, 20 additional eluent compositions were studied (Table S3), yielding 106 different 
solvent compositions together with the previously measured eluent conditions. Both acetonitrile and methanol 
were studied as an organic modifier and the organic modifier percentages studied were 0%, 20%, 50%, 80% and 
100%. Water phase additives included formic acid, trifluoroacetic acid, ammonia, ammonium acetate, ammo-
nium formate, ammonium bicarbonate, and ammonium fluoride (pH = 2.0–10.3).

Model development.  Data preprocessing.  For model development, PaDEL descriptors30 (1444 descrip-
tors) were calculated using ChemDes calculator31 for every compound. As PaDEL descriptor calculation of some 
descriptors fails for some compounds, the descriptors with NA (not available values) were removed from the 
dataset. Next, all the descriptors with the same value for >95% of compounds were eliminated from the data-
set. As the third cleaning step, the pairwise correlation of descriptors was considered. If the R2 was higher than 
0.8 the former descriptor was removed from the dataset. After data pre-processing for ESI positive mode 1086 
descriptors were left in the dataset and for ESI negative mode 822 descriptors were left in the dataset. Additionally, 
five empirical eluent descriptors (viscosity32, surface tension33, polarity index34, pH, NH4 content (yes/no)) were 
added to the dataset.

Algorithm selection and model development.  Different machine learning algorithms (multilinear regression, 
Ridge regression, support vector machine regression, artificial neural networks and random forest regression) 
were tested for model development. For each algorithm, a suitable R package (glmnet35, e107136, h2o37, RRF38) 
was used and the parameters were optimized.

Regularized random forest regression algorithm38 from library RRF in R yielded the best prediction accuracy. 
For ESI negative and positive mode, individual models were developed. For model development, the order of 
the dataset was randomized and split into two sets. 80% of observations were used for developing the model and 
20% of observations were used as a validation set. The number of trees used in the random forest was optimized, 
with the optimal number was 100 decision trees. The regularization isotherm selected 450 significant descriptors 
(Table S9) in ESI positive mode and 145 significant descriptors (Table S10) in ESI negative mode.

The code used for training the model is available from Code S1.

Concentration from predicted ionization efficiency.  As the model output is in universal ionization efficiency val-
ues and not instrumentation specific, a set of compounds with known concentrations is used to transform the 
universal predicted values to instrumentation specific values.

For transforming the predicted ionization efficiency values a set of compounds with known concentration 
either spiked to the matrix or as a standard solution was measured in dynamic range with the same method as 
compounds of interest. Sets of 6, 10, 15, and 31 compounds were tested; see discussion below. From the analysis 
results logarithmic response factors (RF) were calculated:

https://doi.org/10.1038/s41598-020-62573-z


4Scientific Reports |         (2020) 10:5808  | https://doi.org/10.1038/s41598-020-62573-z

www.nature.com/scientificreportswww.nature.com/scientificreports/

=RF Signal
concentration

log (4)

and correlated with the predicted ionization efficiency values logIEpred:

= ⋅ +RF slope IE interceptlog log (5)pred pred

where the signal is the MS1 peak area corrected with isotope distribution. Molar concentrations were used for the 
calculation of the response factor. Logarithmic response factors were correlated with predicted universal ioniza-
tion efficiency values to obtain parameters necessary for transforming the predicted ionization efficiency values. 
The process of concentration prediction is visualized in Fig. 1. For studied pesticides and mycotoxins in cereals, 
the obtained parameters were used to transform predicted ionization efficiency values to logarithmic response 
factors. Based on the MS1 peak areas of compounds of interest and predicted response factors it is possible to pre-
dict the concentration. Slope and intercept values in Eq. 5 were calculated based on the coefficients of the linear 
regression curve between logRF and logIEpred values in the transformation set. In order to validate the obtained 
results, the prediction errors between real concentration and predicted concentration were calculated.

Measuring the prediction accuracy.  We express the accuracy of ionization efficiency prediction as a prediction 
error:

predicted IE
measured IE
measured IE
predicted IE

prediction error max

(6)
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The lowest possible prediction error is 1.0 times and values close to 1.0 times are desirable. In order to illus-
trate the general prediction accuracy, we use the average error. The accuracy of concentration predictions was 
estimated with a similar comparison.

Sample preparation for cereal samples.  All of the cereal samples were prepared according to the QuEChERS 
extraction method, described elsewhere39. In short, the blank samples (pesticides free) were obtained from 
proficiency test material for the six European Union Proficiency Test EUPTs: EU-PT-CF8 (wheat), C3 (oat), 
CF10 (rye) and C6 (barley), CF9 (maize), SRM6 (rice). Two grams of homogenized cereal samples were soaked 
with 10 mL acidified Milli-Q water containing 0.2% formic acid. Then, the sample was extracted with 10 mL 
of acetonitrile. Thereafter, 4 g of magnesium sulfate and 1 g of sodium chloride were added, and the tube was 
shaken for 1 min followed by centrifugation. The organic upper layer (2 mL) was removed and shaken with 0.1 g 
of Bondesil-C18 and 0.3 g of magnesium sulphate for 2 min followed by centrifugation. Then 1.5 mL of purified 
extract was removed into a vial with insert and spiked with different concentration of tested compounds prior to 
injection on the LC/MS system.

LC/MS analysis of cereal samples.  Samples were analyzed on an Agilent 1290 ultrahigh performance liquid chro-
matograph (Agilent Technologies, CA, U.S.) coupled to an Agilent 6495 triple quadrupole instrument (QQQ) 
at the University of Tartu (UT). Samples were injected onto an Agilent Zorbax RRHD SB-C18 reversed-phase 
column (1.8 μm, 2.1 × 50 mm). The mobile phase consisted of (A) water containing 0.1% formic acid and (B) 
acetonitrile. The analysis was done using a gradient elution at a flow rate of 0.3 mL/min at 30 °C. The gradient was 
from 5% to 100% B in 7 min, then maintained at 100% for 2 min and returned back to 5% B in 2 min, and main-
taining starting conditions at 5% B for 2 min equilibration with 5% B to yield a total runtime of 13 min.

Figure 1.  Flow chart of the developed approach to apply ionization efficiency prediction to estimate 
concentration. Purple is used for compounds of interest and green is used for compounds with known 
concentration; the latter are used to account for instrument-specific effects in the prediction model.
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An Agilent’s Jet Stream electrospray ionization (ESI) interface was used in positive ion mode (ESI+) with 
the following settings: capillary voltage 3 kV, nebulizer pressure 20 psi, sheath gas flow rate 11 L/min, sheath gas 
temperature 350 °C, dry gas temperature 250 °C, and dry gas flow rate 14 L/min. Spectra were collected from m/z 
100 to 1100 Da. The injection volume was 1 μL. Peaks were manually integrated, and peak areas were used for all 
calculations.

Results
Predicting ionization efficiencies.  In order to quantify the compounds based on the ionization efficiency 
values we (1) measured IE values for a wide set of compounds, (2) used the measured IE values as well as com-
pound and eluent descriptors for developing the model that would allow predicting ionization efficiencies, and 
(3) validated the approach by using the predicted IE to quantify a set of compounds in cereal samples. All of the 
IE values have been measured as relative values; the IE of methyl benzoate and benzoic acid have been arbitrarily 
taken as IE = 1 (logIE = 0) in ESI positive and negative mode, respectively.

Based on these ionization efficiencies, predictive models for positive and negative mode were developed. The 
overall root mean squared prediction error was 2.2 times (training set 1.9 and test set 3.0 times) (Fig. 2a and 
Table S11). This means that if the ionization efficiency of compound A is predicted to be 100 times higher than 
the ionization efficiency of the methyl benzoate the actual ionization efficiency would be 45 to 220 higher than 
that of methyl benzoate (logIE = 2.00 ± 0.34).

In negative mode, the best performing model was obtained also with random forest regression with 145 signif-
icant descriptors and 100 regression trees. The regression model explained 93% of the variation in ionization effi-
ciency values. The overall root mean squared error was 2.0 times (training set 2.0 and test set 2.3 times, Fig. 2b).

Upon closer examination of the ionization efficiency prediction model in ESI positive mode, it was observed 
that the model performed universally well for different organic modifier percentages (Fig. S5). The lowest pre-
diction error, 1.4 times, was observed for eluents containing 20% of organic modifier and the highest prediction 
error, 1.9 times, for eluent containing 90% organic modifier. This is expected, as eluents containing 20% of organic 
modifier had the highest number of data points, which improved prediction accuracy. Additionally, the model 
was well-performing for both methanol as well as for acetonitrile containing eluent compositions (Figs. S5 and 
S6). Based on the pH of the eluent, basic conditions had the highest prediction error; 2.5 times and 3.7 times for 
the training and test set, respectively.

Similar trends were observed for ESI negative mode; the prediction accuracy for the pure organic modifier 
was the lowest (prediction error of 4.1 times, Figs. S7 and S8). Regarding the pH, no significant differences in the 
prediction accuracy were observed (Fig. S7).

The most influential parameters (Table S12) were a number of structural parameters and also solvent param-
eters. PaDEL descriptors used in the Random Forest regression are 2D structural parameters and are, therefore, 
not directly linked to classical physicochemical parameters; however, some of the most influential parameters can 
be interpreted. From structure-related parameters, number of hydrogen atoms and number of nitrogen atoms 
was important in the model in ESI positive mode. The number of hydrogen atoms is associated with the size and 
hydrophobicity of the compounds while the number of nitrogen atoms is associated with the basicity of the com-
pound. Also, the mobile phase parameters pH, viscosity, and presence of ammonium ions in the mobile phase 
were significant. Previous studies have shown that these factors can influence the response of compounds by 
orders of magnitude18–20. Here, the model confirms the previous empirical findings.

