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The vast number of small molecules with potentially useful dissolution modulating properties (inhibitors or
accelerators) renders currently used experimental discovery methods time- and resource-consuming.
Fortunately, emerging computer-assisted methods can explore large areas of chemical space with less effort.
Here we show how density functional theory calculations and machine learning methods can work synergisti-
cally to generate robust and predictive models that recapitulate experimentally-derived corrosion inhibition

efficiencies of small organic compounds for pure magnesium. We further validate our methods by predicting a
priori the corrosion modulation properties of seven hitherto untested small molecules and confirm the prediction

in subsequent experiments.

1. Introduction

Magnesium (Mg) is one of the lightest, most abundant and versatile
engineering materials. When Mg-based parts are designed for structural
applications in automotive, aerospace and consumer goods industries,
corrosion protection strategies need to be applied to extend the service
life of Mg structural elements. Conversely, Mg dissolution promoters
are used to assure the constant dissolution of Mg anode materials in Mg-
air primary batteries. Furthermore, application of either Mg corrosion
inhibitors or accelerators (hereafter jointly called modulators) is ne-
cessary for the application of Mg-based bio-resorbable implants to
achieve specific degradation rates for the treatment of different injuries.
Small organic molecules are extremely useful modulators of a wide
variety of processes. These include many important biomedical appli-
cations (e.g. novel drugs and control of protein-protein interactions
[1-3]) and non-biological commercial applications such as increased
conversion efficiencies in solar cells [4] as well as corrosion inhibition
of light metals [5-7]. Discovery of effective corrosion inhibitors is
particularly critical due to the imminent ban of highly effective but
toxic chromates [5,8-10]. The search for green corrosion inhibitors is
complex. It is becoming apparent that a new universal corrosion
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inhibitor matching the performance of chromate will not be found.
Most likely, each application will require bespoke corrosion inhibitor
molecules and specialized methods of applying these agents (e.g. in-
corporation in a polymeric coating or porous oxidation treatment
[11-14]). Reactive, magnesium-based lightweight materials [15,16]
used for automotive [17] and aerospace [18] applications are particu-
larly prone to corrosion, so effective inhibitors are needed to avoid
material failure. Bio-resorbable medical implants can also be loaded
with modulators that provide control over the degradation rate as well
as drugs that improve implant survival and prevent inflammation.
[19-23] Furthermore, the next generation of primary Mg-air batteries
[24-26] requires efficient dissolution modulators to control self-corro-
sion (increasing the utilization efficiency) and reduce precipitation of
corrosion products on the surface of magnesium anodes (assuring
higher output voltage).

The vast majority of the roughly 150 million compounds listed in
the Chemical Abstracts Service database are organic. The number of
organic compounds reported in the literature is increasing ex-
ponentially, with ~120 million compounds being added in the last
decade. [27] It has been estimated that the number of small organic
compounds that could be synthesized using the rules of organic
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Table 1
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The elemental composition of commercially pure Mg (CP Mg 220 and CP Mg 342, numbers indicate the contained iron impurities) used in this study. Balance is

abbreviated as bal.

Material Element content/ wt. %

Fe Cu Ni Al Mn Ce Zn Si Ca Zr Mg
CP Mg 220 0.0220 0.00050 < 0.0002 0.01300 0.01500 < 0.0004 0.00040 0.00530 0.0004 0.0005 bal.
CP Mg 342 0.0342 0.00037 < 0.0002 0.00402 0.00237 0.0007 0.00046 0.00071 < 0.0001 < 0.0005 bal.

