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ABSTRACT: Gold nanoparticles represent an important class of
functional nanomaterials for optoelectronics, biomedical applications,
and catalysis. Therefore, controllable synthesis of nanoparticles with
specified size and shape is important. Though reduction of gold ions is
quite a simple process and may be performed with many different
protocols, the reproducibility of the results and transfer of protocols
between independent research groups remains a challenging task.
Machine learning analysis based on statistical approaches is hardly
applicable to the published data, since most of the researchers report only
successful syntheses. In this work, we apply uniform sampling of the

reaction parameter space. The concentrations of gold precursor, reducing ﬂ
agent, and surfactant were varied via an improved Latin hypercube
sampling, and each run was performed under in situ UV—vis control.

Based on the resulting set of optical spectra, we address the relevant
chemical questions about nanoparticle formation, their shape, and period of growth. Our work demonstrates a data driven approach
applied to the space of reaction parameters in a limited available set of experiments.
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1. INTRODUCTION

Metal nanoparticles (NP) find their numerous applications in

auric concentration and pH make a great influence on the
geometry of the nanoparticles as demonstrated by Rodriguez et

30 . . .
different fields of fundamental research,' industry,® and al,” in photochemical synthesis. Gold nanorods are often
.. 34 . . . .S . synthesized in a presence of CTAB, Ag ions and seeds.” Song
medicine™” due to their unique optical properties,” electronic i i )
. . . 6-8 et al. synthesized gold nanorods with controlled aspect ratios
structure, tunable surface sites for catalytical reactions, and ; ) . ] . 3
antibacterial and anticancer effects.”'® The gold nanoparticles through a simple P hotc?chemlcal process using sﬂveF nitrate.
) . . The amount of silver ions added to the system dictates the
represent a unique case that combines all these properties. . )
They can be synthesized in different sizes and shapes'' ™ that aspect ratio of the final rods. However the presence of silver

. . 1S ions in the reaction mixture may lead to the bimetallic
are appropriate, e.g., for the task of dye photodegradation, . . 33 . .
local electromagnetic field generation 16 ond molecular nanoparticles. Sortino et al.”” report on a effective preparation
sensors. !’ ’ of Ag, Au, and Au@Ag core—shell nanoparticles based on the

The most common method for synthesis reported in the light irradiation of a biocompatible, water-soluble dextran

literature is the preparation of spherical nanoparticles with the functionalized with benzophenone in the presence of AgNO;,

Turkevich protocol'® *° where sodium citrate reduces Au**
ions from the HAuCl, precursor and stabilizes nanoparticles in
aqueous medium. The wide range of sizes and shapes of
colloidal gold nanoparticles are produced by combining
different gold salt precursors, surfactants reducing agents,ﬂ_26
use of seeds’” and external stimuli.”® Photochemical synthesis
under ultraviolet irradiation produces reductive species with
spatiotemporal control and helps to avoid toxic reagents.
Ohara et al.”’ demonstrated seed-mediated Au nanoparticles
synthesis via the hydroquinone/benzoquinone photochemical
redox system. The diameter of the formed AuNPs depended
on the concentration of seed particles, with a higher seed
particle concentration yielding smaller nanoparticles. Chlor-
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HAuCl, or both.

The complex interplay between nucleation and growth of
existing seeds in the solution makes colloidal synthesis difficult
to tune. The reagent concentrations, their order, and
temperature influence the resulting size and shape distribu-
tion.**™*® Minor changes in the protocol may affect the
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Table 1. List of 30 Points Generated According to the IHS Scheme for Three Reaction Parameters”

synthesis # Au, mol ascorbic acid, mol CTAB, mol

1 0.079 0.065 0.0077

2 0.133 0.045 0.0039

3 0.116 0.089 0.0033

4 0.124 0.00S 0.0054

S 0.104 0.112 0.0089

6 0.050 0.120 0.0080

7 0.095 0.041 0.0074

8 0.070 0.029 0.0016

9 0.112 0.013 0.0030
10 0.046 0.101 0.0057
11 0.145 0.077 0.0028
12 0.054 0.009 0.0036
13 0.099 0.057 0.0007
14 0.033 0.049 0.0013
15 0.137 0.085 0.0083
16 0.041 0.093 0.0004
17 0.062 0.073 0.0071
18 0.128 0.116 0.0068
19 0.091 0.109 0.0060
20 0.149 0.037 0.0022
21 0.153 0.025 0.0048
22 0.141 0.053 0.0065
23 0.037 0.017 0.0086
24 0.120 0.097 0.0010
25 0.087 0.105 0.0025
26 0.066 0.069 0.0019
27 0.075 0.081 0.0045
28 0.058 0.021 0.0063
29 0.083 0.033 0.0042
30 0.108 0.061 0.0051

Au, normalized ascorbic acid, normalized CTAB, normalized

—0.404 0.058 1.218
1.098 —0.519 —0.290
0.635 0.750 —0.520
0.866 —1.675 0.289
0.289 1.444 1.676