Figure 2.  Performance of ionization efficiency prediction models. Black line denotes ideal fit. (a) ESI positive 
mode with 3139 datapoints. (b) ESI negative mode with 1286 datapoints.
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Compatibility between different instruments.  It is known that a compound’s response varies from 
one LC/MS instrument to another; however, we have previously shown that the relative logIE values measured 
on different instruments are in good correlation to each other (Figs. 3 and S9)22,23. The ionization efficiency 
model was primarily developed on an ion trap instrument; however, for this study, we expanded the types of LC/
MS instruments used for measuring ionization efficiency values. Altogether seven instruments and 9 different 
instrument-ionization source combinations (Table S8) and different mass analyser types from labs around the 
world have been included in studying the ionization efficiency. On all instruments, generic default settings have 
been used. It is known that some instruments (e.g. QQQ) may have lower mass cut-offs. Here, these effects are 
incorporated in the agreement of ionization efficiency values.

The comparison of the ionization efficiency values for compounds measured on a number of instruments 
reveals good intra-instrumental consistency (Figs. 3 and S9). The compounds being highest responders on one 
instrument are also generally top performers on the other instruments. Still, some instruments compress the 
ionization efficiency values more than other instruments. However, these effects could not be associated with a 
known lower mass cut-off of mass analysers or ionization source type (ESI vs HESI). Therefore, a more compli-
cated relationship between the source design and ion optics design is likely to be important.

At the same time, it is not reasonable to build time and data-intensive prediction algorithms on each instru-
ment. Therefore, it is necessary to have a robust approach to transfer the predicted values between different 
instruments. In order to achieve this, we use a linear correlation observed between the ionization efficiency values 
measured on different instruments (see SI for more details).

The feasibility of using linear correlation for transferring the predicted ionization efficiency values can be esti-
mated by comparing the prediction error of ionization efficiency values for different instruments. We observed 
a good consistency between the prediction errors from instrument to instrument (Fig. S10). The highest average 
prediction error was 2.8 times (Waters Synapt G.2 Z-spray) and the lowest was 1.5 times (Thermo LTQ ESI). Both 
of these values are close to the repeatability of the logIE values. Therefore, it can be concluded that ionization 
efficiency values can be transferred between instruments with reasonable accuracy.

Additionally, we developed a model to predict ionization efficiency values with PaDEL descriptors and ran-
dom forest regression based on data from a single instrument. For this, we chose data from an Agilent XCT 
instrument, which had been used to measure the largest number of ionization efficiency values (1816 data points). 
The mean prediction error for a single instrument-based model (ESI + mode) was 1.8 and 3.0 times for training 
and test set, respectively. The achieved prediction error values for a single instrument-based model were not sig-
nificantly different from the generic model incorporating data from seven different instruments. Therefore, the 
developed model is robust for variations caused by different instruments and can be applied to predict ionization 
efficiency values measured on different mass spectrometers.

Validation: ionization efficiency and quantification of pesticides and mycotoxins in cere-
als.  The proposed was validated based on 35 pesticides and mycotoxins (Table S7) measured under gradient 
separation on a triple quadrupole instrument. The list included 28 compounds not included in the training or test 
set. The logIE values were measured from the analysis of standard solutions of the 35 validation compounds and 
the values range from 1.60 to 4.11 with the average of 3.10 and median 3.29. The predicted logIE values take into 
account the eluent composition at retention time. The logIE prediction with the random forest model showed 
reasonable accuracy (RMSE 0.64, Fig. S11).

The predicted ionization efficiency was further used to predict the concentrations of the compounds detected 
assuming that the structure is known. For this, the compounds were spiked into blank oat, barley, rye, wheat, rice, and 
maize and analysed. For each compound, the ionization efficiency was predicted in ESI positive mode. To transform 
the predicted ionization efficiencies to instrument-specific response factors, a set of 31 compounds (Table S7) was 
used. Thereafter, the instrument-specific response factors were used to convert LC/MS signals into concentration (Eq.).

Figure 3.  Measured ionization efficiencies on different instruments in ESI positive mode based on two subsets 
of druglike compounds measured on different instruments in the same eluent composition (acetonitrile/0.1% 
formic acid(aq) 80/20). Full data are shown in Table S2. ESI denotes conventional pneumatically assisted 
electrospray ionization source, HESI heated electrospray ionization source, QIT quadrupole ion trap, QQQ triple 
quadrupole, LIT linear iontrap, QTOF quadrupole time-of flight. Left and right correspond to two datasets.
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c Signal
10 (7)RFlog pred

=

On average, the concentrations were predicted with the prediction error of 5.4 times (Fig. 4a, compound 
separated graphs on Fig. S12, Table S13). This means that if the pesticide concentration is estimated to be 1 ppm 
it would actually lie between 0.2 and 6 ppm. Compared to the conventional approach of assuming the equal 
response to all compounds detected (average prediction error of 526 times, Table S14), the developed approach 
improved prediction accuracy around 10 times and significantly reduces the width of the confidence interval. 
Consequently, more effective decision making can be made based on the predicted concentrations.

The lowest error observed was 1.2 times for TEPP in rice matrix, while the largest error, 62 times was observed 
for deoxynivalenol-15-acetate in barley matrix. For 88% of the compounds, the prediction error was lower 
than 10 times, for 76% of the compounds it was lower than 5 times, and for 48% of the compounds, it was 
lower than 2 times. The three compounds with the highest prediction error were deoxynivalenol-15-acetate (52 
times), oxyfluorfen (19 times), and pirimicarb-desmethyl (15 times). The three best-performing compounds are 
fenamiphos-sulfoxide (1.2 times), TEPP (1.3 times), and nuarimol (1.3 times). These prediction errors are espe-
cially promising for mycotoxins for which the standard substances are either rarely available or very expensive. 
The large errors could not be associated with specific compound properties.

Figure 4.  Performance of concentration prediction in the example of pesticides in cereals. above: concentration 
prediction of pesticides in cereal samples. below: prediction error of pesticide concentration in cereal samples, 
y-axis in logarithmic scale.
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Additionally, we tested sets of 15, 10 and 6 compounds for transforming the predicted ionization efficiency 
values to instrument-specific response factors. For this random sets of 15, 10 or 6 compounds were sampled from 
the 31 compounds. On average, sets of 15, 10, and 6 compounds resulted in concentration prediction errors of 5.0, 
5.0, and 5.0 times, respectively, which were not significantly different from the average prediction error observed 
for 31 compounds. Therefore, comparable prediction accuracies can be achieved with a smaller set of compounds. 
However, it needs to be considered that the compounds used should possess a wide range of chemical properties 
as well as a wide range of ionization efficiency values to allow for the establishment of a reasonable regression 
approach. Additionally, uniform elution distribution during the chromatographic run is beneficial.

Different matrices.  Any model that aims at providing quantitative information needs to be applicable in a 
variety of matrices in order to be truly useful to researchers. The importance of matrices with LC/MS is even more 
relevant than for other analytical techniques, due to the possibility of significant matrix effects in the ESI source. 
A matrix effect is the suppression of ionization of a compound due to co-eluting compound(s). Previously, it has 
been qualitatively observed that the matrix effect and ionization efficiencies are influenced by the physicochem-
ical properties of the compound40. Therefore, while applying the ionization efficiency predictions for concen-
tration estimations, it was assumed that a model that considers ionization efficiencies also helps to account for 
matrix effect. This assumption was based on the fact that a small set of compounds with known concentrations 
were spiked into every sample; this helped to account for the differences arising from the instrument and also for 
matrix effects (Eq. 7).

Regarding different matrices, the prediction accuracy for all cereals was very similar. The lowest prediction 
error was observed for wheat and rice, 4.8 times, and highest for oat, 6.3 times (Table S15). This is expected, as 
oat samples possess a high content of polar lipids and free fatty acids41 which possess high surface affinity and 
are, therefore, expected to cause ionization suppression42. Also, the mean prediction error for solvent (average 4.6 
times) and all studied cereals (5.5 times) was comparable.

Moreover, the matrix effect is expected to vary strongly from sample to sample even for the same food com-
modity. The compounds that performed worst in one matrix performed also performed poorly in other matrices, 
and the best performers were among the top for all matrices (Fig. 4b). The consistency of the prediction error 
form one matrix to another indicates the insignificance of matrix effect and strongly indicates that the developed 
approach using ionization efficiency predictions, together with the transformation, helped to account for matrix 
effects.

Application area.  The application range of all models depends on the data that have been used to train the 
model. The compounds covered by the model include protonated [M+H]+ and intrinsically charged compounds 
[M]+ in positive mode and deprotonated [M-H]−compounds in the negative mode. This defines the limitations of 
the application range of the model. For examples, compounds forming primarily sodium or ammonium adducts 
and no protonated ions are not within the scope of this approach.

We were additionally interested in comparing the compounds used in this study to compounds detectable 
with LC/MS based non-targeted screening. For this purpose, we compared the properties of the compounds used 
in this study with some of the most common databases; namely, NORMAN database43, HMDB9, and DrugBank44. 
NORMAN database is a database compiled by NORMAN network members and contains compounds that are 
important for various application areas from solvents to industrial chemicals, personal care products to metab-
olites. HMDB contains information about metabolites with different origins and DrugBank contains approved 
small molecule drugs, approved biologics (proteins, peptides, vaccines, and allergenics), nutraceuticals and 
experimental (discovery-phase) drugs. It is important to consider that LC/MS is unable to analyse all of these 
compounds due to limitations in retention and ionization. For HMDB and NORMAN it was possible to extract 
only the compounds that had been analysed with LC/MS. The compounds included in this study were com-
pared with the databases based on the principal component analysis of PaDEL descriptors. It was observed that 
compounds included in this study covered a very large part on the chemical space of interest in HMDB and 
NOMRAN (Figs. S2 and S3). The coverage was somewhat less for DrugBank. This was expected, as the DrugBank 
includes also large biomolecules out of the scope of the model. Therefore, it is important to keep in mind the 
limitations of the initial data used in the modelling while applying the model and we hope to widen the model 
application are further in the future by incorporating (1) compounds forming adducts and (2) larger compounds, 
such as peptides.