chemistry is ~10%° [28,29]. High-throughput synthesis techniques and
computer-assisted synthesis will, no doubt, extend this exponential rise
[30,31]. As there are effectively an infinite number of potentially useful
small molecules available to solve materials problems now and in the
future, the challenge is how to find these ‘islands of utility’ in a vast sea
of possibilities. In silico methods employing artificial intelligence (ma-
chine learning and evolutionary algorithms) are essential to discover
these new small molecule materials. Specifically, for small molecules
that modulate corrosion behaviour in magnesium-based materials,
chemical intuition alone is inadequate to find the best modulators and
to predict their effect on kinetics of the corrosion process. To address
this issue, here we show how machine learning-based quantitative
structure property relationship (QSPR) methods, combined with the
results of quantum chemical methods (density functional theory (DFT)
calculations), can predict the corrosion inhibition efficiency of small
organic molecules. [29,32-35]

2. Materials & methods

We used a recently published database of inhibition efficiencies (IE)
for more than 150 compounds, measured on nine different magnesium-
based materials (six Mg alloys and three grades of pure Mg), based on
hydrogen evolution experiments. [6] Note that no experimental errors
are available for many of the data points as the aim of the initial ex-
perimental study was to perform a high-throughput screening to iden-
tify promising inhibitors for these Mg-based materials. Promising can-
didates were subsequently investigated in more detail. Our study on in
silico screening methods to model the performance of promising cor-
rosion modulators used data for commercially pure magnesium (CP Mg
220, Mg containing 220 ppm iron impurities). As the majority of QSPR
studies of corrosion inhibition use datasets that were measured at a
fixed concentration, we also modelled percent inhibition efficiencies
measured at inhibitor concentrations of 0.05 m in the computational
study. This reduced the size of our training dataset to 109 molecules.
We also excluded all inorganic substances (26) and molecules with
molecular weights > 350 Da (10), as we were seeking small-molecule
organic dissolution modulators. Furthermore, dissolution modulators in
the database that contained under-represented molecular features (e.g.
phenylphosphoric acid) as well as compounds that were investigated in
form of their corresponding acid salts (e.g. L-Ornithine hydrochloride)
were excluded from the model. The 71 compounds that remained were
used to generate a model describing the relationship between molecular
properties and the corrosion inhibition performance. In vacuo DFT
calculations were performed at the TPSSh/def2SVP level of theory
using Turbomole 7.2.[36] The hydrogen evolution tests were performed
using eudiometers (Art. Nr. 2591-10-500 from Neubert-Glas, Germany)
analogous to those employed in our previous studies. [6,7] Water dis-
placed by evolved hydrogen was automatically weighted (SKX series
from OHAUS coupled with USB data logger OHAUS 30268984) and the
data recorded for further processing using an in-house Python script
[7]. A ground sample of CP Mg was placed in the eudiometer container
with 500 mL of electrolyte (0.5 wt.% NaCl). A reference value was de-
termined from the normalized volume of hydrogen evolved after 20 h of
immersion in the absence of a dissolution modulator (Vgeference). Sub-
sequently, the specimen was exposed to an electrolyte solution con-
taining 0.05 m of dissolution modulator for 20 h with the initial pH

being adjusted by NaOH/HCl to 6.8 * 0.5 (Vagditive)- The impact of the
investigated modulator on the corrosion of CP Mg is described by the
IE, which is calculated as follows:

= Vkeference = Vaaditive 00

VReference

To elucidate the applicability of the artificial neural network (ANN)
trained on data for CP Mg 220 to predict IE for a similar material, we
additionally performed hydrogen evolution measurements for CP Mg
containing 342 ppm iron impurity (CP Mg 342). The elemental com-
position of CP Mg materials that were used in this work is shown in
Table 1. The values were determined by Optical Discharge Emission
Spectroscopy (SPECTROLAB with Spark Analyser Vision software,
Germany).