-1.213 1.675 1.327
0.057 —0.635 1.097

—0.635 —0.983 —1.208
0.520 —1.444 —0.640

—1.328 1.098 0.409
1.444 0.404 —0.749

—1.098 —1.560 —0.400
0.173 —0.173 —1.558

—1.675 —0.404 —-1.328
1213 0.635 1.447

—1.444 0.866 —1.678

—0.866 0.289 0.977
0.982 1.560 0.868

—0.0587 1.329 0.518
1.560 —0.750 —0.979
1.675 —1.098 0.059
1.328 —0.288 0.748

—1.560 —1.329 1.556
0.751 0.983 —1.448

—0.173 1214 —0.869

—0.751 0.173 -1.099

—0.520 0.519 —0.061

—0.982 —-1.213 0.638

—0.289 —0.867 —0.170
0.404 —0.058 0.169

“The following ranges were used: HAuCl,-4H,0 [10—6S5 mg], L-ascorbic acid [0—25 mg], and CTAB [0-3.5 g]. Normalization was applied to
each column and included subtraction of the mean across the column and division by the standard deviation of the mean.

resulting particle size distribution and increase the role of the
human operator performing the reaction.”” Machine learning
(ML) methods address these challenges in a systematic
statistical way.”® ML combines exploration of the space of
parameters to create the training set and estimates the quality
of the approximation models via the cross-validation approach.
Automated systems ensure stable and unbiased data collection
and thus promote the ML-based approach.’” The trained
models after validation, can predict the result of the synthesis
in terms of nanoparticle size, polydispersity, and aspect ratio.*’
Furthermore, they are implemented in the reverse engineering
approach to predict the optimal synthesis parameters for the
required product characteristic.”"

The wide application of the ML models is hindered by the
availability of synthesis databases. Most publications report
only successful results while omitting the faults. Such an
approach makes it difficult to apply ML methods to published
works. Another issue concerns the complete description of the
experimental protocol that may depend on the operator skills.
Burrows et al.”’” applied composite fractional factorial analysis
to the series of synthesis performed by different researchers in
his group. The aim was to understand the of role of silver ions
in the gold nanorods synthesis. The authors found that
ascorbic acid influenced the intrinsic growth rates while silver
nitrate and reaction temperature affected the length of the
nanorods. They highlighted the importance of freshly prepared
silver nitrate and ascorbic acid solutions to avoid photo-

degradation. Gherman et al. trained a neural network with
three inputs (HAuCl,:citrate ratio, light intensity, and light
scanning velocity) to predict the spectral position of surface
plasmon resonance (SPR) of gold nanoparticles in photo-
chemical synthesis.** The radiation intensity was found to have
the most important influence on the size distribution, followed
by the scanning velocity and the citrate to gold(III) ratio. Li et
al.*® trained SNN (Siamese Neural Networks) stacked with the
Graph Convolutional Neural Networks (GCNN) to perform a
classification task for atomically precise Au nanoclusters. With
the GCNN + SNN model, they were able to learn the
relationship between reaction conditions, molecular properties,
and the final monodispersity in the product.

Synthesis validation relies upon accurate diagnostics. Optical
absorption of colloidal gold is characterized by a pronounced
peak of plasmon resonance with the shape and position well
correlated with the size and shape of these nanoparticles.**
The shape of the spectrum is sensitive to the intermediate
stages of the nanoparticle formation and provides comple-
mentary information to DLS,* small-angle X-ray scattering®®
and X-ray absorption spectroscopy”’ for the in situ monitoring
of the reaction. Quantitative analysis of plasmon resonance
characteristics in optical spectra can be performed by ML
analysis based on accurate theoretical training sets.* In this
work, the space of parameters for the photoassisted synthesis
of gold nanoparticles was sampled via improved Latin
hypercube sampling. We have applied UV—vis spectroscopy
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as an in situ probe of the whole reaction cycle and addressed
chemical questions via the machine learning approach. The
goal was to extract relevant information by using a small data
set that is insufficient to train complex models with data of
high dimensionality. The use of the Extra Trees algorithm
permitted using small training sets and avoided overfitting. The
algorithm was trained to find relationships between the
descriptors of the UV—vis spectra and descriptors of synthesis.
Good quality was obtained for the classification tasks for
favorable conditions for the formation of NPs, their shape, and
reaction time. Dimensionality reduction improved the quality
of prediction and helped to visualize ML results which are
usually reported as a black box methodology.

2. METHODS

2.1. Synthesis and Diagnostics. Reagents HAuCl,-4H,0
(HAuCl, in the text for simplicity) and CTAB (hexadecyl-
trimethylammonium bromide) were purchased from Alfa
Aesar. Cyclohexane was purchased from Labsolute-Chemso-
lute. Ascorbic acid (AA) was purchased from Sigma-Aldrich.
Ultrapure water (18 MQ-cm) was produced by the
SimplicityUV system (Millipore) from distilled water.

