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Abstract: During on-site verification activities conducted by the Technical Secretariat of Organization
for the Prohibition of Chemical Weapons, identification by gas chromatography retention indices
(RI) data, in addition to mass spectrometry data, increase the reliability of factual findings. However,
reference RlIs do not cover all the possible chemical structures. That is why it is important to have
models to predict Rls. Applicable only for narrow data sets of chemicals with a fixed scaffold (G- and
V-series gases as example), the non-learning incremental method demonstrated predictive median
absolute and percentage errors of 2—4 units and 0.1-0.2%; these are comparable with the experimental
bias in RI measurements in the same laboratory with the same GC conditions. It outperforms the
accuracy of two reported machine learning methods-median absolute and percentage errors of
11-52 units and 0.5-2.8%. However, for the whole Chemical Weapons Convention (CWC) data set of
chemicals, when a fixed scaffold is absent, the incremental method is not applicable; essential machine
learning methods achieved accuracy: median absolute and percentage errors of 29-33 units and
0.5-2.2%, depending on the machine learning method. In addition, we have developed a homology
tree approach as a convenient method for the visualization of the CWC chemical space. We conclude
that non-learning incremental methods may be more accurate than the state-of-the-art machine
learning techniques in particular cases, such as predicting the RIs of homologues and isomers of
chemicals related to CWC.

Keywords: gas chromatography; retention indexes; database; predictions; machine learning;
deep learning

1. Introduction

Gas chromatography (GC) is one of the core analytical methods recommended for the
analysis of chemicals related to the Chemical Weapons Convention (CWC) [1]. GC hyphen-
ated with electron ionization mass spectrometry (GC/MS) is a predominant experimental
technique established by the Technical Secretariat of Organization for the Prohibition of
Chemical Weapons (OPCW) for factual findings during on-site verification activities with
sampling and analysis. The chemicals that have been identified for the application of
verification measures are listed in the schedules contained in the Annex on Chemicals.
In the sense of the Chemical Weapons Convention, Schedule 1 substances are chemicals
that can either be used as chemical weapons themselves or used in the manufacture of
chemical weapons; and which have no, or very limited, uses outside of chemical warfare.
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Examples are mustard and nerve agents; and substances that are solely used as precursor
chemicals in their manufacture. Schedule 2 substances are chemicals that can either be
used as chemical weapons themselves or used in the manufacture of chemical weapons;
however, they have small-scale applications outside of chemical warfare and thus, can be
legitimately manufactured in small quantities. An example is thiodiglycol, which can be
used in the manufacture of mustard agents; however, it is also used as a solvent in inks.
Schedule 3 substances are chemicals that can either be used as toxic chemical weapons
themselves or used in the manufacture of chemical weapons; however, they also have
legitimate large-scale industrial uses. Examples of these substances are phosgene, which
has been used as a chemical weapon, but which is also a precursor in the manufacture
of many legitimate organic compounds; and triethanolamine, used in the manufacture of
nitrogen mustard, but also commonly used in toiletries and detergents. All the schedules
are sub-divided into Part A substances, which are chemicals that can be used directly as
weapons; and Part B, which are precursors useful in the manufacture of chemical weapons.
The scope of chemicals related to CWC is not limited to chemical warfare agents; their
precursors; and degradation products or derivatives. It depends on the context of the
activity; for instance, under which article of CWC, the mission is conducted, or in which
framework of proficiency tests, analysis is carried out. Depending on the conditions, riot
control agents, non-scheduled toxic industrial chemicals, or novel agents may also be
relevant [1]. The origin of the samples can include industrial, environment, food, medicine,
and biological matrices.