3. Results & discussion

The ability of computational modeling and simulation methods,
such as density functional theory (DFT) and machine learning (ML), to
predict corrosion inhibiting properties of organic molecules has been
reviewed recently. [37] The use of molecular descriptors derived from
DFT calculations in ANN models of corrosion inhibitor performance has
been quite controversial. Some researchers [38-41] claim there is a
correlation between DFT-calculated parameters (e.g. the energy dif-
ferences (AEg;) between the highest occupied (HOMO) and the lowest
unoccupied molecular orbital (LUMO)) and corrosion inhibition effi-
ciencies of small organic molecules. However, several other studies
could not identify any relationship between experiment and theory.
[42-45] In aluminium alloys, DFT-derived molecular descriptors of
small organic compounds were reported to have almost zero correlation
with corrosion inhibition. [5,43,46] Furthermore, it was concluded that
the use of datasets containing too few or poorly chosen data points can
lead to erroneous conclusions about correlations between DFT-derived
properties and experimental corrosion inhibition performance [47].
However, it has not been determined whether DFT-derived parameters
are useful for generating predictive models of corrosion inhibitor per-
formance for other metals and alloys, such as Mg.

Hence, we initially investigated whether a correlation existed be-
tween DFT-derived parameters (AEy;) and the IE of small organic
molecules for CP Mg 220. Because impurities like iron, nickel and
copper significantly alter the corrosion rate of Mg, [48-52] the HOMO-
LUMO gap energy may be an important parameter as it indicates the
affinity of the corrosion modulators for transition metal ions. The ki-
netic stability of an organic molecule [53,54] increases and hence, its
reactivity decreases with increasing HOMO-LUMO gap energy. This
parameter is a reliable indicator of the propensity of organic com-
pounds to form complexes with metallic impurities in CP Mg. This is
also consistent with the experimental observation [6] that compounds
with small HOMO-LUMO gaps show higher IEs, while dissolution ac-
celerating agents have larger HOMO-LUMO gaps (see Fig. 1 left). The
RSMD for this trend improves after the dataset is split into aliphatic
(39) and aromatic compounds (32) while R? decreases (see Fig. 1 right).
Although the R? value is modest for this single parameter model, its p
value is highly significant (2 x 107%).

Given the promising correlation between HOMO-LUMO gap and the
IE for the 71 small organic molecules we employed this parameter as a
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Fig. 1. Correlation of calculated (TPSSh/def2SVP) HL gaps with the experimentally measured[6] inhibition efficiencies for CP Mg 220 (left). Inhibition efficiencies
are higher with smaller HOMO-LUMO gaps. Partitioning of the dataset into aromatic and aliphatic compounds revealed that aromatic compounds tend to have lower
HOMO-LUMO gaps than aliphatic compounds while exhibiting equal values for IE (right).

HOMO LUMO gap
(AEL)

number of OH groups
(Nop)

number of CO groups
(Nco)

aromaticity identifier
(Iarom/aliph)

Inhibition Efficiency

— CP Mg (220 ppm iron)

Fig. 2. ANN architecture employed for the prediction of the IE of magnesium dissolution modulators for CP Mg 220. The input layer accepts the four molecular
descriptors (AEur, Noun, Nco, larom/aliph), the hidden layer generates the model, and the output layer node provides the calculated IE value for CP Mg 220.

molecular descriptor used to train the ANN model. Calculation of the
HOMO-LUMO gap is computationally cheap and is relatively insensitive
to basis set size. We found that different basis sets (def2SVP, def2TZVP,
and def2QZVP) did not substantially influence the HOMO-LUMO gap
trend in a data set consisting of three dissolution accelerators, three
moderate inhibitors and three effective corrosion inhibitors. However,
larger basis sets increased computational times ~100-fold (for details
see SI, section II). This analysis suggested that compounds with small
HOMO-LUMO gap are generally better corrosion inhibitors for CP Mg.
The correlation of the energy gaps with the inhibition efficiencies is
quite high for this material in comparison to studies on Al based alloys
where the correlation was essentially zero and the frontier orbital en-
ergies may already account for 50% of variance in the data. However,
complementary features are needed to further improve the R? value of
our model. Hence, we used two additional descriptors to train the ANN
model (see Fig. 2), the number of hydroxyl and carbonyl groups in the
molecules. These were considered important because they are gen-
erating chelating moieties (carboxylates and phenols) that are involved
in binding the compounds to metals. A fourth molecular descriptor that
distinguishes between aromatic and aliphatic molecules was also used
because aliphatic compounds generally have higher HOMO-LUMO gaps
than aromatic molecules for a given level of corrosion inhibition (see
Fig. 1). A three layer feed forward network with one hidden layer was
trained to predict the experimental IE values for CP Mg 220 [6] using
the resilient back propagation (rprop + ) algorithm in RStudio [55]. The
source code for the ANN is provided in the supporting information (SI,
section III).