Gold nanoparticles of different shapes were synthesized
according to the protocol described in ref 49. In a typical
synthesis, 20 mL of an aqueous solution of the HAuCl,-4H,0,
40 mL of an aqueous solution of the CTAB, 0.34 mL of an
aqueous solution of the r-ascorbic acid, 4 mL of a 1.4 mM
aqueous solution of the AgNOj;, 1.35 mL of acetone, and 0.9
mL of cyclohexane were mixed in a quartz vessel. Masses of
gold precursor, CTAB, and ascorbic acid in the constant
corresponding volumes of water were varied in each reaction
according to the Table 1. Synthesis was carried out for 60 min
under UV radiation using a Newport 66901 setup with an
Oriel Instruments 66142 Mercury—xenon lamp with a power
of 386 W without filters. A 100 mL quartz vessel was placed 25
cm apart from the lamp. The irradiation area was
approximately 14 cm’. A magnetic stirrer on the bottom of
the reaction vessel ensured homogeneous mixing along the
reaction.

During the synthesis, the small volume of the reaction
mixture was instantaneously pumped through a flow cell with a
S mm optical path in a two-beam spectrophotometer
SHIMADZU UV-2600 to record optical absorption spectra
in situ. Acquisition time for each spectrum was 102 s and 35
spectra were measured in total during the synthesis (Figure S2
in Supporting Information). A scheme of the experimental
setup is shown in Figure 1. For transmission electron
microscopy analysis (Figure S3 in Supporting Information),
the solution was centrifuged 3 times at 14000 rpm for 15 min.
The precipitate was then dissolved in water.

2.2. Machine Learning Methods. In the research, we
work with a relatively small amount of experimental data.
Therefore, for both regression and classification tasks, the Extra
Trees method™® was applied with the following parameters:
n_estimators = 100, max depth = unlimited, min sample-
s_leaf = 1, min_samples_split = 2, and bootstrap = False. It is
an ensemble ML method that combines the predictions
obtained from many decision trees. In the case of classification
the prediction is made by majority voting and in the case of
regression—by averaging. The Extra Trees machine learning
algorithm uses the whole original sample instead of bootstrap
replicas and randomly chooses the cut points to split the nodes
upon tree construction. These approaches motivate the

Hg-Xe lamp

~70 ml

\ e

Reaction flask
-AgNO; 1.4 mMin 4 mlH,0
- acetone 1.35 ml

- cyclohexane 0.9 ml

(Ll - CTAB, HAuCl,, L-ascorbic acid

Quartz cuvette

Figure 1. Scheme of the experimental setup. Amounts of AgNO;,
acetone, and cyclohexane precursors were fixed in all synthesis, while
CTAB, HAuCl, X 4H,0 and vr-ascorbic acid were varied according to
Table 1.

reduction of both bias and variance. Another advantage of
this method is the low computational cost, which allows
iteration over many combinations of the descriptors during the
search for optimal ones for high prediction quality.

To evaluate the quality of the predictions for classification
the accuracy metrics was used in a Leave-One-Out cross-
validation (LOOCV) procedure. Accuracy is determined as the
ratio of correct predictions to the total number of objects in
the data set. LOOCYV is a reliable and unbiased estimate of
model performance that is is optimal in the case of a small
training data set. In the case of LOOCV, we sequentially
exclude one object from the training sample for prediction and
use the rest as a training sample. The learning task is to train
the machine learning model that provides the highest LOOCV
value:

L
LOOCV(y, X*) = % Z H'u(XL/xi) - );H 0
i=1

where p is the machine learning algorithm, trained on the data
set X" consisting of features x; and labels y,. In our case, «; are
the descriptors of the synthesis and y; are the descriptors of the
spectra. On a small data set, the cross-validation quality
depends on the initial random choice of the cut points in a
tree; thus, for each target property y, we repeated the LOOCV
five times and evaluated the average accuracy.

3. RESULTS AND DISCUSSION

3.1. Diversity of the Resulting Particles. The growth of
gold nanoparticles depends on many parameters affecting
reaction rates and preferable pathways. We have studied the
dependence of the reaction on the three parameters: the
amount of gold precursor, surfactant, and reducing agent.
Experiments should properly sample the space of the
parameters. When the sampling points in the space of
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parameters are generated by the researcher, it is important to 7

make a highly representative data set and improve the (a) A initial, t=0s synthesis #22
generalizing ability of the machine learning model. Classical 3 f

approaches to generation of the points distribution such as

random and uniform meshing are not able to provide a

homogeneity, especially in the case of a small data set. To solve 3

this issue, we used the Improved Latin Hypercube Sampling % 2+

method (IHS). IHS spreads out the points as evenly as o)

possible with respect to their projections on each coordinate 2

axis. The points generated by the IHS approach have smaller 2 1

distances between the projections along each dimension
compared with grid sampling. Table 1 shows amounts of
three reagents in the synthesis generated according IHS
sampling.