The absence of retention indexes (RI) [2] can lead to a false positive identification
during an inspection or an investigation of alleged use; and could have adverse diplomatic
consequences [1]. The involvement of retention parameters together with mass spectral data
improves the accuracy of mass spectrometry identification. The results of a library search by
mass spectra can provide relevance to the schedule of CWC and its scaffold. Usually, a mass
spectrum formed and collected with electron ionization does not contain molecular ions; in
this case, RI would be helpful to provide a clue about the length and isomerization of alkyl
chains inside of the Schedule. The GC RI used for identification are part of the official OPCW
Central Analytical Database (OCAD) [3]. OCAD for CWC-related chemicals is carefully
curated and well-maintained by a validation group. The common problem inherent in such
analytical banks is that RI data are limited for the included chemicals; and are absent for
chemicals that are not in the database. As an example, the OCAD version 21, issued in 2019,
contains 5292 Rls for 4482 chemicals. For comparison, when all the possible permutations
and combinations are considered, Schedules 1.A.1-1.A.12 of CWC alone contain more
than 1,300,000 possible chemicals; this is the case without including protonated salts and
unspecified alkyl quaternary salts. The vast majority of possible structures belong to
phosphorus-containing nerve agents, their precursors, and degradation products. After
the addition of four more entries, 1.A.13-1.A.16, to the Schedules of CWC in 2020 (among
them, “Novichok agents”), the problem became even more challenging. This problem may
be overcome using estimated RI values.

There are several approaches to generate in silico RI values from the structure. Existing
methods for RI predictions can be divided into quantitative structure-retention relationship
(QSRR) methods based on molecular descriptors (MD); deep learning approaches that
operate with graph-based or text-based representations; and non-learning methods based
on functional group increments [4,5]. Recent advances in the theory and applications of the
deep neural networks justified the appearance of several models to predict RI using 1D
or 2D convolutional networks (1ID-CNN [6], 2D-CNN [7]); graph neural networks [8]; or
ensemble models that use both representations and human-designed features as input [9].
Despite the different architectures, all the mentioned models were trained on various
releases of the NIST RI database. A model with graph neural networks allows predicting
the Kovats retention index with a mean unsigned error of 28 index units as compared to 44;
the putative best result using a convolutional neural network [8]. Ensemble models [9] were
tested using various diverse data sets: flavor compounds, essential oils, and metabolomics-
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related compounds. The achieved accuracy was as follows: the median absolute and
percentage errors were 6—40 units and 0.8-2.2%. Accuracy depends on a test data set.
Although all the models demonstrate excellent accuracy, they are still limited by the
chemical nature of the compounds in the training set that restricts the applicability domain;
in addition, it is probable that more specific methods may enhance the predictive accuracy
for narrow domain tasks, such as modeling the RIs of CWC compounds.

The main purpose of this work was to evaluate broad domain models trained on an
NIST RI database and available for RI predictions with respect to the CWC chemicals;
and to compare them with narrow-domain models trained on OCAD and with non-
learning approaches.

2. Materials and Methods
2.1. Datasets

Retention data from the OPCW chemical analysis database (OCAD, v.21) was kindly
provided by the OCPW. OCAD initially contains 4397 unique compounds with RI values
in the range 488-3309, along with OPCW names. The description of compounds includes
their chemical name, OPCW code, CAS, and schedule number [3].

The typical instrument information includes:

GC column-HP-MS or DB-5MS, 30 m x 0.25 mm x 0.25 um;

GC temperature program 40 °C (1 min), 10 °C/min, 280 °C (10 min);

Carrier Gas Helium, 1 mL/min (constant flow);

Injection temperature 200 °C;

Reference standard GC/MS Sample Preparation Kit (C-I/DEC.71), standard chemicals,
OPCW GC/MS test mixture chemicals.

During preparation, validation and standardization procedures, SMILES strings [10]
were assigned for each compound; 31 molecules containing deuterium were removed. The
list of heavy atoms in the OCAD molecules was limited to C, N, O, F, Si, P, S, Cl, Se, and As.

The fine-tuning of the Transformer-CNN [11] model was performed on the NIST 17 RI
database. Only Kovats and linear indexes for non-polar and semi-standard non-polar
columns were used. Multiple values were averaged.

2.2. Machine Learning Models

The 1D-CNN-based predictor was introduced recently and was downloaded from the
source [6]. The predictor is provided as a Java application that contains the pre-trained
1D-CNN model. DeepRel software [7] is an R-package that includes optimized weights for
a 2D-CNN model. Both models take SMILES strings as input and incorporate the one-hot
encoding algorithm.

Transformer-CNN is a deep learning approach that involves data-intensive pre-
training in a self-supervised mode using a large non-labeled library. The resulting pre-
trained model can be further fine-tuned on a number of regression or classification tasks.
The details are available in the original publication [11].

