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Abstract. The experimental device for carrying out chemical reactions in charged mi-
crodroplets with the accumulation of reaction products and reactants in a liquid electrode was
developed. The fundamental possibility of electrospraying a liquid onto the surface of a polar
liquid (using acetonitrile as an example) in the modes of both positively and negatively charged
microdroplets generation has been shown. In the mode of positively charged microdroplets
generation, acidified acetonitrile was used as a sprayed solution; in the mode of negatively
charged microdroplets generation, pure acetonitrile was used. In both cases, a stable electros-
pray mode was obtained over a wide range of the spraying voltage U (from 2.2 kV to 5 kV), the
distance from the spraying capillary to the surface of the liquid electrode L (from 3 mm to 23
mm) and the sprayed solution feed rate Q (from 25 pl/min to 200 pl/min). It was shown on the
example of the reaction of phenylhydrazine with anisic aldehyde that the products of reactions
occurring in charged microdroplets, as well as the reactants, accumulate in the volume of the
liquid electrode.
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AnHoTaumusa. Pa3paboTtaHo 3KCIepUMEHTAIBHOE YCTPONCTBO IJISI TIPOBEASHUST XUMUUECKUX
peakiii B 3apsKEHHBIX MUKPOKAIUISIX C BO3MOXHOCTBIO HAKOIUJIEHUSI MPOAYKTOB peaKlINU
Y pearnpyrolurx BEIIEeCTB B XUAKOM aiyiekTpone. [TokazaHa mpUHIMMUATBHAS BO3MOXHOCTh
3JIEKTPOPACTIbUIEHUSI KMIKOCTH Ha TIOBEPXHOCTh TMOJIIPHOW KUAKOCTU (HAa TpuMepe
alleTOHUTPUJIA) B peKUMaxX reHepaluy KakK MOJIOKUTETbHO, TaK U OTPUIIATEIbHO 3apsiKEHHBIX
MUKpoKaneib. B pexxume reHepanuu moJOXKUTEIbHO 3apPSOKeHHBIX MUKPOKAIelb B KaueCTBE
pacmblUIIEeMOro pacTBOpa MCMOJb30BAIU MOAKUCIEHHBIN alleTOHUTPWI; B PeXXUME TreHepaluuu
OTPULIATE]IPHO 3aPSDKEHHBIX MUKPOKAMe b WCIOJIb30BAM YMCTBIM aneToHUTpuwi. B obonx
caydasix ObUT TIOJIYY€H CTAaOWJIBHBIA DPEXMM 3JIEKTPOPACIBIIEHUSI B IIIUPOKOM JUana3oHe
HanpskeHus pacrnbiuieHus U (ot 2,2 kB 10 5 kB), paccTosiHUS OT Kanwuisipa paclbUIEHUS 10
TMOBEPXHOCTU KUAKOTO 3eKTpoaa L (oT 3 MM 1o 23 MM) 1 CKOPOCTH TIOaYl PACITBIISIEMOTO
pactBopa Q (ot 25 mxi/mun go 200 mxn/mun). Ha nmpumepe peakuuu cdheHUITUIpasnHa
C aHHCOBBIM aJbAECTUAOM OBbUIO TIOKA3aHO, YTO MPOAYKTHl peaKlMii, MPOTEeKaIIUX B
3apsKEHHBIX MUKPOKAIUISIX, U UCXOAHbIE pearupyloliye BellleCTBa HaKaruiMBalTCsl B 00bemMe
SKHMIIKOTO 3JIEKTPOJA.
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Introduction