To assess the ability of the ANN model to predict IE for new can-
didate modulators, the dataset was divided in a training (85%, 60
modulators) and test set (15%, 11 modulators). Partitioning of the test

sets was based on random selection. However, random test set selection
from small heterogeneous data sets often creates large differences in the
prediction performance of an ANN model. Consequently, a cross-vali-
dation approach was adopted where the test sets were randomly chosen
six times to minimize selection biases for the model (for details see SI,
section I). Fig. 3 shows the quality of the model prediction of mod-
ulators in the training and test sets. The RMSD values for the predic-
tions of IE for the six cross-validation sets lie between 19% and 34%,
consistent with the experimental errors that were observed.

The complete dataset was subsequently used to train an ANN model
to make an a priori prediction of the performance of seven
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Fig. 3. Correlation of the predicted consensus test set IE with the experimen-
tally derived IE for CP Mg 220. The dashed orange line constitutes perfect
correlation between training and test set. Data points are depicted as light blue
crosses. The grey line represents the linear least squares fit of the predicted and
measured values in the used test set including the fits R* and RMSD values. The
depicted RMSD value represents the mean deviation in absolute percent.
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(corresponding to 10% of the dataset size used to train the model) hi-
therto untested organic corrosion modulators on CP Mg 220. For this
sake, we were looking for compounds that have a similar composition
(e.g. functional moieties, atom types) as the molecules used for training
of the model since it will not correctly predict the performance of
compounds outside of its domain. We excluded highly toxic chemicals
and ordered only compounds that are low in price as expensive ad-
ditives are not likely to be employed in applications since the cost of the
protective coating would become too high. The set for blind validation
of our ANN model consisted of three aliphatic compounds (1-(2-hy-
droxyethyl)piperazine (1), acetamide (2) and dimethylolpropionic acid
(3)) and four aromatic compounds (pyridazine (4), trimesic acid (5), n-
octyl gallate (6) and 2,3-pyrazinedicarboxylic acid (7)). This ratio of
aromatic and aliphatic compounds was similar to that in the training set
of the ANN. To estimate prediction errors and the robustness of the ML
model, the ANN was retrained five times and each neural network used
to predict the IE of the seven untested compounds. The ML predictions
of properties of these seven compounds were validated experimentally
using the same hydrogen evolution protocols used to generate the
training set. The IE of 0.05 M aqueous solution of carboxylic acids was
determined for their sodium salts (initial pH 6.8 * 0.5) in the hy-
drogen evolution experiments. The errors of the ML prediction and the
experimental investigation are summarized in Table 2 and in Fig. 4. In
all of our experiments we assumed that the active surface area of the
specimen does not change during the hydrogen evolution experiment
and that the material composition is homogeneous in all samples. The
experimental error was determined by quadratic error propagation
based on the error of the reference measurement and the reproduci-
bility of the hydrogen evolution experiments employing one of the
seven potential corrosion modulators. Each experiment was performed
three times. The experimental uncertainties are most likely caused by
inhomogeneities in structure and composition of the as-cast material
samples of CP Mg 220.