Discussion
For the case study presented here, quantifying a variety of pesticides and mycotoxins in cereal matrices, we have 
shown that ionization efficiencies can be used to improve the accuracy of concentration predictions for small 
molecules that lack standard substances. In general, to obtain a reliable model, it is suggested to include several 
compounds that have been analysed together with the sample and quantified. Such compounds could be com-
pounds confirmed with the aid of standard substances or compounds from quality control samples. This makes 
full scan LC/HRMS extremely appealing, as a combined targeted and non-targeted analysis method can be used.

Additionally, for risk assessment of contaminants in food and environmental samples, an estimated concen-
tration of a compound is required to evaluate the potential risk of the exposure. In most cases, the error associated 
with other parts of the risk assessment (like intake and toxicology) is even larger than the error in concentration 
prediction45. Therefore, the ionization efficiency based quantification approach has high potential to complement 
non-targeted analysis and aid decision making based on the analysis results. The tool is made available at app.
quantem.co. The approach has been developed on several instruments and validated on the example of five com-
plicated matrices. Therefore, the quantification accuracy also represents the effects arising from mass discrimina-
tion and matrix effect. Validation for other applications is though, desirable.

https://doi.org/10.1038/s41598-020-62573-z
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Methods 

Eluent parameters 

The viscosity of organic modifier water binary mixture1–3 was calculated using the general 
model: 

 

 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 ( 𝑚𝑃𝑎 ∙ 𝑠) = 𝐴 ∙ (𝑜𝑟𝑔% ∙ 100)2 + 𝐵 ∙ 𝑜𝑟𝑔% ∙ 100 + 𝐶 Eq. 1 

 

The surface tension of organic modifier water binary mixture4,5 was calculated using the general 
model: 
 

 

𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑡𝑒𝑛𝑠𝑖𝑜𝑛 (mN/m)
= 𝜎1 + 𝐷 ∙ 𝜎1 ∙ 𝑜𝑟𝑔% + (𝐸 ∙ 𝜎2 − 𝐷 ∙ 𝜎1 − 𝜎1) ∙ 𝑜𝑟𝑔%2

+ (𝜎2 − 𝐷 ∙ 𝜎2) ∙ 𝑜𝑟𝑔%3 

Eq. 2 

 

Polarity index of organic modifier water binary mixture6 was calculated using the general 
model: 
 

 𝑝𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 = 𝐹 ∙ 𝑜𝑟𝑔% + 𝐺 ∙ (1 − 𝑜𝑟𝑔%) Eq. 3 

 

NH4
+ presence parameter was 1 if the additive included either ammonia or ammonium salt 

(ammonium acetate, ammonium formate, ammonium bicarbonate, ammonium fluoride), 
otherwise, it was kept 0. 
Parameters used to calculate eluent descriptors. 

 name A B C D E F G σ1 σ2  

acetonitrile -1.04∙10-4 4.36∙10-3 8.84∙10-1 -2.9 7.14 5.8 − − 27.9 

methanol -3.59∙10-4 3.20∙10-2 9.03∙10-1 -2.2 5.62 5.1 − − 22.1 

isopropanol -4.74∙10-4 5.89∙10-2 7.88∙10-1 -3.9 15.6 3.9 − − 17 

acetone -3.13∙10-4 2.47∙10-2 9.02∙10-1 -2.5 6.84 5.1 − − 22.2 

water − − − − − − 10 71.8 − 

 

Data unification between different instruments 

To develop the model, logIE values measured on different instruments were transformed to 
unified logIE values. The unification was performed using the intersection of compounds 
measured on two instruments in the eluent composition acetonitrile/0.1% formic acid (aq) 80/20. 
A calibration graph was constructed logIE (Instrumentn) vs logIE (Agilent XCT). The logIE values 
measured on different instrument than Agilent XCT ion trap were transformed as follows: 
 log 𝐼𝐸 (𝐴𝑔𝑖𝑙𝑒𝑛𝑡 𝑋𝐶𝑇) = 𝑠𝑙𝑜𝑝𝑒 ∙ log 𝐼𝐸 (𝐼𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑛) + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 Eq. 4 
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Table S1 In literature available studies focusing on ionization efficiency investigation and modelling. 

Ref. 
Compound 

type 

Number of 
unique 

compounds 
Eluent Mode Model Matrix 

7 drug like 10 
0.1 % formic acid/acetonitrile 

60/40 
+ no solvent 

8 steroids 30 
100 % methanol; 

ammonia (pH = 10)/methanol 
50/50 

+/− PLS solvent 

9 oligonucleotide 11 
water/methanol 50/50 with ion-

pairing reagents 
− PLS solvent 

10 metabolites 9 
0.5 mM ammonium 

acetate/methanol 1/9 
+ no urine 

11 
natural 

products 
8 0.1 % formic acid/acetonitrile + no solvent 

12 lipids 15 100 % methanol + no solvent 

13 drugs 170 
1 mM ammonium 

acetate/acetonitrile 50/50 
+ 

PCA, 
Projection 

Pursuit. 
Classification 

and 
Regression 
Trees. PLS 

and 
Stepwise 

MLR 

solvent 

14,15 oligopeptides 23 
0.5 % acetic acid/methanol 

50/50 
+ no solvent 

16 metabolites 58 
0.1 % formic acid/methanol 

50/50 
+ MLR 

solvent; 
RBC lysates 
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Ref. 
Compound 

type 

Number of 
unique 

compounds 
Eluent Mode Model Matrix 

17 lipids 8 
5 mM ammonium 

acetate/acetonitrile 
+ no 

NIST human 
plasma; 
egg yolk; 

porcine liver 
18 drugs 77 0.1 % formic acid/acetonitrile + MLR solvent 

19 drugs 40 
0.1 % acetic/acetonitrile (0.1 % 

acetic) 
+ no solvent 

20 druglike 19 0.5 % acetic acid in methanol + no solvent 

21 druglike 20 

7 mM acetic acid /methanol 
20/80; 

7 mM ammonia/methanol 
20/80 

+/− ANN solvent 

22 amino acids 4  + no no 

23 
natural 

products 
25 

10 mM ammonium 
formate/acetonitrile 60/40; 
50/50; 40/60; 30/70; 20/80 

− 
(formate 
adduct) 

no 
solvent, 

S. habrochaites 
leaves 

24 drugs 110 water/acetonitrile 20/80 − PLS solvent 
25 sartans 7 pH = 5.5/methanol 40/60 + ANN solvent 
26 drugs 71 water/acetonitrile 50/50 + no solvent 

27 phenols 35 

100 % methanol; 
100 % acetonitrile; 

methanol/water 50/50; 
acetonitrile/water 50/50 

− no solvent 

28 
amino acids. 

derivates 
127 

acetonitrile (0.1 % formic 
acid)/0.1 % formic acid 

+ MLR solvent 

29 druglike 49 
100 % acetonitrile; 

100 % acetone; 
− no solvent 
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Ref. 
Compound 

type 

Number of 
unique 

compounds 
Eluent Mode Model Matrix 

100 % methanol; 
100 % water 

30 
natural 

products 
13 

5 mM ammonium acetate/ 
methanol (5 mM ammonium 

acetate) 
− no olive oil 

31 lipids 5 tetrahydrofuran − MLR 
kerogen 
extract 

32 small bases 56 
pH = 3/acetonitrile 50/50; 

20/80; 
pH = 7/acetonitrile 50/50; 20/80 

+ no solvent 

33 lipids 15 
chloroform/methanol 1:2  

1 % ammonia 
− no solvent 

34 peptide 4 

0.1 % ammonium 
acetate/acetonitrile 

0.5 % acetic acid 0.1 % 
ammonium acetate/acetonitrile 

+ no solvent 

35 drug 99 
ammonia (pH = 10)/methanol 

50/50 
+ PLS solvent 

36 glycans 8 1 mM NaOH/methanol 50/50 + no 
Drosophila 

melanogaster. 
solvent 

37 steroid 7 

10 mM ammonium 
acetate/acetonitrile/isopropanol 

(9/1); 
0.02 % acetic acid/ 

acetonitrile/isopropanol 9/1 

− no 
solvent; 

human plasma 

38 
natural 

products 
4 water + MLR 

secondary 
organic 
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Ref. 
Compound 

type 

Number of 
unique 

compounds 
Eluent Mode Model Matrix 

aerosol in 
water 

39 
small 

molecules 
17 pH= 3.1 /acetonitrile −/+ no solvent 

40 oligopeptide 12 

1 mM ammonium acetate  
(pH = 6)/methanol 90/10; 
1 mM ammonium acetate  
(pH = 10)/methanol 90/10 

+ 
MLR, 

regression 
tree, SVR 

solvent 

41 glycans 13 
0.1 % formic acid/acetonitrile 

65/35 
+ no 

tryptic BSA 
peptides 

42 
lipophilic 

marine algal 
toxins 

10 
2 mM ammonium formate and 
50 mM formic acid/acetonitrile 

(with additive) 40/60 
+/− no 

solvent; 
mussel 

43 flavonoids 6 
formic acid acid (pH = 

3)/acetonitrile 
− no solvent 

44 lipids 34 

10 mM ammonium formate in 
water/acetonitrile (6/4) and 10 

mM ammonium formate 
isopropanol/acetonitrile (9/1) 

+/− no 

human 
plasma; 

mouse brain 
tissue; 

Jurkat cell 
pellet 

45 small acids  25 0.025 % acetic acid/methanol − MLR solvent 
46 amino acids 17 2 % acetic acid/methanol 50/50 + no solvent 

47 flavonoids 19 0.1 % formic acid/acetonitrile − no 
extract of 
G. biloba 
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Table S2 logIE values collected from previous studies and measured in this study. 

See logIE_values.xlsx 
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Table S3 The eluent compositions used for model development in ESI positive mode (* denotes 
measurements carried out during this study). 

Organic 
modifier 

percentage 

Organic 
modifier 

Water 
phase 

percentage 
Additive 

Additive 
concentration 

(mM) 
pH(aq) 

Number of 
unique 

compounds 
Ref. 