To date, a new direction in chemistry known as microdroplet chemistry which involves carrying
out chemical reactions in micro- and nanodroplets generated by various methods, has been formed
and is actively developing [1]. One of the most promising approaches to this synthesis method
is to carry out chemical reactions in micro- and nanodroplets of an electrospray torch. In the
course of mass spectrometric experiments, it was found that both simple and complex multi-stage
chemical reactions can take place in micro- and nanodroplets of an electrospray torch, sometimes
with a significant acceleration compared to their occurrence in the bulk phase [2]. Reactants and
products of chemical reactions are collected using solid absorbers in most studies devoted to the
study of chemical reactions in charged microdroplets of an electrospray torch. This approach
requires a subsequent procedure for extracting the accumulated reactants and reaction products
by washing the sample collector with an extractant, which is not convenient and increases time
costs. A much more suitable option is the accumulation of chemical reaction products and
reacting substances in a liquid sample collector. This approach will greatly simplify the further
use of the accumulated reaction products for analytical and preparative purposes. In addition,
the use of a suitable liquid in the liquid electrode will make it possible to realize the multiple-
repeated electrospraying of reaction mixtures in a continuous mode, which in some cases should
increase the yield of the reaction product. Thus, the objectives of this work were: 1) to study the
fundamental possibility of electrospraying to the surface of a liquid, 2) to study the possibility of
collection of reacting substances and reaction products in the volume of a liquid electrode.

Equipment and methods of HPLC-MS analysis

HPLC-MS analysis of the obtained samples was performed using a Nexera HPLC system
(Shimadzu, Japan) equipped with a DGU-20A degasser, two LC-30AD chromatographic pumps,
an SPD-M20A diode array detector, an LC-30AC autosampler, a CTO-20A thermostat. HPLC
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system was connected with a high-resolution mass spectrometer Orbitrap QExactive Plus (Thermo
Scientific, USA) with a mass analyzer based on an orbital ion trap. Chromatographic separation
was carried out on a Nucleodur PFP column (2x150 mm, 1.8 um, Macherey-Nagel, Germany)
in the gradient elution mode. Acetonitrile grade 0 (A) and water (B) with the addition of formic
acid (0.1%) were used as the mobile phase. The gradient elution was set as follows: 0—1 min
20% A, then a linear gradient from 20% to 100% A from 1 to 17 minutes, keeping at 100% A
from 17 to 18 minutes, then returning to the original ratios (20% A) for 1 minute and hold for
2 minutes at 20% A. The flow rate was set at 0.45 ml/min. The total analysis time was 21 minutes.
The column temperature control was carried out at 40 °C. The sample injection volume was
5 pl. Ultrapure water (Type I) was used in all experiments, obtained using the Milli-Q system
(Millipore, France). The high-resolution mass spectrometer system operated in the mode of
detecting positively charged ions during electrospray ionization. The optimal parameters of the
ion source, which ensured the maximum intensity of the mass spectra of the analytes, were used
during ionization.

Experimental device

Previously, we made an experimental device [3] for studying the course of chemical reactions
in micro- and nanodroplets of an electrospray torch. It used a solid absorber of reaction products,
which greatly complicates their further use for preparative or analytical purposes. In this work,
a modified version of the device was used. Its scheme is shown in Fig. 1. In the modernized
device for collecting reaction products, a liquid electrode (LE) was proposed and implemented.
The sample collector of the reaction products is a cylindrical glass cell (1) with an internal
diameter of 45 mm and a height of 29.5 mm, on the bottom of which is placed a metal tantalum
or copper plate, completely covering the bottom of the cell, with an electrical output, which
has the Earth's potential. The cuvette is placed in a fluoroplastic cup (2) and filled with the test
liquid, i.e. element (1) is actually a LE. The spray unit of the experimental device (5) consists
of a spray capillary (1) made of stainless steel and having an inner diameter of 0.4 mm; walls
of the main air duct (2) and capillary for gas supply (3), made of stainless steel and having an
inner diameter of 0.6 mm (see Fig. 2). Electrospraying is carried out as follows: using a syringe
pump (4), the solution is fed through the inlet capillary to the spray unit (5). From the end of the
inner needle, the solution is electrosprayed onto the surface of the liquid electrode. The power
supply (7) supplies voltage to the spray unit (6). The spraying current (on the needle) is measured
with digital multimeter Ne 1 (8), and the current on the liquid in the sample collector is measured
with multimeter Ne 2 (9). Changing the polarity of the voltage (Earth potential on the spray
capillary, spray potential on the metal plate) makes it possible to create both positively charged
and negatively charged microdroolets.