Table 2

Corrosion Science 163 (2020) 108245

IE [%] 100 —
“ . oﬁ]
N [
{ & 7
| m— | 0”7 OH
! 60 .y =ros

’ 40

HO HO 6
20 5 oo
2

Count

N
AN
© 0hme

0
-80 -60 -40 -20 0 20 40 60 80 100 4

E %] : H.C” NH, 3
| L B L DL SN SO S [ — T T T T
-140 -120 -100 -80 -60 <40 -20 1 20 40 60 80 100
-20+L IE [%)
T 4 (exp.)
)  F i -40
HY o i
i 60 -

Fig. 4. Correlation of the predicted IE with the experimentally derived IE for CP
Mg 220. The orange, dashed line represents perfect correlation. The green error
bars represent the error of the experimentally derived IE and the light blue bars
represent the variation of the IE value predicted by the ANN. The grey line
represents the linear least squares fit of the predicted and measured values in
the used test set including the fits R? and RMSD values. The RMSD value re-
presents the mean deviation in absolute percent. The inset (top left) shows the
IE distribution of the training dataset. The orange line represents the corre-
sponding distribution curve.

For all seven compounds, the ML model correctly predicted whether
the compounds inhibited or accelerated Mg dissolution. The predicted
values for two out of seven candidates (acetamide (2) and the pyrazine
derivative 7) matched the experimentally determined performance
(within the error margin of the methods). Furthermore, the predicted
values of trimesic acid (5), the benzoic acid ester derivative 6 as well as
pyridazine (4) are in the same range as the experimentally derived
values. The performance of the heterocycle 4 is overestimated whereas
the performance of the corrosion modulators 5 and 6 are under-
estimated by roughly 30% compared to the experimentally derived

Comparison of inhibition efficiencies (experimental vs. predicted for CP Mg 220) of seven compounds not used to train the ANN model. Calculated (TPSSh/def2SVP)
AEy; values are given in eV. Note that the IE of the compounds bearing a carboxylic acid moiety were determined for their corresponding sodium salt in the hydrogen
evolution experiments. The experimental uncertainties were calculated from the errors of the reference experiment and the subsequent hydrogen evolution mea-
surements containing dissolution modulators. Each hydrogen evolution value is the mean of three experiments with the exception of the value for piperazine which is
the mean of four experiments. Averaged values for the pH value and the surface area are provided (see SI for details, section IV.1). The uncertainty of the IE values
predicted by the ML model is based on the predicted values of six independently trained ANNs.

Compound AEgqL IE ML IE exp. H, volume Final pH Surface area
[eV] [%] [%] [mL - cm™?] [em?]
Reference: 0.5% NaCl - - 0 29.3 = 1.3 10.7 5.5
Sodium chloride
1 1-(2-Hydroxy- H,\{_\Nx 6.43 -35*7 —-96 + 43 57.5 £ 12.7 9.7 5.5
ethyl)piperazine N/ SOH
2 Acetamide j’\ 6.64 -5+ 17 2+ 19 28.7 = 5.7 10.8 5.3
HC” “NH,
3 Dimethylolpro-pionic acid HO o 6.50 33 + 33 54 + 23 13.5 = 6.7 10.9 5.1
H.C
4 Pyridazine D 3.91 65 + 10 25 + 14 22.0 = 4.0 10.7 4.6
N
5 Trimesic acid 4.97 62 + 8 90 + 9 29 + 25 10.7 5.1
HO OH
07 OH
6 n-Octyl gallate ii o 4.31 61 =7 89 =+ 8 3.3 =23 8.5 5.3
& ohme
HO
HO
7 2,3-Pyrazinedi- 3.93 64 6 59 = 13 11.9 = 3.8 11.0 5.4