100 Methanol 0 formic acid 27.0 2.7 35 *,2 

100 Methanol 0 
trifluoroacetic 

acid 
5.0 3.6 11 2 

100 Methanol 0 oxalic acid 5.0 4.1 11 2 

100 Methanol 0 oxalic acid 1.0 5.4 11 2 

100 Methanol 0 formic acid 5.0 5.4 11 2 

100 Methanol 0 formic acid 1.0 5.9 11 2 

100 Methanol 0 
formic acid 
ammonium 

acetate 
5.0 6.1 11 2 

100 Methanol 0 
formic acid 
ammonium 

acetate 
5.0 6.3 11 2 

100 Methanol 0 acetic acid 5.0 6.5 11 2 

100 Methanol 0 formic acid 0.1 6.6 11 2 

100 Methanol 0 
formic acid 
ammonium 

acetate 
5.0 7.6 11 2 

100 Methanol 0 
formic acid 
ammonium 

acetate 
5.0 8.4 11 2 

100 Methanol 0 
ammonium 

formate 
5.0 9.4 11 2 

100 Methanol 0 
ammonium 

acetate 
5.0 10.1 11 2 

100 Methanol 0 ammonia 5.0 12.2 11 2 

90 Methanol 10 oxalic acid 1.0 2.1 20 3 

90 Methanol 10 formic acid 3.0 2.7 20 3 

90 Methanol 10 formic acid 1.0 2.9 20 3 

90 Methanol 10 propionic acid 1.0 3.4 20 3 

80 Methanol 20 formic acid 27.0 2.7 89 * 

50 Methanol 50 
trifluoroacetic 

acid 
10.0 2.0 40 * 

50 Methanol 50 formic acid 27.0 2.7 40 * 

50 Methanol 50 
ammonium 

fluoride 
10.0 5.5 40 * 
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Organic 
modifier 

percentage 

Organic 
modifier 

Water 
phase 

percentage 
Additive 

Additive 
concentration 

(mM) 
pH(aq) 

Number of 
unique 

compounds 
Ref. 

50 Methanol 50 
ammonium 

acetate 
10.0 6.8 40 * 

50 Methanol 50 
ammonium 

formate 
10.0 6.8 40 * 

50 Methanol 50 
ammonium 
bicarbonate 

10.0 7.8 40 * 

50 Methanol 50 ammonia 52.0 10.7 36 * 

20 Methanol 80 formic acid 27.0 2.7 40 * 

100 Acetonitrile 0 formic acid 27.0 2.7 35 * 

90 Acetonitrile 10 oxalic acid 1.0 2.1 20 3 

90 Acetonitrile 10 formic acid 1.0 2.9 20 3 

90 Acetonitrile 10 propionic acid 1.0 3.4 20 3 

80 Acetonitrile 20 
trifluoroacetic 

acid 
3.0 1.9 65 4 

80 Acetonitrile 20 oxalic acid 1.0 2.1 17 5 

80 Acetonitrile 20 formic acid 5.0 2.7 352 
*, 

3,6–9 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 3.0 20 4 

80 Acetonitrile 20 acetic acid 3.0 3.2 17 5 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 3.5 20 4 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 4.0 20 4 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 4.5 19 4 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 5.0 26 4,7 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 5.5 20 4 

80 Acetonitrile 20 − − − 16 5 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 6.0 20 4 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 6.5 20 4 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 6.7 15 4 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 7.0 46 4 



12 
 

Organic 
modifier 

percentage 

Organic 
modifier 

Water 
phase 

percentage 
Additive 

Additive 
concentration 

(mM) 
pH(aq) 

Number of 
unique 

compounds 
Ref. 

80 Acetonitrile 20 methylamine 0.0 7.9 14 5 

80 Acetonitrile 20 ammonia 0.2 9.8 10 7 

80 Acetonitrile 20 ammonia 10.0 10.7 36 7 

50 Acetonitrile 50 
trifluoroacetic 

acid 
10.0 2.0 40 * 

50 Acetonitrile 50 formic acid 27.0 2.7 45 *,7 

50 Acetonitrile 50 
ammonium 

acetate 
2.5 5.0 10 7 

50 Acetonitrile 50 
ammonium 

fluoride 
10.0 5.5 40 * 

50 Acetonitrile 50 
ammonium 

acetate 
10.0 6.8 40 * 

50 Acetonitrile 50 
ammonium 

formate 
10.0 6.8 40 * 

50 Acetonitrile 50 
ammonium 
bicarbonate 

10.0 7.8 40 * 

50 Acetonitrile 50 ammonia 0.5 9.8 10 7 

50 Acetonitrile 50 ammonia 52.0 10.7 50 * 

20 Acetonitrile 80 
trifluoroacetic 

acid 
10.0 1.9 28 4 

20 Acetonitrile 80 formic acid 27.0 2.7 60 *,7 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 3.0 17 4 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 3.5 21 4 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 4.0 20 4 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 4.5 19 4 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 5.0 20 4 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 5.5 19 4 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 6.0 20 4 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 6.5 25 4 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 7.0 19 4 
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Organic 
modifier 

percentage 

Organic 
modifier 

Water 
phase 

percentage 
Additive 

Additive 
concentration 

(mM) 
pH(aq) 

Number of 
unique 

compounds 
Ref. 

90 Isopropanol 10 oxalic acid 1.0 2.1 20 3 

90 Isopropanol 10 formic acid 1.0 2.9 18 3 

90 Isopropanol 10 propionic acid 1.0 3.4 14 3 

90 Acetone 10 oxalic acid 1.0 2.1 19 3 

90 Acetone 10 formic acid 1.0 2.9 19 3 

90 Acetone 10 propionic acid 1.0 3.4 20 3 

0 − 100 oxalic acid 50.0 1.4 11 2 

0 − 100 oxalic acid 5.0 2.1 11 2 

0 − 100 
trifluoroacetic 

acid 
5.0 2.4 11 2 

0 − 100 citric acid 5.0 2.5 11 2 

0 − 100 formic acid 27.0 2.7 39 *,2 

0 − 100 oxalic acid 1.0 2.8 11 2 

0 − 100 formic acid 5.0 2.8 11 2 

0 − 100 
formic acid 
ammonium 

acetate 
5.0 3.0 11 2 

0 − 100 
formic acid. 
ammonium 

formate 
5.0 3.0 11 2 

0 − 100 formic acid 1.0 3.1 11 2 

0 − 100 acetic acid 5.0 3.2 11 2 

0 − 100 
formic acid 
ammonium 

acetate 
5.0 3.3 11 2 

0 − 100 
formic acid 
ammonium 

acetate 
5.0 3.5 11 2 

0 − 100 formic acid 0.1 3.7 11 2 

0 − 100 
formic acid 
ammonium 

acetate 
5.0 4.0 11 2 

0 − 100 
formic acid. 
ammonium 

formate 
5.0 4.0 11 2 

0 − 100 
formic acid 
ammonium 

acetate 
5.0 5.0 11 2 
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Organic 
modifier 

percentage 

Organic 
modifier 

Water 
phase 

percentage 
Additive 

Additive 
concentration 

(mM) 
pH(aq) 

Number of 
unique 

compounds 
Ref. 

0 − 100 
formic acid 
ammonium 

acetate 
5.0 5.0 11 2 

0 − 100 
ammonium 

formate 
5.0 5.5 11 2 

0 − 100 
formic acid 
ammonium 

acetate 
5.0 5.9 11 2 

0 − 100 
formic acid 
ammonium 

formate 
5.0 5.9 11 2 

0 − 100 
ammonium 

acetate 
1.0 6.1 11 2 

0 − 100 
ammonium 

acetate 
5.0 6.7 11 2 

0 − 100 
ammonium 

acetate 
10.0 6.8 11 2 

0 − 100 methylamine 1.0 7.9 9 2 

0 − 100 
ammonia 

ammonium 
acetate 

5.0 8.1 11 2 

0 − 100 
ammonia 

ammonium 
acetate 

5.0 9.0 11 2 

0 − 100 ammonia 1.0 9.4 11 2 

0 − 100 ammonia 5.0 10.1 11 2 

0 − 100 ammonia 10.0 10.3 11 2 
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Table S4 The eluent compositions used for model development in ESI negative mode. 

Organic 
modifier 

percentage 

Organic 
modifier 

water 
phase 

percentage 
Additive 

additive 
concentration 

(mM) 
pH(aq) 

Number of 
unique 

compounds 
Ref. 

100 Methanol 0 ammonia 52.0 10.5 17 * 

100 Methanol 0 - - 7.0 17 * 

80 Methanol 20 ammonia 10.0 10.5 17 * 

80 Methanol 20 - - 7.0 16 * 

60 Methanol 40 ammonia 21.0 10.5 17 * 

60 Methanol 40 - - 7.0 17 * 

40 Methanol 60 ammonia 31.0 10.5 17 * 

40 Methanol 60 - - 7.0 17 * 

20 Methanol 80 ammonia 41.0 10.5 17 * 

20 Methanol 80 - - 7.0 17 * 

0 Methanol 100 - - 7.0 17 * 

100 Acetonitrile 0 ammonia 52.0 10.5 60 10 

100 Acetonitrile 0 - - 7.0 17 11 

80 Acetonitrile 20 ammonia 10.0 10.5 101 
*,8,11–

13 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 7.8 59 14 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 7.0 22 * 

80 Acetonitrile 20 - - 7.0 16 11 

80 Acetonitrile 20 
ammonium 

acetate 
0.2 5.0 60 14 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 5.0 62 14 

80 Acetonitrile 20 
ammonium 

acetate 
1.0 3.5 56 14 

80 Acetonitrile 20 formic acid 5.0 2.8 61 14 

60 Acetonitrile 40 ammonia 21.0 10.5 17 11 

60 Acetonitrile 40 - - 7.0 17 11 

50 Acetonitrile 50 ammonia 26.0 10.5 59 14 

40 Acetonitrile 60 ammonia 31.0 10.5 17 11 

40 Acetonitrile 60 - - 7.0 17 11 

20 Acetonitrile 80 ammonia 41.0 10.5 62 14 

20 Acetonitrile 80 - - 7.0 17 11 

20 Acetonitrile 80 
ammonium 

acetate 
4.0 5.0 57 14 

20 Acetonitrile 80 formic acid 21.0 2.8 49 14 

0 - 100 ammonia 52.0 10.5 17 11 



16 
 

Organic 
modifier 

percentage 

Organic 
modifier 

water 
phase 

percentage 
Additive 

additive 
concentration 

(mM) 
pH(aq) 

Number of 
unique 

compounds 
Ref. 