Figure 2 shows three representative series of UV—vis spectra
measured during the syntheses #2, #22, and #25. The HAuCl,
aqueous solution exhibits a UV—vis absorlption peak at 313 nm
due to metal-to-ligand charge transfer.”  In the presence of
CTAB, the four chloride ligands in [AuCl,]™ are replaced by
bromide ions from the surfactant.’”>* The resulting [AuBr,]
complex has an absorption band at 400 nm obvious at the
initial stage of the reaction (blue curve in Figure 2a). The
further reaction pathway may be divided into two stages. The
first stage is characterized by decoloration of the solution due
to the reduction of Au™ to the Au' complex.’>>* The second
stage is associated with the formation of the SPR peak of the
metallic gold nanoparticles. In the synthesized particles, the
spectrum may contain a single absorption maximum around
525 nm that is characteristic for the spherical particles (e.g.,
synthesis #25 in Figure 3) or several maxima beyond 525 nm
characteristic for elongated particles (e.g., synthesis #3, #5, and
#22 in Figure 3).”

The rate of the nanoparticle formation was also different
across the series of reactions in Table 1. Figure 2c¢ is an
example of the slow synthesis when first stage of the
decoloration was not completed during the observation period.
A wide range of reagent concentrations and their independent
variations in the series of synthesis generated several examples
(synthesis #2, #9, #20, and #24) with such a behavior. On the
contrary in Figure 2b, the first stage was so fast that it was not
registered within the time resolution of the UV—vis measure-
ments. Figure 2a is an intermediate case when durations of the
both stages are comparable.

Figure 3a shows the resulting spectra in all syntheses
measured after 1 h from the beginning. All spectra may be
divided into three classes. The upper curves 2, 9, 20, and 24
contain negligible contribution from the Au SPR and are
characterized by an intense maximum at 400 nm remaining
from the Au"™—Br complex in the first stage of the reaction.
TEM images for the reaction mixture #2 after 1 h from the
start indicate branched nanowire network composed of
nanoparticles and polymeric shell (Figure 4 in the main text
and Figure S3 in Supporting Information). Such networks were
previously observed in classical citrate-based synthesis*® at the
initial stage of the reaction. On the contrary, reaction mixture
#20 with smaller amount of CTAB and ascorbic acid with
respect to mixture #2 contained a sediment with larger
particles up to 100 nm.

The bottom group of spectra (8, 11—14, 16, 17, 23, 25, 27,
28) is characterized by a single peak at 525 nm and thus can be
described by a shape close to the spherical. TEM analysis of
the mixtures with sharp spectral maximum confirms the quasi-
spherical shape distribution for mixtures 11, 13, and 2$ with

0 T i . T : W T — T — T
300 400 500 600 700 800 900
Wavelength, nm

synthesis #25

Absorbance

300 400 500 600 700 800 900
Wavelength, nm

synthesis #2

Absorbance

ol final, t=3600 5 ——
300 400 500 600 700 800 900
Wavelength, nm

Figure 2. Representative series of UV—vis spectra measured in situ
during three synthesis are reported in Table 1.

the average sizes 18, 15, and 10 nm correspondingly. The
smallest dispersion of size distribution, S nm at FWHM, was
observed for synthesis #11. In general, the presented
distributions in Figure S3 are broad if compared to the
carefully optimized synthesis condition, but such optimization
was not the goal of the present study.

The rest of the UV—vis spectra in Figure 3a contain two
maxima in the region of 500—700 nm. Figure 3b shows
theoretical series of spectra for rod-shaped particles with
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Figure 3. (a) Last experimental absorption spectra in in the series of
in situ UV—vis measurements for each synthesis from Table 1. The
spectra were normalized to their value at 450 nm and afterwards
shifted vertically for clarity. (b) Theoretical calculations for the
elongated nanoparticles with the aspect ratio L/D varied from 1 to 3.

synthesis #2 synthesis #5

synthesis #13

-
.
~

Figure 4. Representative TEM images for the particles synthesized
with different concentration of reagents. Solutions #2 and #20 contain
large signal from the unreacted Au"'—Br complex in UV—vis spectra,
solution #13 has a single maximum at plasmon resonance frequency,
solution #5 is characterized by an asymmetric plasmon band with two
maxima. White rectangles mark compilations of frames from several
TEM images of the same sample.

different aspect ratio according to the methodology in.**

Simulations explain additional feature at ~600 nm as elongated
shape of gold nanoparticle with an aspect ratio 1 < L/D < 3.
TEM images of samples from syntheses #3, 5, 7, and 22 clearly
indicate rod like shape of the resulting particles in agreement
with the spectroscopic conclusions. In the next sections, we
perform classification of the resulting spectra and find the
relationship between spectral shape and parameters of the
synthesis.

3.2. Descriptors of Spectra and Descriptors of
Synthesis. The peculiarity of the complex reactions studied
in the laboratory conditions is the limited amount of data for
analysis compared to the synchrotron or X-ray free electron

laser experiments. Therefore, the ML approximation model
with low bias and variance should be constructed with
preprocessed, but not raw data. Specific features of spectra
which are the most sensitive to the studied properties are
called descriptors. Few such descriptors efficiently reduce the
dimensionality of the data,”” make the prediction clear for
interpretation, and useful for chemical insights. Figure §
compares two approaches for training the algorithm. In this
work, we will construct an approximation between descriptors
of synthesis and descriptors of spectra.