A narrow applicability domain model specified for CWC-related chemicals was trained
with XGBoost library on descriptors from the Mordred library [12]. The OCAD was used as
training set in 5-fold cross-validation mode (CV). The hyperparameters were optimized via
grid search 5-fold CV protocol. The initial grid is presented in the supplementary materials
(Table S1). The optimal tree depth, number of estimators, and learning rate were 4, 1000,
and 0.05, respectively.

2.3. The Increment Predictions

The proposed incremental method was based on the observation that the RI difference
in two pairs of molecules that differ by the side alkyl chain inside the pair and by scaffold
between the pairs should be preserved (Figure 1). Such an effect is a result of the “relative”
nature of the Kovats or linear indexes that are derived as retention values, normalized on
the n-alkanes retention times; while the last have RlIs of 100 multiplied by the length of the
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chain by definition. As the structure of the CWC includes a number of homologues series
and contains a significant number of molecules, such observation can be applied to predict
the RI values for chemical compounds in most CWC schedules (which are organized by
scaffolds). Thus, the prediction requires at least three molecules with known RI values and
appropriate substituents. Moreover, a set of combinations may be used to obtain reliable
and statistically significant predictions.
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Figure 1. The explanation of the proposed increment-based approach.

The isolating of necessary molecules may be done manually using, for example, IUPAC
names. However, for convenience, we constructed a Python script that extracts scaffolds by
cutting off the terminal alkyl chains; and compares the substituents to find molecules that
are required to obtain predictions.

A predictor that is based on a narrow domain XGBoost model and the implementation
of the increment method is available as a prototype of a web application at https:/ /ri-cwc.
anvil.app (accessed on 1 September 2022).

3. Results and Discussion
3.1. Evaluating Available RI Prediction Models

The state-of-the-art approach in predicting Rls is to use NIST-based deep learning
models with various architectures. In fact, these models demonstrate excellent predictive
accuracy with a mean absolute error of about 25-30 units in the cross-validation mode [6].
Nevertheless, the authors often report that the accuracy may dramatically decrease when
the model is evaluated on external datasets. The possible explanation is that such datasets
contain molecules that are out of the chemical space covered by the training set. As OCAD
content is structurally different from molecules in the NIST 17 database (Figure 2A) and
these databases have a very limited intersection (Figure 2B), it was essential to evaluate
the state-of-the-art models on CWC chemicals. We have chosen two models that were
recently proposed for RI predictions. These models reflect the most popular 1D-CNN [6]
and 2D-CNN [7] architectures. For a GNN-based predictor [8] we fine-tuned Transformer-
CNN [11], which was reported to be very powerful for various QSPR tasks [11] on the
NIST 17 database. The models’ behavior on OCAD is presented in Table 1. 1D-CNN
demonstrated the lowest value of MAE; which is, however, higher than that reported for
the cross-validation mode. It is worth noticing that these open-source predictors may fail
with predictions for particular molecules. For example, some models [6] were trained on
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molecules with restricted elemental composition; and cannot make predictions for arsenic
or selenic compounds, which are included into CWC. For that reason, such molecules were
excluded from the evaluation where required. It is necessary to note that the 1D-CNN
and 2D-CNN models were trained on the subsets of the NIST database taken for various
stationary phases. While 2D-CNN was trained to predict RI values for the semi-standard
non-polar phases, 1D-CNN was trained on both non-polar and semi-standard non-polar
retention data. However, since the replicated training data were averaged for both phases,
the difference in their selectivity was thus neglected; moreover, it is not obvious how it
might affect the overall accuracy.

A 3? i ® NIST17
@ OCAD 1.A.02
20 - ® OCAD 2.B.06
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87234 80 N e OCAD 1.A.03
@® Other
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Figure 2. (A) Venn diagram of the NIST 17 RI database and OCAD v. 21. (B) t-SNE plot of the
chemical space covered by the NIST 17 database and OCAD v21. Morgan fingerprints were used for
the calculations.
Table 1. Evaluating various publicly available models on OCAD.
Model Mean Absolute Error Median Absolute Error Mean Relative Error, % Median Relative Error, %
1D-CNN 39.95 28.77 2.68 1.88
2D-CNN 51.46 38.00 3.32 2.53
Transformer-CNN 48.11 33.45 3.23 2.17

Figure 3 demonstrates the distribution of the errors for the evaluated methods. 1D-CNN
provides a narrower peak around zero, which means it provides more accurate predictions
for the majority of chemicals from OCAD. Considering this together with the MAE values,
we can conclude that the predictor based on 1D-CNN is the most appropriate for filling
missed RI values in OCAD.