0 - 100 ammonia 52.0 10.5 17 11 

0 - 100 - - 7.0 17 11 
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Table S5 Classifications of studied compounds using ClassyFire.48 

See classyfire_classification.csv 

Table S6 The most prominent superclasses covered by the compounds included in this study. 
Classifications of studied compounds using ClassyFire.48 

Superclass n 

Benzenoids 163 

Organoheterocyclic compounds 83 

Organic acids and derivatives 54 

Organic nitrogen compounds 28 

Lipids and lipid-like molecules 16 

Organic oxygen compounds 9 

Phenylpropanoids and 
polyketides 6 

Organosulfur compounds 5 

Alkaloids and derivatives 4 

Organophosphorus compounds 3 
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Table S7 Compounds used in validation and application study. P- denotes pesticide, M- denotes mycotoxin and T -transformation 
compound.  

# CAS Name SMILES 

M1 88337-96-6 deoxynivalenol-15-acetate CC1=C[C@@H]2[C@]([C@@H](C1=O)O)([C@]3(C[C@H]([C@H]([C@@]34
CO4)O2)O)C)COC(=O)C 

P2 30614-22-3 pirimicarb-desmethyl CC1=C(N=C(N=C1OC(=O)N(C)C)NC)C 

P3 100784-20-1 halosulfuron-methyl CN1C(=C(C(=N1)Cl)C(=O)OC)S(=O)(=O)NC(=O)NC2=NC(=CC(=N2)OC)OC 

P4 2310-17-0 phosalone CCOP(=S)(OCC)SCN1C2=C(C=C(C=C2)Cl)OC1=O 

P5 950-35-6 paraoxon-methyl COP(=O)(OC)OC1=CC=C(C=C1)[N+](=O)[O-] 

P6 107-49-3 TEPP CCOP(=O)(OCC)OP(=O)(OCC)OCC 

P7 31972-43-7 fenamiphos-sulfoxide CCOP(=O)(NC(C)C)OC1=CC(=C(C=C1)S(=O)C)C 

P8 3761-41-9 fenthion-sulfoxide CC1=C(C=CC(=C1)OP(=S)(OC)OC)S(=O)C 

P9 72490-01-8 fenoxycarb CCOC(=O)NCCOC1=CC=C(C=C1)OC2=CC=CC=C2 

P10 57018-04-9 tolclofos-methyl CC1=CC(=C(C(=C1)Cl)OP(=S)(OC)OC)Cl 

P11 88671-89-0 myclobutanil CCCCC(CN1C=NC=N1)(C#N)C2=CC=C(C=C2)Cl 

P12 67129-08-2 metazachlor CC1=C(C(=CC=C1)C)N(CN2C=CC=N2)C(=O)CCl 

P13 61213-25-0 flurochloridone C1C(C(C(=O)N1C2=CC=CC(=C2)C(F)(F)F)Cl)CCl 

P14 42874-03-3 oxyfluorfen CCOC1=C(C=CC(=C1)OC2=C(C=C(C=C2)C(F)(F)F)Cl)[N+](=O)[O-] 

P15 34256-82-1 acetochlor CCC1=CC=CC(=C1N(COCC)C(=O)CCl)C 

P16 63284-71-9 nuarimol C1=CC=C(C(=C1)C(C2=CC=C(C=C2)F)(C3=CN=CN=C3)O)Cl 

P17 79983-71-4 hexaconazole CCCCC(CN1C=NC=N1)(C2=C(C=C(C=C2)Cl)Cl)O 

M18 23452-05-3 alternariol-monomethyl ether CC1=CC(=CC2=C1C3=CC(=CC(=C3C(=O)O2)O)OC)O 

P19 55512-33-9 pyridate CCCCCCCCSC(=O)OC1=CC(=NN=C1C2=CC=CC=C2)Cl 

P20 86-86-2 1-naphthylacetamide C1=CC=C2C(=C1)C=CC=C2CC(=O)N 

P21 175013-18-0 pyraclostrobin COC(=O)N(C1=CC=CC=C1COC2=NN(C=C2)C3=CC=C(C=C3)Cl)OC 

M22 1165-39-5 aflatoxin G1 COC1=C2C3=C(C(=O)OCC3)C(=O)OC2=C4C5C=COC5OC4=C1 

P23 74115-24-5 clofentezine C1=CC=C(C(=C1)C2=NN=C(N=N2)C3=CC=CC=C3Cl)Cl 

P24 112281-77-3 tetraconazole C1=CC(=C(C=C1Cl)Cl)C(CN2C=NC=N2)COC(C(F)F)(F)F 

P25 81777-89-1 clomazone CC1(CON(C1=O)CC2=CC=CC=C2Cl)C 

P26 24579-73-5 propamocarb CCCOC(=O)NCCCN(C)C 
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# CAS Name SMILES 

P27 119168-77-3 tebufenpyrad CCC1=NN(C(=C1Cl)C(=O)NCC2=CC=C(C=C2)C(C)(C)C)C 

P28 135410-20-7 acetamiprid CC(=NC#N)N(C)CC1=CN=C(C=C1)Cl 

P29 10265-92-6 methamidophos COP(=O)(N)SC 

P30 173584-44-6 indoxacarb COC(=O)[C@]12CC3=C(C1=NN(CO2)C(=O)N(C4=CC=C(C=C4)OC(F)(F)F)C(=
O)OC)C=CC(=C3)Cl 

P31 77732-09-3 oxadixyl CC1=C(C(=CC=C1)C)N(C(=O)COC)N2CCOC2=O 

P32 119-12-0 pyridaphenthion CCOP(=S)(OCC)OC1=NN(C(=O)C=C1)C2=CC=CC=C2 

P33 470-90-6 chlorfenvinphos CCOP(=O)(OCC)O/C(=C\Cl)/C1=C(C=C(C=C1)Cl)Cl 

M34 2270-40-8 diacetoxyscirpenol CC1=C[C@@H]2[C@](CC1)([C@]3([C@@H]([C@H]([C@H]([C@]34CO4)O2
)O)OC(=O)C)C)COC(=O)C 

M35 1162-65-8 aflatoxin B1 COC1=C2C3=C(C(=O)CC3)C(=O)OC2=C4[C@@H]5C=CO[C@@H]5OC4=C1 

T1 620-08-6 4-methoxypyridine COc1ccncc1 

T2 271-44-3 indazole [nH]1ncc2ccccc12 

T3 123-08-0 4-hydroxybenzaldehyde Oc1ccc(C=O)cc1 

T4 66-40-0 tetraethylammonium CC[N+](CC)(CC)CC 

T5 123-11-5 p-anisaldehyde COc1ccc(C=O)cc1 

T6 934-00-9 3-methoxycatechol COc1cccc(O)c1O 

T7 102-69-2 tripropylamine CCCN(CCC)CCC 

T8 56-85-9 glutamine N[C@@H](CCC(N)=O)C(O)=O 

T9 140-10-3 cinnamic acid OC(=O)C=Cc1ccccc1 

T10 
15799-79-8 

3-methoxy-N,N-
dimethylaniline COc1cccc(c1)N(C)C 

T11 
100-22-1 

4-dimethylamino-N,N-
dimethylaniline CN(C)c1ccc(cc1)N(C)C 

T12 88-99-3 phthalic acid OC(=O)c1ccccc1C(O)=O 

T13 66-71-7 1,10-phenanthroline c1cnc2c(c1)ccc3cccnc23 

T14 13010-31-6 tetrapropylammonium CCC[N+](CCC)(CCC)CCC 

T15 140-40-9 2-acetamido-5-nitrothiazole CC(=O)Nc1sc(cn1)[N+]([O-])=O 

T16 41394-05-2 metamitrone CC1=NN=C(c2ccccc2)C(=O)N1N 
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# CAS Name SMILES 

T17 34123-59-6 isoproturon CC(C)c1ccc(NC(=O)N(C)C)cc1 

T18 1646-88-4 aldicarb-sulfone CNC(=O)O\N=C\C(C)(C)[S](C)(=O)=O 

T19 15972-60-8 alachlor CCc1cccc(CC)c1N(COC)C(=O)CCl 

T20 13067-93-1 cyanophenphos CCO[P](=S)(Oc1ccc(cc1)C#N)c2ccccc2 

T21 
51-34-3 

scopolamine 
CN1[C@@H]2CC(C[C@H]1[C@H]3[C@@H]2O3)OC(=O)[C@H](CO)C4=CC=
CC=C4 

T22 2597-03-7 phenthoate CCOC(=O)C(S[P](=S)(OC)OC)c1ccccc1 

T23 23564-05-8 thiophanate-methyl COC(=O)NC(=S)NC1=CC=CC=C1NC(=S)NC(=O)OC 

T24 112281-77-3 tetraconazole FC(F)C(F)(F)OCC(Cn1cncn1)c2ccc(Cl)cc2Cl 

T25 417706-59-3 4-CF3-C6H4-P(pyrr) FC(F)(F)c1ccc(N=P(N2CCCC2)(N2CCCC2)N2CCCC2)cc1 

T26 

2097489-41-1 

4-[2-(4-nitrophenyl)diazenyl]-
N-(phenyldi-1-
pyrrolidinylphosphoranylidene
)benzenamine O=[N+]([O-])c1ccc(N=Nc2ccc(N=P(c3ccccc3)(N3CCCC3)N3CCCC3)cc2)cc1 

T27 

2097489-43-3 

4-[2-[4-[(diphenyl-1-
pyrrolidinylphosphoranylidene
)amino]phenyl]diazenyl]-N,N-
dimethyl-benzenamine 

CN(C)c1ccc(N=Nc2ccc(N=P(c3ccccc3)(c3ccccc3)N3CCCC3)cc2)cc1 

T28 

2097489-43-3 

N,N-dimethyl-4-[2-[4-
[(triphenylphosphoranylidene)
amino]phenyl]diazenyl]-
benzenamine CN(C)c1ccc(N=Nc2ccc(N=P(c3ccccc3)(c3ccccc3)N3CCCC3)cc2)cc1 

T29 33354-65-3 2-Cl-C6H4-P2(pyrr) CN(C)c1ccc(N=Nc2ccc(N=P(c3ccccc3)(c3ccccc3)c3ccccc3)cc2)cc1 

T30 417706-58-2 Phe-Phe-Phe-Phe Clc1ccccc1N=P(N=P(N1CCCC1)(N1CCCC1)N1CCCC1)(N1CCCC1)N1CCCC1 

T31 
2667-02-9 reserpine 

NC(Cc1ccccc1)C(=O)NC(Cc1ccccc1)C(=O)NC(Cc1ccccc1)C(=O)NC(Cc1ccccc1
)C(=O)O 
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Table S8 Instruments used to study ionization efficiencies in this study. 