Parameters of the

) Spectra
experiment

Descriptors
of the experiment

Descriptors
of spectra

Figure 5. Comparison between two ML approximations based on raw
data and the selected features (descriptors).

The intensity of the surface plasmon resonance (SPR)
around 525 nm in the UV—vis absorption spectrum signalizes
about the gold nanoparticles in the solution. Haiss et al.**
introduced descriptor equal to the ratio of absorbances at SPR
wavelength and 450 nm: A(SPR)/A(450) that is linearly
proportional to the logarithm of the NPs diameter. When the
particles have rod-like shape they contain two maxima in the
spectrum associated with the resonant absorption along
dimension D and dimension L** as demonstrated in in Figure
3 (see also ref 48). To classify the series of experimental
spectra in Figure 3, we selected two descriptors:

X = A(525)/A(450) (2a)

% = A(625)/A(525) (2b)

The y, ratio measures the asymmetry of the SPR peak and
within the observed range of nanoparticles signals about their
nonspherical shape. Figure 6 shows scatter plots for the
synthesis in the space of reaction parameters where color
indicates the value of the spectra descriptors. The colors in
panel a refer to the normalized intensity of the SPR maximum
in the spectrum. The bottom right corner of the scatter plot
contains points with low values of y;. These points are
characterized by a larger amount of gold precursor and a
smaller amount of reducing agent. The excessive amount of
CTAB surfactant (compare points 21 vs 20, 4 vs 9, or 22 vs 2)
favors the formation of nanoparticles even in the lack of
ascorbic acid. The largest values for y, are observed for points
lying on the diagonal with equal molar amounts of gold
precursor, ascorbic acid and sufficient amount of CTAB.

Descriptor y, is visualized in Figure 6b. Lower values of y,
correspond to the spherical nanoparticles, while larger ones
correspond to the rod-like geometry. The crossed-out points
indicate the synthesis with no particles formed (black points in
Figure 6a). In general, larger deviations from the spherical
shape are observed for larger concentrations of the gold
precursor or a greater contribution of ascorbic acid + CTAB in
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Figure 6. Scatter plots for the descriptors of spectra in the space of
variable amounts of gold precursor HAuCl,-4H,0, reducing agent
ascorbic acid and surfactant CTAB. The color indicates the value of
the corresponding descriptors y; (panel a) and y, (panel b).

the reaction mixture. In the following sections, we apply
machine learning analysis to the observed quantities. The UV—
vis spectrum of gold nanoparticles may have a nonlinear
dependence on the synthesis parameters. Since our training
sample is small, we construct different descriptors of synthesis
and test their quality in the cross-validation procedure. Design
of new descriptors is motivated by the search for the most
informative ones for the ML method and those that improve
performance of trained model. The list of descriptors is
described in Table 2.

By training the ML model, we address the following
questions related to the nanoparticle synthesis: if the
nanoparticles were formed during the synthesis, what was
the shape of the nanoparticles and the time of their formation.
Table 3 combines the raised questions with the spectroscopic
features.

Question 3 addresses the induction period of nanoparticle
formation. We can follow size of gold NPs using the evolution
of descriptor y, as shown in Figure 7. Three colored spectra
indicate different types of the reaction. The red one
(representative synthesis #10) is characterized by fast
decoloration and subsequent high rate of the SPR formation.
The blue one (representative synthesis #22) is an example of

Table 2. Descriptors of spectra and descriptors of synthesis
applied for training the Extra Trees Model

descriptor comment

spectra
normalized height of the SPR

maximum

11 = A(525)/A(450)

71> = A(625)/A(525) asymmetry of the SPR maximum
Synthesis
Au, AA, CTAB

crAu + ¢’ AA + ¢3CTAB; ¢; =+ 1

variable components in the synthesis
linear combinations of initial
parameters

Au-AA, Au-CTAB, AA-CTAB products of the initial parameters

Table 3. Translating the Chemical Questions about the
Synthesis into Classification Problems for the Descriptors of
Spectra

question descriptor of spectrum classification

1. if the nanoparticles  y; = A(525)/A(450) class 0: y; < 1
were formed during
the synthesis
class 1: 1 < y; < 1.S
class 2: y; > 1.5
2. spherical or 12 = A(625)/A(525) class 0: y; < 1
elongated shape of
the nanoparticles
class 1: y, < 0.7 (spherical)

class 2: y2 > 0.7 (elongated)

3. time of the time 7 when y, class 0: 7 > 4000 s
nanoparticle becomes
formation larger than 1
class 1: 1500 s < 7 < 4000 s
class 2: 7 < 1500 s
1.8
. synthesis #10
S 1.6 —
< 7
<14y
& /
AN
0 1.2 //
< W synthesis #22
51017
= b
2 0.8
2
o 0.6 TS r—— / synthesis #2
0.2 T T T T T T T
0 500 1000 1500 2000 2500 3000 3500

Time, s

Figure 7. Time dependence of the y; descriptor for different reactions
specified in Table 1. Colors indicate three classes reported in Table 3
for 7.

synthesis with long induction period and incomplete growth
even at the last measurement. Finally, the magenta curve
(synthesis #2) indicates the reaction when the particles were
not formed or the induction period was much longer than the
observation time.