6 9

Fig. 1. 1 — glass cuvette, 2 — fluoroplastic cup, 3 — gas supply device, 4 — syringe dispenser, 5 —
spray unit, 6 — metal plate, 7 — high-voltage power supply, §— digital multimeter Ne 7/, 9 — digital
multimeter Ne 2
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3 2

1
Fig. 2. 1 — spray capillary, 2 — main duct wall, 3 — capillary for gas supply

Investigation of the possibility of electrospraying to the surface of a liquid

The possibility of obtaining a stable mode of electrospraying to a liquid electrode was studied
using an experimental device. For this purpose, the dependences of the electrospray current
on the spraying voltage U, the distance from the spraying capillary to the surface of the liquid
electrode L, and the sprayed solution feed rate Q were determined. Acetonitrile with a volume
of 40 ml was used as a liquid electrode. The experiments were carried out both in the mode of
positively charged microdroplets generation and in the mode of negatively charged microdroplets
generation. The presence/absence of electrospraying was detected visually and with a multimeter
(according to the stability of the spray current). Acidified acetonitrile was used as a spray solution
in the mode of positively charged microdroplets generation. Pure acetonitrile was used in the
mode of negatively charged microdroplets generation. Electrospraying was carried out without
using a spray gas flow. In both cases, a stable electrospray mode was obtained. The ranges of
the electrospraying potential difference, which provide a stable electrospray mode, are presented
in tables 1 and 2. It should be noted that the current on the liquid electrode was equal to the
electrospray current both in the mode of generating positively charged microdroplets and in the
mode of generating negatively charged microdroplets in all experiments.

Investigation of the possibility of collecting reacting substances and
products of chemical reactions occurring in charged microdroplets of
an electrospray torch in the volume of a liquid electrode
The possibility of reaction products accumulation occurring in charged microdroplets of an
electrospray torch in the volume of a liquid electrode was studied using the example of the

Table 1

Voltage ranges (in kV) that provide a stable electrospray mode for different flow rates of
the sprayed solution and different distances between the spray capillary and the surface
of the liquid electrode, in the mode of generating positively charged microdroplets

Sprayed solution Distance from spray electrode to liquid electrode L, mm
feed rate O, ul/min 3 8 13 18 23
3,1 (10)— 3,8(15) — 4,2(18) — 4,7(12) —
25 23(13)-4 Q10| g ((10)6) 5((123)) 5%95; 5%293
50 2,5(17) - 3,3(22) - 3,7(14) - 4,4(11) -
4,9(360) 49(171) 4,9(120) 5(56)
7 2,717 — | 3.4(14)— | 3.8(11)— | 4,4(14)—
No measurements| 4,9(360) 4,9(174) 4,9(110) 5(78)
100 taken 2928)— | 3,6(19)— | 42(19- | 4521)-
5(276) 5(168) 5(95) 5(52)
200 2,720)— | 33(12)— | 3,9(16)— | 44(12)-
4,5(453) | 4,9(229) | 4,9(124) 5(72)

The current values in nA corresponding to the specified voltage are given in brackets.
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Table 2
Voltage ranges (in kV) that provide a stable electrospray mode for different flow rates
of the sprayed solution and different distances between the spray capillary and the
surface of the LE, in the mode of generating negatively charged microdroplets

Sprayed solution Distance from spray electrode to liquid electrode L, mm
feed rate O, pl/min 3 8 13 18 23
2,8(123)—| 3,6(23)— | 43(19)— [4,8(18)—
3,9(186) | 5(204) 4,9 (90) 5 (30)
3,1 (16)—| 3,7(26)— | 42(16)— |4,6 (11)—

25 2,2 (17)-2,9 (253)

>0 3,9(193) | 5(180) 5(101) 5(26)
2,7 (1) - | 3,5(13)— | 42(18)— | 4,9 (12)—
» No mizi‘;fments 4273) | 5(168) | 5(90) | 5(23)
Electrospraying is
100 3.6(70)— | 4,1(43) - absent in the voltage

5(455) | 5(201)

range from 0 to 5 kV

The current values in nA corresponding to the specified voltage are given in brackets.