Usage Source Mass analyzer Name Vendor Lab 

Ionization efficiency 
model development 

ESI Ion trap Agilent XCT Agilent University of Tartu 

Ionization efficiency 
model development 

ESI Linear ion trap Thermo LTQ 
Thermo Fisher 
Scientific 

Janssen Pharmaceutica 

Ionization efficiency 
model development 

HESI−II Linear ion trap Thermo LTQ 
Thermo Fisher 
Scientific 

Janssen Pharmaceutica 

Ionization efficiency 
model development 

Z-spray 
Quadrupole time-
of-flight 

Waters Synapt G.2 Waters Janssen Pharmaceutica 

Ionization efficiency 
model development 

JetStream Single quadrupole 
Agilent Single 
Quad 6100 

Agilent University Lyon 1 

Ionization efficiency 
model development 

ESI Triple quadrupole Agilent 6495 Agilent University of Tartu 

Ionization efficiency 
model development/ 
Validation 

JetStream Triple quadrupole Agilent 6495 Agilent University of Tartu 

Ionization efficiency 
model development 

TurboSpray Triple quadrupole Sciex API 4000 Sciex Janssen Pharmaceutica 

Ionization efficiency 
model development 

ESI Triple quadrupole Varian J-320 Varian 
University of Tartu 
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Table S9 Significant descriptors in ESI positive mode model. 

Descriptor type N Descriptor names 

Acidic group count 1 nAcid 

AlogP49 2 ALogP, ALogp2 

Atom count 5 nC, nH, nHeavyAtom, nN, nX 

Autocorrelation50 208 AATS0i, AATS0p, AATS1e, AATS1i, AATS1p, AATS1s, AATS1v, AATS2i, 
AATS2p, AATS2s, AATS3e, AATS3i, AATS3m, AATS3s, AATS4e, AATS4i, 
AATS4m, AATS4p, AATS4s, AATS5i, AATS5s, AATS5v, AATS6i, AATS6p, 
AATS6s, AATS7i, AATS7m, AATS8e, AATS8i, AATS8m, AATS8p, AATS8v, 
AATSC0e, AATSC0i, AATSC0p, AATSC1e, AATSC1i, AATSC1m, AATSC1p, 
AATSC1s, AATSC1v, AATSC2e, AATSC2i, AATSC2m, AATSC2s, AATSC2v, 
AATSC3c, AATSC3e, AATSC3i, AATSC3s, AATSC3v, AATSC4c, AATSC4e, 
AATSC4i, AATSC4m, AATSC4s, AATSC4v, AATSC5i, AATSC5m, ATSC5v, 
AATSC6e, AATSC6i, AATSC6s, AATSC6v, AATSC7e, AATSC7i, AATSC7m, 
AATSC7v, AATSC8e, AATSC8i, AATSC8m, AATSC8p, AATSC8s, AATSC8v, 
ATS0e, ATS0i, ATS0m, ATS0s, ATS0v, ATS1i, ATS1s, ATS2e, ATS2s, 
ATS2v, ATS3i, ATS3s, ATS4i, ATS4p, ATS5m, ATS8e, ATS8i, ATS8s, 
ATSC0i, ATSC0m, ATSC0p, ATSC1c, ATSC1e, ATSC1m, ATSC1p, ATSC1s, 
ATSC2c, ATSC2e, ATSC2i, ATSC2m, ATSC2s, ATSC3c, ATSC3e, ATSC3m, 
ATSC3p, ATSC3v, ATSC4c, ATSC4e, ATSC4i, ATSC4m, ATSC4p, ATSC4s, 
ATSC4v, ATSC5c, ATSC5i, ATSC5m, ATSC5p, ATSC5s, ATSC6c, ATSC6e, 
ATSC6m, ATSC6p, ATSC6s, ATSC6v, ATSC7i, ATSC7m, ATSC8c, ATSC8e, 
ATSC8i, ATSC8s, ATSC8v, GATS1c, GATS1e, GATS1i, GATS1m, GATS1p, 
GATS1s, GATS2c, GATS2e, GATS2i, GATS2m, GATS2p, GATS2s, GATS2v, 
GATS3c, GATS3m, GATS3p, GATS3s, GATS3v, GATS4c, GATS4e, 
GATS4m, GATS4p, GATS4s, GATS4v, GATS5c, GATS5e, GATS5i, 
GATS5m, GATS5v, GATS6e, GATS6p, GATS6s, GATS6v, GATS7m, 
GATS8c, GATS8e, GATS8i, GATS8p, GATS8v, MATS1i, MATS1p, MATS1s, 
MATS2c, MATS2e, MATS2m, MATS2v, MATS3c, MATS3e, MATS3i, 
MATS3m, MATS3s, MATS3v, MATS4e, MATS4i, MATS4m, MATS4p, 
MATS4s, MATS4v, MATS5c, MATS5e, MATS5m, MATS5p, MATS5s, 
MATS5v, MATS6e, MATS6p, MATS6s, MATS7c, MATS8c, MATS8i, 
MATS8m, MATS8s, MATS8v 

Barysz matrix50 41 EE_Dzi, EE_Dzm, EE_Dzp, EE_Dzs, EE_DzZ, SM1_Dzi, SM1_Dzp, 
SM1_Dzs, SM1_DzZ, SM1_Dzv, SpAD_Dzp, SpAD_DzZ, SpMax_Dze, 
SpMax_Dzi, VE1_Dzi, VE1_Dzm, VE1_Dzp, VE1_Dzs, VE1_DzZ, 
VE1_Dzv, VE2_Dze, VE2_Dzi, VE2_Dzs, VE2_DzZ, VE2_Dzv, VE3_Dzp, 
VE3_Dzs, VE3_DzZ, VE3_Dzv, VR1_Dzi, VR1_Dzm, VR1_Dzp, VR1_Dzs, 
VR1_DzZ, VR1_Dzv, VR2_Dzi, VR2_Dzp, VR2_Dzs, VR2_DzZ, VR2_Dzv, 
VR3_Dzs 

Burden modified 
eigenvalues50 

55 SpMax1_Bhs, SpMax2_Bhe, SpMax2_Bhv, SpMax3_Bhe, SpMax3_Bhi, 
SpMax3_Bhm, SpMax3_Bhp, SpMax4_Bhe, SpMax4_Bhi, 
SpMax4_Bhs, SpMax5_Bhp, SpMax5_Bhv, SpMax6_Bhe, SpMax6_Bhi, 
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Descriptor type N Descriptor names 

SpMax6_Bhp, SpMax6_Bhv, SpMax7_Bhm, SpMax7_Bhp, 
SpMax7_Bhs, SpMax8_Bhe, SpMax8_Bhm, SpMax8_Bhp, 
SpMax8_Bhs, SpMin1_Bhi, SpMin1_Bhm, SpMin1_Bhp, SpMin1_Bhs, 
SpMin1_Bhv, SpMin2_Bhi, SpMin2_Bhp, SpMin2_Bhs, SpMin2_Bhv, 
SpMin3_Bhe, SpMin3_Bhi, SpMin3_Bhm, SpMin3_Bhs, SpMin3_Bhv, 
SpMin4_Bhe, SpMin4_Bhi, SpMin4_Bhs, SpMin4_Bhv, SpMin5_Bhe, 
SpMin5_Bhs, SpMin5_Bhv, SpMin6_Bhe, SpMin6_Bhi, SpMin6_Bhv, 
SpMin7_Bhm, SpMin7_Bhp, SpMin7_Bhs, SpMin7_Bhv, SpMin8_Bhe, 
SpMin8_Bhi, SpMin8_Bhp, SpMin8_Bhv 

Constitutional 4 Mi, Mse, Mv, Sv 

Crippen51 1 CrippenLogP 

Detour matrix50 6 EE_Dt, VE1_Dt, VE2_Dt, VE3_Dt, VR1_Dt, VR2_Dt 

Atom type 
electrotopological 
state52 

67 DELS, DELS2, gmax, gmin, hmin, maxaaaC, MAXDN, maxdNH, MAXDP, 
MAXDP2, maxdsCH, maxdssC, maxHAvin, maxHBint4, maxHBint5, 
maxHCHnX, maxHdCH2, maxHdsCH, maxHsNH2, maxHsSH, 
maxsNH3p, maxsOH, maxssPH, maxssssBm, maxtN, maxwHBa, 
maxwHBd, minaaN, minaaS, mindO, mindsCH, mindsN, mindssC, 
minHBa, minHBd, minHBint5, minHdsCH, minsAsH2, minsNH2, 
minsOH, minsSeH, minssNH, minsssCH, minssSe, minsssN, minwHBa, 
nddssSe, ndO, nHsOH, nsCH3, nsSnH3, nssO, nssSe, SaaCH, SdO, SdS, 
SdssC, SdsssP, SHBa, SHBint9, SHdsCH, SHsNH2, SsNH2, SsNH3p, 
SsSnH3, SsssCH, sumI 

Eluent 5 NH4, pH_aq, polarity_index, surface_tension, viscosity 

Extended 
topochemical 
atom53 

18 ETA_Alpha, ETA_Beta, ETA_Beta_ns, ETA_Beta_s, ETA_BetaP, 
ETA_dAlpha_B, ETA_dBeta, ETA_dBetaP, ETA_dEpsilon_A, 
ETA_Epsilon_5, ETA_Eta_B, ETA_Eta_B_RC, ETA_Eta_F_L, ETA_Eta_L, 
ETA_EtaP_B, ETA_EtaP_B_RC, ETA_EtaP_F_L, ETA_Shape_Y 

Hybridization ratio 1 HybRatio 

Information 
content50 

24 BIC0, BIC1, BIC3, BIC4, BIC5, CIC0, CIC1, CIC3, CIC4, CIC5, IC1, IC2, IC3, 
IC4, MIC0, MIC4, SIC3, SIC4, SIC5, ZMIC1, ZMIC2, ZMIC4, TIC1, TIC5 

Molecular distance 
edge54 

7 MDEC-11, MDEC-14, MDEC-24, MDEC-34, MDEN-13, MDEN-22, 
MDEN-33 

Molecular linear 
free energy 
relation55 

3 MLFER_BH, MLFER_E, MLFER_S 

Bond count 1 nBondsM 

Carbon types 1 C2SP1 
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Table S10 Significant descriptors in ESI negative mode model. 