3.3. Results of the Classification. The quality of the ML
approximation was evaluated in the Leave-One-Out cross-
validation applied for the trained Extra Trees model. Good
quality of classification can be intuitively understood when
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different classes are well separated from each other. We
iterated over different combinations of two and three
descriptors of synthesis to find those providing the best
quality. Such combinations can be then interpreted as
chemically more relevant. They highlight parameters of
synthesis that affect the resulting spectra more. The best
combinations of three descriptors are reported in Table 4.

Table 4. Selected Triples of the Descriptors of Synthesis
Providing High Quality of the Classification for the Studied
Descriptors of the Spectra: ¥, x,, and 7 (See Table 3 for
Details)

combination of the descriptors of synthesis accuracy

target: y,;

CTAB, Ay, acid 0.60

CTAB, AA — CTAB,Au — AA 0.69

AA — CTAB, Au-AAAu — AA — CTAB 0.79
target: y,

CTAB, Au, Acid 0.57

AA + CTAB, Au, AwAA 0.75

Au + AA + CTAB, Au — AA ,Au — AA — CTAB 0.79
target: 7

CTAB, Auy, acid 0.70

CTAB,Au — AA + CTAB, Au — AA 0.82

AuwAA, Au — AA + CTAB Au — AA — CTAB 0.83

For all tasks, the combination of initial descriptors, [Au, AA,
CTAB] provided a lower quality than other optimal
combinations. The most frequent expression for the
descriptors of synthesis with the good prediction quality
contained the difference between Au and AA, product Au-AA,

and the difference between Au and the sum of AA + CTAB.
The addition of a nonlinear descriptor with multiplication of
Au-AA increased the accuracy by up to 80% for y,. On the
contrary, only linear combinations of Au, AA, and CTAB were
sufficient to achieve highest accuracy for y, and 7.

To achieve a lower bias of the ML model and thus its higher
predictive capabilities, we have reduced the space of the
descriptors of synthesis. Using 2 instead of 3 descriptors did
not reduce the quality of the classification for y; and . Figure 8
shows selected combinations of a couple of descriptors
providing high LOOCV quality. The values of the descriptors
along each axis in these figures were normalized prior to
classification by subtracting the mean and dividing by standard
deviation across the sample. Within linear combinations of the
descriptors, the difference Au — AA and CTAB provided the
best quality of classification. Addition of quadratic product Au-
AA improved the quality up to 80% similar to the case of three
descriptors in Table 4.

The areas of different classes for y, are more difficult to
separate in the 2d plane. This is explained by the fact that
many different shapes of particles can be formed while we try
to differentiate only the spherical and elongated ones with such
descriptor. Another complication is the coexistence of several
shapes in certain syntheses. Therefore, one descriptor of the
spectrum may result in a crude classification. However, we
achieved accuracy close to 70% as shown in Figure 8¢, which is
only 10% less compared to the classification with three
descriptors. The syntheses with the longest induction period
and mixtures without nanoparticles are grouped in the bottom
right corner of the 2d map in Figure 8d. This corner is
characterized by a lower amount of ascorbic acid as compared
to Au and also lower amount of CTAB in the reaction mixture.

X, classification. Accuracy = 0.70

X, classification. Accuracy = 0.67

2 2
2 1
[
o0
e 1
21
-2 0
-3
-4 -2 Au-AA-CTAB 2
(d) ) T classification. Accuracy = 0.80
2
1
o
Z0 1
O
-1
0

Figure 8. (a, b) Selected pairs of the descriptors of synthesis providing good accuracy for y, classification. The values of the descriptors were
normalized (subtracted mean and dividing by standard deviation) before the model training. (c) Pair of synthesis descriptors that provides good
accuracy for y, classification. (d) Selected pair of the descriptors of synthesis providing good accuracy for the 7 classification (see Table 3 for the
definition). Background colors visualize classes from Table 3. In panels a and b class 0 combines spectra with y; < 1, class 1—1 < y; < 1.5, class 2—
1 > 1.S; in panel ¢, class 0 corresponds to y; < 1, i.e. no particles formed, class 1—(y, < 0.7, spherical particles class 2—y, > 0.7, elongated
particles; in panel d, class 0 combines slow reactions with 7 > 4000 s, class 1—reactions with period 1500 s < 7 < 4000 s, class 2—fast reactions