- N
carboxylic acid HO™ Y j
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inhibition efficiencies. The propionic acid derivative 3 shows the largest
prediction deviation indicating that its composition is not well re-
present in the used training set. The piperazine derivative 1 displayed
the lowest (negative) IE value experimentally although the predicted IE
was less negative. This is due to the small number of compounds in the
training set that accelerate dissolution (negative IE values, only four
modulators have IE values < -40% and none have an IE < -75% (see
Fig. 4, top left)). The ANN is unable to accurately predict IE values
outside the range of the training set. However, the model correctly
predicts that the piperazine derivative 1 will act as a corrosion-accel-
erating agent for CP Mg 220, which is consistent with the hydrogen
evolution experiments. To quantify the trend between the measured
and predicted values we performed a Pearson correlation test using the
means of the values predicted by the model and the values determined
by the subsequent experiments. The test resulted in a correlation
coefficient of 0.88, a good positive correlation. The p-value was 0.009,
indicating acceptable statistical significance. The conducted correlation
test confirms that there is indeed a correlation between the measured
and predicted values.

In summary, the IE predictions of the used ANN are in good
agreement with the subsequent experiments as the ordering of the in-
vestigated compounds is correct although the absolute values are not
predicted accurately. Clearly, a quantitatively accurate forecast re-
quires a larger training data set, and use of improved descriptors as
these are the largest factor in model quality. It is very difficult to put a
number on the size of training database that is necessary to predict
highly accurate IEs of unspecified new compounds. Additionally, a
deeper understanding of the underlying degradation mechanisms (e.g.
complexation of impurities or Mg2*, blocking of the Mg surface by
adsorbed inhibitors or precipitation of coordination polymers) would
also allow a more tailored preselection of the candidate modulators for
experimental and computational testing. Large scale testing, preferably
with high-throughput experimental techniques [56-58] needs to be
implemented for the industrially most relevant alloys, especially Mg. If
ML models can be trained on experimental data with considerably
larger molecular diversity (a wider range of molecular features) the

Table 3
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domain of applicability of the model will be larger, the predictions
more accurate and it will extend further into accessible chemical space.
In principle similar models could recapitulate the properties of for-
mulated inhibitors as well, provided that sufficient experimental data
were available to train the models.

To estimate how sensitive the trained ML corrosion inhibitor models
are to changes in the metal or alloy composition, we performed hy-
drogen evolution tests for CP Mg 342. The experiments were performed
under the same conditions as those used to generate the data for
commercial pure Mg (220 ppm iron impurities) that provided the
training set for the ML model. The results are presented in Table 3 and
Fig. 5.

In general, CP Mg 342 corrodes slower than CP Mg 220. The amount
of hydrogen that is evolved in the reference measurements (0.5 wt.%
NaCl in 500 mL electrolyte) is lower for CP Mg 342 (9.10 mL/cm?) than
for CP Mg 220 (29.3 mL/cm?). This is slightly counterintuitive, as one
might expect faster degradation rates from the material of lower purity.
However, corrosion susceptibility of Mg depends not only on the total
amount of iron impurity but also on its distribution in the Mg matrix.
Lower corrosion rate displayed by CP Mg 342 is caused by a sig-
nificantly lower amount of Si in its composition. Silicon is known to
promote nucleation and growth of Fe-rich particles by introducing a
solidification interval. [59] There is a strong correlation between the
IEs for the Mg with 220 ppm and 342 ppm Fe (R? value of 0.87). The
measured IE values for the CP Mg material containing the higher iron
content are ~20% larger on average for compounds 2, 3, 4, 6 and 7.
This is in good agreement with the slower corrosion observed for CP Mg
342. Trimesic acid (5) has a similar IE for both Mg materials. However,
piperazine derivate 1 greatly accelerates dissolution of the more iron
rich material resulting in a high RMSD value of 97% for the linear least
squares fit (see Fig. 5a). The fit for the correlation of compounds 2-7,
excluding the piperazine derivative 1, exhibits a slightly lower R* value
of 0.80 with a highly improved RMSD value of 25% (see Fig. 5b). [60]
To confirm the trend displayed by compound 1 we selected six dis-
solution accelerators (Tris(hydroxylmethyl)aminomethane (TRIS),
ethylenediaminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA),

Comparison of inhibition efficiencies of the seven investigated compounds for CP Mg 220 and CP Mg 342. Experimental uncertainties were calculated analogues to
the procedure described in Table 1. Each hydrogen evolution value is the mean of three replicates. Averaged values for the pH value and the surface area are provided

(see SI section IV.2 for more details).