Descriptor type N Descriptor names 

Atom count 1 nX 

Autocorrelation50 57 AATS1e, AATS1i, AATS2p, AATS2v, AATS3e, AATS4e, AATS5p, 
AATS8s, AATSC0c, AATSC1p, AATSC3c, AATSC3p, AATSC3v, 
AATSC4c, AATSC5p, AATSC6v, AATSC7p, ATS0m, ATS0s, ATS1m, 
ATS1s, ATS3i, ATS3m, ATS3s, ATS4m, ATSC0s, ATSC0v, ATSC1v, 
ATSC3c, ATSC3p, ATSC4e, ATSC8v, GATS1e, GATS1v, GATS2e, 
GATS3c, GATS3i, GATS4m, GATS4v, GATS5i, GATS5m, GATS5s, 
GATS6v, GATS8c, GATS8m, GATS8p, MATS1m, MATS1p, MATS2e, 
MATS2s, MATS2v, MATS3i, MATS3m, MATS3v, MATS6m, MATS8i, 
MATS8s 

Barysz matrix50 32 EE_Dzm, EE_DzZ, SM1_Dze, SM1_Dzi, SM1_Dzm, SM1_Dzs, 
SM1_Dzv, SpAD_Dzp, SpAD_Dzv, SpDiam_Dze, SpMAD_DzZ, 
VE1_Dzi, VE1_Dzp, VE1_DzZ, VE2_Dze, VE2_Dzi, VE2_Dzp, 
VE2_DzZ, VE2_Dzv, VE3_Dze, VE3_Dzi, VE3_Dzm, VE3_Dzp, 
VE3_Dzs, VE3_DzZ, VR1_Dze, VR1_Dzi, VR1_Dzp, VR1_DzZ, 
VR1_Dzv, VR3_Dzm, VR3_Dzs 

BCUT56 1 BCUTc-1l 

Burden modified 
eigenvalue50 

19 SpMax1_Bhm, SpMax1_Bhp, SpMax2_Bhm, SpMax2_Bhp, 
SpMax2_Bhs, SpMax3_Bhs, SpMax7_Bhe, SpMax7_Bhi, 
SpMax8_Bhp, SpMin1_Bhe, SpMin1_Bhi, SpMin3_Bhp, 
SpMin3_Bhs, SpMin4_Bhs, SpMin4_Bhv, SpMin5_Bhe, 
SpMin5_Bhi, SpMin6_Bhm, SpMin7_Bhm 

Chi Chain57 1 VCH-6 

Detour matrix50 1 VE3_Dt 

Atom type 
electrotopological 
state52 

7 DELS2, maxdsCH, minHCsats, nHBint4, SddssS, SdsCH, SHBd 

Eluent 4 pH_aq, polarity_index, surface_tension, viscosity 

Extended 
topochemical atom53 

6 ETA_BetaP, ETA_dBeta, ETA_Eta_L, ETA_Eta_R, ETA_EtaP_F_L, 
ETA_Shape_P 

Information content50 8 BIC2, BIC3, BIC4, BIC5, CIC4, MIC3, SIC1, ZMIC3 

Molecular linear free 
energy relation55 

1 MLFER_A 

Chi path57 1 AVP-0 

Weighted path58 1 WTPT-2 

Topological charge1 2 GGI3, GGI4 

Topological distance 
matrix50 

2 VE1_D, VE2_D 

Wiener numbers59 1 WPATH 
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Table S11 Ionization efficiency prediction model characteristics: absolute error distribution in logIE units and times differences. 

  

positive model negative model 

training set test set training set test set 

logIE 
units 

times 
difference 

logIE 
units 

times 
difference 

logIE 
units 

times 
difference 

logIE 
units 

times 
difference 

RMSE 0.29 1.94 0.48 3.01 0.29 1.97 0.35 2.25 

min 1.83E-05 1.00 5.61E-04 1.00 1.93E-04 1.00 7.71E-03 1.02 

Q1 0.07 1.17 0.12 1.31 0.07 1.19 0.10 1.27 

median (Q2) 0.16 1.43 0.24 1.76 0.16 1.43 0.24 1.74 

average 0.21 1.61 0.34 2.18 0.21 1.61 0.28 1.90 

Q3 0.29 1.93 0.45 2.81 0.27 1.87 0.39 2.43 

max 1.97 92.94 2.51 323.67 2.15 139.89 1.05 11.10 
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Table S12 TOP 15 most important features in developed models in ESI positive and negative 
mode. 

# Descriptor names 

ESI+ ESI− 

1 CIC0 SM1_Dzm 

2 ATS4i GGI4 

3 nH DELS2 

4 ATS3i pH_aq 

5 pH_aq ETA_Eta_R 

6 ATS4p SM1_Dze 

7 hmin ATS1m 

8 nN ATS4m 

9 viscosity ATS0m 

10 AATS2s viscosity 

11 ATS1i surface_tension 

12 SpMin4_Bhs ATS0s 

13 NH4 MIC3 

14 SpMin5_Bhs polarity_index 

15 surface_tension ATSC0s 
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Table S13 Absolute concentration prediction error characteristics based on the validation set. 

  
times 

difference 

min 1.00 

Q1 (25%) 1.38 

median (Q2) 2.06 

average 5.38 

Q3 (50%) 4.41 

max 93.55 
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Table S14Comparison of errors in concentration prediction by compound in case of pesticides 
and mycotoxins in cereal matrices using three different approaches. 

compound 

retention 
time 

mean error 
(using 

predicted 
ionization 
efficiency) 

mean error 
(using 6 compounds1 as 
internal standards and 

for quantifying using the 
response factor of the 

retention time wise 
nearest internal 

standard) 

mean error 
(assuming equal 
response factors 

and using 
acetamiprid as 

internal 
standard) 

methamidophos 0.85 1.75 12.60 7.34 

propamocarb 1.23 7.34 2.80 4.80 

pirimicarb-desmethyl 1.71 14.71 1142.42 5.92 

deoxynivalenol-15-
acetate 2.48 51.82 29.69 62.79 

acetamiprid 2.79 4.08 2.15 1.47 

TEPP 3.10 1.28 1.56 1.52 

1-naphthylacetamide 3.14 1.67 1.51 2.55 

fenamiphos-sulfoxide 3.15 1.26 2.23 1.26 

diacetoxyscirpenol 3.37 10.29 5.01 10.37 

aflatoxin G1 3.37 1.46 1.48 2.16 

oxadixyl 3.39 1.36 1.35 2.26 

paraoxon-methyl 3.43 4.29 1.50 2.94 

aflatoxin B1 3.58 1.83 232.94 1.65 

fenthion-sulfoxide 3.84 2.57 168.63 1.37 

metazachlor 4.34 1.57 320.97 1.86 

clomazone 4.45 1.81 169.02 1.50 

nuarimol 4.51 1.30 309.76 1.82 

alternariol-mono 4.74 14.55 7916.96 45.97 

myclobutanil 4.88 1.42 160.12 1.20 

halosulfuron-methy 4.93 3.06 283.66 1.65 

tetraconazole 5.02 1.78 177.02 1.17 

pyridaphenthion 5.03 2.15 135.82 1.34 

hexaconazole 5.21 1.47 246.25 1.59 

acetochlor 5.28 2.50 897.34 5.21 

fenoxycarb 5.28 2.16 437.50 2.77 

flurochloridone 5.30 1.79 3718.81 21.59 

chlorfenrinphos 5.45 6.32 30.49 1.90 

pyraclostrobin 5.84 3.60 5.32 4.09 

clofenfezine 5.95 1.40 74.42 4.17 

tolclofos-methyl 5.96 2.65 323.54 18.13 
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compound 

retention 
time 

mean error 
(using 

predicted 
ionization 
efficiency) 

mean error 
(using 6 compounds1 as 
internal standards and 

for quantifying using the 
response factor of the 

retention time wise 
nearest internal 

standard) 

mean error 
(assuming equal 
response factors 

and using 
acetamiprid as 

internal 
standard) 

phosalone 5.98 3.33 212.02 11.88 

indoxacarb 6.05 8.38 14.29 1.32 

tebufenpyrad 6.22 1.70 18.62 1.17 

oxyfluorfen 6.42 18.86 1285.53 72.02 

pyridate 7.49 3.58 49.44 3.03 

Mean error  5.46 525.51 8.96 
16 internal standards and corresponding retention times: 

• glutamine  0.46 

• scopolamine  1.69 

• 3-methoxycatechol 2.02 

• Phe-Phe-Phe-Phe 3.58 

• N,N-dimethyl-4-[2-[4-[(triphenylphosphoranylidene)amino]phenyl]diazenyl]-benzenamine 

   5.33 

• 2-Cl-C6H4-P2(pyrr) 7.01 
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Table S15 Comparison of errors in concentration prediction by matrix in case of pesticides and 
mycotoxins in cereal matrices using ionization efficiency prediction. 

matrix 
average 

error 

oat 6.3 

barley 5.7 

maize 5.4 

rye 5.4 

wheat 5.4 

rice 4.8 

solvent 4.6 
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Table S16 Properties of pesticides studied in application study. 