with 7 < 1500 s.
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The interpretation of the classification results in Figure 8 is
related to the Au nanoparticle growth mechanism. In our
protocol, we varied the amounts of the three reagents while
keeping the concentrations of the acetone, Ag precursor, and
cyclohexane fixed throughout the syntheses. Figure 8a
indicates that a higher amount of CTAB along with a smaller
amount of Au compared to AA favors the pronounced SPR
maximum with large y; = A(525)/A(450) (magenta region in
the scatter plot). Ascorbic acid in the mixture of HAuCl, and
CTAB mildly reduces Au(III) to Au(I), turning the solution
colorless. The Au(I) complexes are trapped within CTAB
micelles and further reduced by the electrons and radicals
produced by radiolysis from acetone under UV irradiation.***’
When Au is in large excess compared to AA, the particles are
not formed (red region in Figure 8a) with an exception for
synthesis #21 where the amount of AA was less than Au but
much higher than in the neighbor unsuccessful synthesis #4.
This indicates that an excess of AA is not a necessary condition
for the nanoparticle formation and the initial stage of Au™
reduction may be completed if some amount of seeds were
formed in the solution and Au ions further reduce autocatalyti-
cally on the surface of the formed seeds. This is experimentally
confirmed by observation of a disproportionation reaction
between Au(0) and Au(IIl) catalyzed by seeds and catalytic
reduction of Au(I) on the surface of seeds.” Parts a and b of
Figures 8 also indicate the important role of CTAB
concentration in the formation of NPs. Zhu et al.°" note the
large role of CTAB in the formation of gold nanoparticles.
They suggest that the active species of HAuCl, interact with
the positive headgroup of CTAB aggregates, and submicellar
aggregates may be formed, which brings the reactants together
through electrostatic interactions. In this way, the reaction
takes place between ascorbic acid and solubilized CTA—AuCl,
complex into the Stern layer of CTAB micelles (Scheme 1).'

Scheme 1. Steps of Gold Ions Reduction and the Reagents
Affecting This Process

ascorbic acid acetone radicals]—l aggregation

H
) o e A TN
= M

autocatalytic reduction Ag-Au

The availability of AA to reduce Au and the amount of
CTAB, AA, and Au are important for the result of synthesis. As
follows from Figure 8c the spherical shape (green color) is
favorable for small amounts of Au + CTAB. For larger amounts
of Au + CTAB, the result depends on the amount of Au with
respect to AA + CTAB. In the excess of AA + CTAB, the
elongated shape was preferable. In excess Au, the particles did
not form (red region) or a spherical shape was preferable
(syntheses #21, #22). These results can be understood in
terms of interplay between available Ag ions, CTAB, and
radicals in the reaction mixture. For a smaller amount of Au in
the reaction mixture, the available Ag ions and CTA—Br—Ag"
complexes preferentially reduce onto higher energy surface
facets early in the reaction, leading to anisotropic
growth 36263

Finally, in Figure 8d, the reactions with excess AA compared
to Au were faster. In the region of Au > AA, the result depends
on the amount of CTAB. At low amount of CTAB (bottom
red right corner), the particles do not form, while at larger
amount of CTAB the formation was slowly completed even

with a small amount of AA that may be attributed to the
reduction capability of radicals formed under UV irradiation.**
We have performed series of syntheses increasing only AA
while keeping the Au and CTAB amounts constant (Table S2
and Figure S1 in Supporting Information). A smaller amount
of AA results in a systematically longer induction period
needed for the SPR peak formation. At too high AA
concentrations (AA/Au > 3), the fast growth of the
nanoparticles resulted in their larger dimensions. The obtained
colloidal solution at these ratios was not stable forming a black
precipitate.

One may argue the quality of classification in Figure 8 is not
ideal. Despite these figures showing the optimal combinations
of descriptors for the separation between classes, some
controversial points still exist. This holds for the area with
points #4 + #10 in Figure 8b, #4 + #21 in Figure 8a and #8,
#29 + #24, and #2 + #11 in Figure 8c. This ambiguous
classification may be attributed to the complexity of the
reaction. The latter is described by a set of (nonlinear)
differential equations that may exhibit unstable solutions. The
small variations of initial conditions may significantly affect the
outcome by varying the pathway of the reaction. Such problem
may be understood with the mechanical analogy of the 3-body
problem. If we try to predict positions and velocities of three
bodies in the space knowing their initial positions and
velocities, we would encounter a problem that for certain
starting combinations and intervals of time the movement
would be so complex that mapping a space would require too
dense sampling of points. The same holds for complex
chemical reactions. Therefore, we consider our results as a
useful guide to the areas of reaction space where a detailed
search could be performed. Increasing the size of the training
set (e.g., by using automatized synthesis systems), the search of
new descriptors may be extended to a more complex analytical
expression. Resulting descriptors with a good classification
accuracy would provide insights into general dependencies
between the parameters of the reaction.

4. PROSPECT FOR DATA-HUNGRY APPROACHES

The discussion above deals with the limited size of data sets for
ML algorithm training. The combination of the Extra Trees
approach and Leave-One-Out cross-validation is already
applicable for training sets containing several tens of entries.””
However, in this study, we did not consider the effect of silver
ions concentration and amount of acetone added, which
increases the dimensionality of the parameter space to S.
Moreover, the region of interest for a certain reaction may be
narrow and thus requires more points for sampling. While
accurate sampling of the whole reaction space is beyond the
scope of the present manuscript, we discuss a practical
methodology applicable for fine sampling.