3.2. Domain Specific Modeling

Although large and diverse training sets are required to create a model with good
generalization ability, a model trained on a restricted chemical domain may be a better fit for
specific tasks. For that reason, we attempted to create such a model trained on OCAD that
can predict the RI of CWC compounds. As OCAD contains less than 5000 compounds, deep
neural networks would definitely overfit. Therefore, we turned to traditional ML models
and evaluated a gradient boosting algorithm that is available via the XGBoost [13] Python
library. This algorithm was previously successfully applied for liquid chromatography
(LC) retention predictions [14-16]. Molecular descriptors from the Mordred [12] library
were used as input. The mean absolute error in 5-fold CV was 16.2 £ 0.86 units; it was
reduced by approximately 20 units, compared with the broad domain deep learning models.
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However, we need to outline that this model is appropriate only for compounds that are
structurally similar for compounds from CWC; in addition, the MAE value was obtained
in cross-validation mode.
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Figure 3. Error distribution for the evaluated deep learning methods [6,7,11] on OCAD data. The
X-axis represents the difference between the experimental and predicted values.

3.3. Increment-Based Method

Machine learning based predictions still have a lack of accuracy for several reasons.
First, they rely on the data from the NIST database that is collected in non-standardized
conditions; and may vary even for the same type of chromatographic column. Second, the
diversity of molecules in the NIST base cannot cover the whole chemical space; and the
predictions may be distorted for particular classes of chemicals. In such cases, non-learning
methods may provide a solution for accurate predictions. Here, we propose using a special
case of the increment method that considers RI as a linear combination of the number
of functional groups multiplied by their increment values. The increment values were
estimated on a large set of molecules to fit the experimental values. This method was widely
applied for a decade because of relatively high accuracy [17] and is now being replaced
by deep learning models. Our implementation of the increment-based approach is based
on the observation that the RI difference between molecular pairs that vary on the alkyl
side chain should be preserved when the scaffold is changed and the side chains remain
the same (Figure 1). Since the CWC Schedules are organized by scaffolds (i.e., “soman
Schedule”, “VX Schedule”) and contain homologous compounds that differ by their alkyl
side chains, this approach has the potential to improve RI predictions within a Schedule
(Table 2). To evaluate this approach, we created a Python script that searches required
homologous molecules to make predictions. Another option is to use OPCW names to
identify scaffolds and side chains; this can be done with high throughput using electronic
spreadsheets. In the cases where several combinations are available for prediction, the
average values may be used as output to add confidence in the prediction results and
estimate the prediction error. A set of Rl differences for various alkyl radical pairs, along
with standard deviations, is available in the supplementary materials (Table S2).
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Table 2. An example of initial RI data, taken from the OPCW central analytical database (OCAD).

Chemical Name CAS Formula RIs in OCAD Schedule
1,2-Dimethylbutyl
methylphosphonofluoridate 1005239-89-3 C7H16FO2P 1087 1.A.01
1,2-Dimethylbutyl
ethylphosphonofluoridate 1005258-27-4 CSH18FO2P 1180 1.A.01
1,2-Dimethylbutyl . 1005249-16-0 C9H20FO2P 1231 1.A01
isopropylphosphonofluoridate
1,2-Dimethylbutyl N0014 C9H20FO2P 1264 1.A.01
propylphosphonofluoridate
1,2-Dimethylpropyl N0032 C7H16FO2P 1087 1.A.01

ethylphosphonofluoridate

An example of the application of the proposed approach for filling missing values in
OCAD is given in Figure 4.

Example data from OCAD

RO linked to Methyl Ethyl Isopropyl Praopyl
phosphorus phosphonofluaridate phosphonofluoridate phosphonofluoridate | phosphonoflucridate
1-Propylcyclohexyl 1420 1517 Missing value 1 | Missing value 2
1,2-Dimethylbutyl 1087 1180 1231 1264
Difference 333 337 335%3 335+3
Missing value 1 = 12314335 = 1566
Missing value 2 = 12644335 = 1599

Figure 4. An example of using RI differences of homologous compounds to predict missing RI values.
RO is an alkyl-O substitute.