Compound IE exp. H, Final pH  Surface area  IE exp. H, Final pH  Surface area
CP Mg 220 ppm  volume [em?] CP Mg 342ppm  volume [em?]
[%] [mLcm 2] [%] [mLcm 2]
Reference: 0.5% NaCl 0 29.3 10.7 5.5 0 9.1 10.8 6.1
Sodium chloride +1.3 +1.1
1 1-(2-Hydroxy- aN -9 57.5 5.5 -360 42.0 9.5 5.6
ethyl)piperazine /" -OH + 43 *12.7 +33 *2.0
2 Acetamide i 2 28.7 10.8 5.3 21 7.2 10.8 5.4
H.C™PNR, +19 + 5.7 + 20 +0.9
3 Dimethylolpro-pionic acid HO o 54 13.5 10.9 5.1 64 3.2 10.7 5.6
Ho\g(lkOH + 23 + 6.7 +18 +0.2
HC
4 Pyridazine | A 25 22.0 10.7 4.6 48 4.7 10.5 5.5
N * 14 +4.0 *20 +0.8
5  Trimesic acid o Q 90 2.9 10.7 5.1 87 1.2 10.6 5.4
HO)E;/LOH +9 +25 +17 +0.1
OH
6  n-Octyl gallate 9 89 3.3 5.3 96 0.4 7.8 5.4
HO. o
7Me +8 + 2.3 +17 +0.2
s
HO
7 2,3-Pyrazinedi- i 59 11.9 11.0 5.4 98 0.2 10.8 5.5
carboxylic acid QW +13 38 17 +0.04
N
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Fig. 5. Correlation between inhibiting performance of seven investigated compounds for two types of magnesium: CP Mg 220 and CP Mg 342 (a). The correlation
improves after exclusion of the piperazine derivate (b). The orange, dashed line indicates perfect correlation. The grey line represents the linear least squares fit of the
measured values for the performance correlation of the two investigated materials. The RMSD values represent the mean deviation in absolute percent.

3,4-Dihydroxybenzoic acid, glycine and piperazine) that were used to
train the ANN and measured the corresponding IEs for CP Mg 342. The
IEs of all seven accelerators were significantly more negative for CP Mg
342 compared to that of CP Mg 220 (for details see SI, section IV.3).
This is reasonable as inhibitors are mostly targeting the active iron-rich
particles (constituting less than 0.05% of the material) while accel-
erators are chelating Mg that constitutes~99.95% of the investigated
material. The influence of minor impurities becomes less significant in
the presence of corrosion accelerating agents, so that the rate of mag-
nesium dissolution becomes similar for both magnesium materials of
commercial purity. Consequently, the ML model trained on data for CP
Mg 220 may be applied to predict the performance of corrosion in-
hibiting agents for a Mg material with similar properties, as compounds
2-7 had a similar effect on the degradation rate of CP Mg 342. Hence,
no additional time-consuming testing campaign would be required.
However, in spite of similar dissolution rates of CP Mg 220 and CP Mg
342 in presence of accelerating agents, CP Mg 220 and CP Mg 342 do
not display the same tendency in terms of IE. Hence, the trained ANN
cannot be applied to predict the inhibition efficiencies of corrosion
accelerators for a material with similar properties as used for training of
the ML model based on IE values. For example, the calculated IE values
of piperazine derivative 1 are significantly more negative for CP Mg
342 albeit the observation that the amount of evolved hydrogen in its
presence is lower for CP Mg 342 (42mL/cm?) than for CP Mg 220
(57.5mL/cm?). Consequently, corrosion acceleration seems to need a
more precise way for quantification by putting more weight to the
factor reflecting the amount of actually consumed Mg rather than the
IE, as the latter is largely dependent on the performance of the in-
vestigated material during reference measurement.