Microfluidic systems offer a unique possibility to carry out
the reaction in a small volume. We have designed a setup to
reproduce reaction conditions for the UV-mediated synthesis
of gold nanoparticles in a flow regime. Figure 9a shows the
main components of the setup, including syringe pumps (1),
3d printed chip (2) applied for mixing and slug generation,
quartz capillary installed in front of UV lamp (3) for irradiation
and in situ UV—vis cell (5). Further details of the experimental
scheme are provided in the Supporting Information.

Each experiment in Table 1 required more thanl h to
complete. The microfluidic setup can generate independent
reaction conditions almost for each slug (see Figure 9a,
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Figure 9. (a) Microfluidic setup for high-throughput screening of the
reaction parameters: 1, syringe pumps; 2, mixer containing four inlets
for reagents and one for oil carrier; 3, UV lamp and quartz capillary
for irradiation; 4, the slugs of reaction mixture inside the tube; S,
couvette for UV—vis measurements of single slugs. (b) Selected UV—
vis spectra from the slugs after UV irradiation. (c) Values of the
absorbance ratio A(525 nm)/A(450) for the 60 reaction points
generated in a flow regime.

element 4). Thus, within 2 h, one can perform multiple
experiments sending delayed slugs with different reaction
mixtures to the capillary (element 3) for UV-irradiation. In the
experiment, the oil carrier flow was set to 8.5 mL/h and the
total flow of four reagents was 6.3 mL/h. The time between
mixing and spectrum characterization could range from 15 to

60 min. Syringe 1 contained an aqueous solution of NaAuCl,-
4H,0 (2 mM in 25 mL); syringe 2, CTAB aqueous solution
(50 mM in 25 mL, kept at 60 °C); syringe 3, L-ascorbic acid
aqueous solution (2 mM in 25 mL); and syringe 4 contained
an aqueous mixture of AgNOj; and acetone (1.08 mM and 508
mM dissolved in 50 mL of water).

The system changed the parameters in an automated way.
For a trial experiment, we have varied flows from syringes 1—3
in the range 0.15—0.735 uL/s, 0.15—0.735 uL/s, 0.03—1.2 uL/
s. Flow 4 was fixed to 0.25 uL/s. Figure 9b shows typical
spectra acquired during scanning of the relative flow speed of
the reagents. For some combinations of flows, we have
observed a plasmon peak shift toward lower wavelength, which
was not observed in batch experiments. We attribute this shift
to the formation of the AuAg alloy."Figure 9c shows the
scatterplot based on 60 UV-—vis spectra from the slugs
containing different ratios of metal salt and reducing and
capping agents. The time required to perform 60 experiments
for this map was less than 2 h compared to more than 60 h
required for 30 batch experiments in the main text.

Though we encountered several technical difficulties upon
transferring the reaction in flow (e.g., CTAB crystallization or
acetone impact on the drop generation), we find such an
approach useful for screening the experiments with long
reaction time.

5. CONCLUSIONS

Time-consuming chemical reactions are difficult to repeat
many times. Their transfer to high-throughtput microfluidic
systems may also be not straightforward. Thus, the application
of routine data-driven approaches for optimization is not
straightforward. In this work, we demonstrate how useful
insights may be obtained with machine learning already on a
small data set. The effects of gold precursor, reducing agent,
and surfactant were studied in a systematic way for UV-assisted
formation of gold nanoparticles. The experimental points in
the space of the reaction parameters were chosen via improved
Latin hypercube sampling. By varying amounts of HAuCl,
4H,0, ascorbic acid, and CTAB, we obtained spherical or
elongated nanoparticles and monitored the reaction in situ
with UV—vis spectroscopy. In total, 30 syntheses were
performed in a wide range of relative amounts of the three
reagents.

The series of resulting UV—vis spectra and their time
evolution were a subject for ML analysis. Comparatively small
amount of entries in the data set represents a challenge for
conventional data-hungry approaches. Therefore, we per-
formed dimensionality reduction and selected only informative
features of spectra (normalized intensity of the surface
plasmon resonance, asymmetry of the SPR maximum, and
time for saturation of the SPR intensity) and informative
features of synthesis. The latter were chosen iteratively from
the manifold of algebraic expressions for amounts of Au, AA,
and CTAB in the reaction using the cross-validation accuracy
as a criterion. We addressed three questions about NPs
formation and formulated them in terms of a classification
problem with three classes: if the nanoparticles were formed
during the synthesis, the spherical or elongated shape of the
nanoparticles, and the time of the nanoparticle formation. The
quality ~80% was achieved for each task using three
descriptors and slightly reduced when reducing the number
of descriptors to two. The most important descriptors of
synthesis were as follows: the difference between the amounts
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of gold and ascorbic acid Au — AA, the amount of CTAB, the
total amount of Au + CTAB, and the product Au-AA.

We believe that the descriptor-oriented approach would be
useful for complex chemical tasks where a large data set of
syntheses is difficult to obtain. For such cases, the use of simple
ML models based on Extremely Randomized Trees avoids
overfitting while preserving high approximation quality. The
smallest combination of descriptors reduces the bias of the
model and permits human-friendly visualization of the results
on the 2d and 3d scatter plots.
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