condensation reaction of phenylhydrazine with anisic aldehyde with the formation of anisaldehyde
phenylhydrazone. For this, a reaction mixture was prepared. The mixture was a solution of 10 pl
phenylhydrazine and 10 pl anisaldehyde in 5 ml of a 0.1% acetic acid in methanol solution.
Immediately after preparation, a 200 pl aliquot of the reaction mixture was sprayed onto the
liquid electrode (40 ml methanol) for 2 minutes. The electrospraying of the freshly prepared
reaction mixture was carried out in the mode of positively charged microdroplets generation. Q
was 100 ul/min and U was 4.2 kV. The distance between the spray capillary and the surface of
the liquid electrode L was 8 mm. A HPLC-MS analysis of the LE composition was performed
immediately after electrospraying. The initial reaction mixture was kept at room temperature for
3 hours and was also subjected to HPLC-MS analysis (initial reaction mixture was preliminarily
diluted 200 times with methanol). The main expected reaction product is anisaldehyde
phenylhydrazone. Chromatograms for total ion current, as well as extracted chromatograms for
exact masses, obtained as a result of HPLC-MS analysis, are shown in Fig. 3 and 4. In all
figures, 1 is chromatogram for total ion current, 2 is extracted chromatogram for exact mass for
the ion m/z 94.0652 (protonated aniline molecule); 3 is extracted chromatogram by exact mass

i L 2
: fr=0.99 J\rx—&zﬁ

S ;

fo=g.26 -
n 1r=5.22 1r=8.27 4
f\m:a.gz +
: o

J\-IR=8.26 6

Fig. 3. Chromatograms obtained as a result of the initial reaction mixture HPLC-MS analysis
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Fig. 4. Chromatograms obtained as a result of the LE HPLC-MS analysis after electrospraying the
reaction mixture on it in the mode of positively charged microdroplets generation

for an ion with m/z 119.0607 (protonated 1H-indazole molecule); 4 is extracted chromatogram
by exact mass for an ion with m/z 137.0603 (protonated anisaldehyde molecule); 5 is extracted
chromatogram by exact mass for an ion with m/z 109.0764 (protonated phenylhydrazine molecule);
6 is extracted exact mass chromatogram for an ion with m/z 227.1181 (a protonated anisaldehyde
phenylhydrazone molecule).

As can be seen from the obtained chromatograms, both the reactants phenylhydrazine
(7,= 0.92 min) and anisic aldehyde (7,= 5.21 min) and the product of their reaction phenylhydrazone
anisic aldehyde (7, = 8.28 min) are accumulated in the volume of liquid electrode. The presence
of chromatographic peaks with a retention time 7, = 8.28 min on the extracted chromatograms by
exact mass for ions different from the ion with m/z 109.0764 allows us to conclude that chemical
reactions occur in the ion source of the mass spectrometer with the participation of anisaldehyde
phenylhydrazone, contained in the analyzed samples. As a result of these reactions, anisaldehyde
(an ion with m/z 137.0603 is protonated anisaldehyde molecule), aniline (an ion with m/z
94.0652 — protonated aniline molecule) and, presumably, 1H-indazole (an ion with m/z 119.0607
is protonated 1H-indazole molecule) are formed.

Conclusion

The experimental device for carrying out chemical reactions in charged microdroplets with
the accumulation of reaction products and reactants in a liquid electrode was developed. In the
course of the studies carried out, the fundamental possibility of electrospraying a liquid onto the
surface of a polar liquid (using acetonitrile as an example) in the modes of both positively and
negatively charged microdroplets generation has been shown. In the mode of positively charged
microdroplets generation, acidified acetonitrile was used as a sprayed solution; in the mode of
negatively charged microdroplets generation, pure acetonitrile was used. In both cases, a stable
electrospray mode was obtained over a wide range of U (from 2.2 kV to 5 kV), L (from 3 mm
to 23 mm) and Q (from 25 pl/min to 200 pl/min). It was shown on the example of the reaction
of phenylhydrazine with anisic aldehyde that the products of reactions occurring in charged
microdroplets, as well as the reactants, accumulate in the volume of the liquid electrode.
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