This method was evaluated on the Schedule 1.A.01 (alkylphosphonofluoridates) of
the CWC using OCAD data and compared with the ML predictions. An issue was to
choose a reasonable approach to evaluate the XGboost model trained on OCAD, because
the molecules that are evaluated should be unseen by the model. To provide a compre-
hensive evaluation, we moved molecules with particular substituents at phosphorous
atoms (methyl, ethyl, propyl) from the training set to the test set; re-trained the models;
and calculated the MAE in these separate groups with the ML and non-learning method.
Finally, the whole Schedule 1.A.01 was removed and used as a test set. In other words, the
model was pre-trained after data division to train and test the set. The results, summarized
in Table 3, demonstrate that the proposed non-learning way may significantly enhance the
RI predictions and approach to the experimental error.

Table 3. The performance of various approaches on the 1.A.01 CWC Schedule.

Test Set 1D-CNN XGboost Increment-Based
Methyl-P 35 39 4.0
Ethyl-P 11 21 1.8
Propyl-P 52 20 3.4
1.A.01 30 27 3.0

We applied the proposed method to predict the missing RI values for some chemicals
from CWC for practical use (Table S3).
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3.4. Homology Trees

In order to improve the clarity of the incremental method and to visualize the chem-
ical space of the OCAD database, taking in account the presence of many homologous
molecules, the homology trees concept can be used. The homologue series formed by
CcHjc for molecules with the molecular formula CcHyc + zZNyO@Ss are referred to as the
ZNNOoQSs [18] class. The double bond equivalent is determined as DBE = C + 1-H/2 + N /2.
Here, H is the number of hydrogens, H = 2C + Z; one can see the relationship between Z and
DBE. The idea of the homology trees approach is to organize a chemical space as a graph in
which nodes are molecules and nodes are connected with an edge only if corresponding
molecules differ by the aliphatic -CH2- unit. The algorithm that was used for the building
of the homology tree is presented in Figure 5A. First, we compute all the homology classes
(see above). The histogram of such classes for the OCAD database is given in Figure 5B.
Then, for the selected class, we can build the homology tree (Figure 5C). In such a tree, the
nodes are marked with the value of the retention index for the corresponding molecule;
and the edges are marked with the retention time difference. Using the homology tree
approach is convenient to see how the value of the retention index varies with the growth
of the aliphatic chain (even for a branched chain).
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Figure 5. (A) an algorithm for computing the homology tree; (B) a histogram of the classes of the
compounds present in the OCAD database; (C) a sample homology tree for the 4NOPS class.

It is worth noting that the homology trees approach can be used for the visualiza-
tion of any arbitrary chemical space. In order to facilitate it, we have developed a free
WEB application available at https://skolmix-homology-trees.anvil.app/ (accessed on
1 September 2022) which allows building a fragmentation tree for any arbitrary dataset.
The interface of the application is shown in Figure 6. The format of the dataset is SMILES
and some scalar value separated by space. The button “determine classes” calculates the
homology classes and corresponding number of compounds. The homology tree will be
computed for the selected class. The resulting tree is not always connected. In this case, it
is possible to obtain connected subgraphs and plot the homology trees for them.
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Figure 6. The WEB interface of the developed application for the building of homology trees for an
arbitrary dataset.

4. Conclusions

We can conclude that although deep learning methods are extremely powerful and
became state-of-the-art, non-learning methods may provide an additional option for narrow
tasks; for example, in modeling the molecular properties of structurally similar compounds.
It was shown that for special cases, non-learning approaches might demonstrate a predictive
error that is comparable with the experimental bias in RI measurements; while even narrow-
domain machine learning models have a lack of accuracy. This is extremely important for
the analysis guided by CWC; this is because any mistakes and false-positive identifications
may have serious political consequences.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/separations9100265/s1, Table S1: Set of hyperparameters for grid
search cross-validation: Table S2: Examples of calculated difference of retention index (RI) using
molecular pairs matched by RO radical. 1A1, 1A2, 1A3 and selected 2B4 with 1A1 data sets are
considered: Table S3: Retention Indices predicted by R-P differences for 1A1 toxic chemicals with
available combination of RO and RP, but missing RI data in OCAD library.
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