Next, we aim to use a wider range of molecular descriptors, such as
chemical potentials, electron density distributions, molecular polariz-
abilities [61] and molecular signatures [62], together with sparse fea-
ture selection methods, (e.g. LASSO [63,64]) to improve the predictive
power and applicability of our ML models. Additionally, larger and
more chemically diverse data sets would be required to broaden the
domain of applicability of IE models in chemical space (as was de-
monstrated for ML-based QSPR models of aqueous solubility and flash
point predictions for small organic compounds) [65,66]. For example,
molecular descriptors generated by the software package alvaDesc
show promising initial results in our preliminary investigations. [67]
We will also expand the size and chemical diversity of our experimental
database to allow generation of more broadly applicable and robust ML
models as compounds contained in the used dataset were selected based

on their ability to bind Fe ions. As this might be one of the reasons for
the strong correlation between HOMO-LUMO gap values and IE we are
planning to elucidate if the correlation remains valid for a re-
presentative set of randomly chosen dissolution modulators that are not
targeting contained impurities. We will also investigate formation of
complexes between organic modulators with Mg®*, Ni** and Fe**/
Fe>* using quantum chemical and molecular dynamics techniques to
better understand the interactions of the small organic molecules with
metallic impurities. Recalculation of HOMO-LUMO gap energies of
organic inhibitors in an aqueous environment, with full speciation (all
possible neutral and ionized forms of the corrosion modulators) may
also result in more accurate in silico predictions of the IE values. Finally,
as most applications employ Mg-based alloys rather than pure Mg
materials we aim to establish a predictive model for the corrosion
modulation of alloy series, like Mg-Al, Mg-RE, Mg-Ca for structural
engineering, bio-resorbable implants and Mg-air battery applications.

4. Conclusion

An important finding of this study is that frontier orbital energies
can be important in modelling corrosion inhibition of organic com-
pounds for CP Mg, although this is not the case for Al [5] and Cu alloys.
[42,44] It is therefore likely that the importance of this parameter is
metal-dependent and not necessarily transferable to other materials as
there are different corrosion mechanisms in play. We found that ML
models trained on HOMO-LUMO gap energies combined with simple
molecular descriptors could recapitulate the IE of small organic com-
pounds for commercially pure Mg containing 220 ppm iron impurities
(CP Mg 220). However, it is not clear whether the significant con-
tribution of frontier orbital energy gaps is a consequence of an intrinsic
property of CP Mg such as reactivity, or the ability of modulators to
form complexes with transition metal impurities like iron, that are
important concerning the degradation of CP Mg. Re-plating of transi-
tion metal impurities released during Mg dissolution, thought to play a
key role in the kinetics of the corrosion of Mg-based materials [48-51],
may be prevented by the organic compounds rendering these molecules
efficient corrosion inhibitors. In spite of diverse and not completely
unravelled inhibition mechanisms in play, we obtained a robust and
qualitatively predictive model for corrosion modulators for CP Mg
based on the used training set. The model predicted the corrosion
modulation performance of seven hitherto untested small organic mo-
lecules in good agreement with subsequently experimental measure-
ments. We also showed that the trained model can predict inhibition
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efficiencies of corrosion inhibitors for a metal (CP Mg 342) with com-
position similar to that of the material used to generate it (CP Mg 220).
These results strongly suggest that computational ML models will be
useful for the rapid discovery and optimization of new organic corro-
sion inhibitors or dissolution modulators. Although experimental vali-
dation will remain an important final step, this ML approach will allow
for preselection of the best performing substances for a specific target
application, saving a significant amount of time and resources.
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