See chemical_properties_35_pesticides.xlsx 

Table S17 Raw data collected in application study in example of pesticides and mycotoxins in 
cereals. 

See cereals_raw_data.csv  
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Table S18 Summary of data used for model development and concentration prediction. 

  Mode ESI+ ESI− 

Ionization 
efficiency 

model 
development 

# of unique compounds 353 101 

# of eluent compositions 106 33 

# of instruments 7 3 

# of labs 3 2 

Methods used 

direct 
infusion, 

flow 
injection 
analysis 

direct infusion, 
flow injection 

analysis 

Total of logIE values 3139 1286 

Concentration 
prediction 

(validation) 

# of analytes 35  

type of analytes 
pesticides, 
mycotoxins 

 

the lowest concentration 3.6∙10-9 M  

the highest concentration 3.5∙10-4 M  

measurement type 
LC/ESI/MS 
gradient 
elution 

 

lab Tartu  

sample cereal  

# of samples 6  

Total of datapoints 2233  
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Figure S1 Comparison of the chemical space coverage based on logP values. a – ESI positive mode; 
b – ESI negative mode. The comparison is made with databases of DrugBank,60 Human 
Metabolome Database (HMDB),61 data used in model development, and data pooled from 
literature (Table S1) HMDB also includes compounds that have not been and cannot be measured 
with LC/MS. 
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Figure S2 A comparison of the chemical space covered by compounds included in this study (training, test, and validation sets) in 
comparison to (left) NORMAN, (middle) HMDB, and (right) DrugBank databased. Each dot represents one compound. The compounds 
from current study are marked with blue and compounds from suspect screening databases are marked with yellow. For NORMAN 
and HMDB, only the compounds that have LC/MS records available were used. It should be noted that Drugbank also includes proteins 
and other larger compounds not covered by the proposed method. 

The principal component analysis was conducted based on the PaDEL descriptor, and shown are the scores plots from the first two 
principal components. In all cases first and second principal component explain relatively small part of the total variance (21 to 29%). 
This is expected, as the chemical space has high dimensionality and includes compounds from very different classes.  
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Figure S3 The PCA analysis of the compounds from training, test and validation set based on the 
PaDEL descriptors. First two principal component explain ca 30% of the total variance. Each dot 
represents one compound. 
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Figure S4 PCA analysis of the training dataset compounds(n = 353). Violet dots denote the 
compounds used for studying the solvents. For choosing the set to study solvents, 18 first 
principal components (described variance 70.7%) were used. For clairty the first three principal 
components are presented. Each dot represesnts one compound.  

 

 

  



37 
 

Boxplots 

For the boxplots the lower line presents the 1st quartile, the line in the middle the 2nd quartile 
(median) and the higher line the 3rd quartile. Whiskers are found according to the formula: 
 𝑢𝑝𝑝𝑒𝑟 𝑤ℎ𝑖𝑠𝑘𝑒𝑟 = min(max(𝑥) , 𝑄3 + 1.5 ∙ 𝐼𝑄𝑅) 

𝑙𝑜𝑤𝑒𝑟 𝑤ℎ𝑖𝑠𝑘𝑒𝑟 = max(min(𝑥), 𝑄1 − 1.5 ∙ 𝐼𝑄𝑅 ) 

Eq 5 

 

where IQR = Q3 – Q1 and Q1 represents 1st quartile and Q3 represents 3rd quartile. 
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Figure S5 Comparison of prediction errors ionization efficiencies between acetonitrile and 
methanol containing solvents in ESI positive mode. Results are divided into groups by water 
phase pH and organic modifier content. Comparison based on intersection of compounds 
measured in methanol as well as in acetonitrile. The compared results are measured on one 
instrument. Each datapoint corresponds to one compound solvent combination. Dots represent 
outliers. 

 

 
Acidic: pH < 5. Neutral: 5 ≤ pH < 8. Basic: pH ≥ 8. Pure water: organic modifier percentage = 
0%. Water rich: 0% < organic modifier percentage < 40%. 1/1 mixture: 40% ≤ organic modifier 
percentage < 60%. Organic rich: 60% ≤ organic modifier percentage < 100%. 
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Figure S6 Comparison of the prediction error of ionization efficiencies between neat acetonitrile 
and methanol in ESI positive mode. Divided into groups by pH adjusting additive type. 
Comparison is based on intersection of compounds measured in methanol as well as in 
acetonitrile. The compared results are measured on one instrument. Every datapoint 
corresponds to one compound. Dots represent outliers. 

 
Acidic additive: formic acid, trifluoroacetic acid, oxalic acid, Neutral additive: ammonium 
acetate, ammonium formate, Basic additive: ammonia. 
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Figure S7 Comparison of the prediction error of ionization efficiencies in acetonitrile containing 
solvents in ESI negative mode. Results are divided into groups by water phase pH and organic 
modifier content. Comparison based on intersection of compounds measured in all pH groups. 
The compared results are measured on one instrument. Every datapoint corresponds to one 
compound. Dots represent outliers. 

 
Acidic: pH < 5. Neutral: 5 ≤ pH < 8. Basic: pH ≥ 8. Pure water: organic modifier percentage = 
0%. Water rich: 0% < organic modifier percentage < 40%. 1/1 mixture: 40% ≤ organic modifier 
percentage < 60%. Organic rich: 60% ≤ organic modifier percentage < 100%. 
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Figure S8 Comparison of the prediction error of ionization efficiency between different solvents 
in ESI negative mode. Compared for the intersection of compounds in studied eluent 
compositions. Every datapoint corresponds to one compound solvent composition combination. 
Dots represent outliers. 

 
1 - acetonitrile 52 mM ammonia.  
2 - acetonitrile/ water phase 20/80 4 mM ammonium acetate pH(aq) = 5.0 
3 - acetonitrile/ water phase 80/20 0.2 mM ammonium acetate pH(aq) = 5.0 
4 - acetonitrile/ water phase 80/20 1 mM ammonium acetate pH(aq) = 3.45 
5 - acetonitrile/ water phase 80/20 1 mM ammonium acetate pH(aq) = 5.0 
6 - acetonitrile/ water phase 80/20 1 mM ammonium acetate pH(aq) = 7.0 
7 - acetonitrile/ water phase 80/20 1 mM ammonium acetate pH(aq) = 7.8 
8 - acetonitrile/ water phase 20/80 21 mM formic acid pH(aq) = 2.78 
9 - acetonitrile/ water phase 80/20 5 mM formic acid pH(aq) = 2.78 
10 - acetonitrile/ water phase 20/80 41 mM ammonia pH(aq) = 10.5 
11 - acetonitrile/ water phase 40/60 31 mM ammonia pH(aq) = 10.5 
12 - acetonitrile/ water phase 50/50 26 mM ammonia pH(aq) = 10.5 
13 - acetonitrile/ water phase 60/40 21 mM ammonia pH(aq) = 10.5 
14 - acetonitrile/ water phase 80/20 10 mM ammonia pH(aq) = 10.5 
15 – 52 mM ammonia pH(aq) = 10.5 
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Figure S9 Correlation between logIE values measured for set of compounds in the same eluent 
composition on different mass spectrometric setups. The intersection of compound-solvent 
cominations studied with Agilent XCT and Waters Synapt G2 is too few to study the correlations. 
Each dot represents one compound-solvent pair. 
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b   
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Figure S10 Comparison of the prediction error of ionization efficiency values for different 
instruments (Table S7) in ESI positive mode. Every datapoint corresponds to one compound 
solvent composition combination. Dots represent outliers.  
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Figure S11 The predicted ionization efficiency values for the validation compounds relative to the 
measured values. The validation set included 35 pesticides and mycotoxines. Every datapoint 
corresponds to one compound solvent composition combination. All measurements have been 
done on Agilent 6495 triple quadrupole instrument with Jet Streem ionization source. 
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Figure S12 Comparison of predicted and spiked concentration in case of pesticides in cereal 
samples. 

 
 

  



47 
 

Figure S13 Comparison of the prediction error of ionization efficiencies for different ionization 
efficiency groups in ESI positive mode. Every datapoint corresponds to one compound-solvent 
combination. Dots represent outliers. 
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Figure S14 Comparison of the prediction error of ionization efficiencies for different ionization 
efficiency groups in ESI negative mode. Every datapoint corresponds to one compound-solvent 
combination. Dots represent outliers. 
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Code S1 Code used for model development 

library(tidyverse) 

library(caTools) 

#input data with eluent and compound descriptors 

dataset  

 

# Splitting the dataset into the Training set and Test set 

set.seed(1000) 

split <-  sample.split(dataset %>% select(logIE), 

                       SplitRatio = 0.8) 

dataset <- dataset %>% 

  mutate(SPLIT = split)  

 

training_set <- filter(dataset, 

                       SPLIT == TRUE) 

test_set <- filter(dataset, 

                   SPLIT == FALSE) 

#Selecting only parameters that are needed for model development 

training_set <- select(training_set, -SPLIT) 

test_set <- select(test_set, -SPLIT) 

 

# Random forest regression requires y as vector and features as matrix 

y_train <-  as.vector(training_set$logIE) 

y_test <-  as.vector(test_set$logIE) 

x_train <-  as.matrix(training_set[,-1]) 

x_test <-  as.matrix(test_set[,-1]) 

 

# Regularized random forest regression 

regressor <-  RRF(x = x_train, 

                  y = y_train, 

                  xtest = x_test, 

                  ytest = y_test, 

                  flagReg = 0, # 1 regularization applied, 0 regularization 

not applied 

                  ntree = 100, # number of trees 

                  keep.forest=TRUE) # needed to save the optimized random 

forest 

# Predicting the logIE using developd regressor 

training_pred <-  predict(regressor, 

                          newdata = training_set, 

                          predict.all = TRUE)$aggregate 

test_pred <- predict(regressor, 

                     newdata = test_set, 

                     predict.all = TRUE)$aggregate 
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