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Formation of humic substances in the reaction
of D-glucose with p-toluidine in anhydrous ethanol
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Abstract: The aim of the study was to investigate the processes of formation and structural group composi-
tion of the products formed during the reaction of D-glucose with p-toluidine in anhydrous ethanol using elec-
tronic and vibrational spectroscopy methods. The evolution of the profiles of the electronic spectra of working
solutions shows the formation of a chromophore system: clear peaks at 380 and 440 nm are already present
at a reaction time of 60 min. The appearance of an additional maximum at 520 nm (90, 120 min) likely corre-
sponds to the formation of chromophores in condensed structures, as confirmed by a decrease in the values
of the E/E¢ indices over time. The dynamics of the transformation of structural elements is also clearly seen
in the analysis of IR spectra: as the reactions proceed, the CH aliphatic component of the structure decreas-
es, while the aromatisation and functionalisation of products by chromophore groups increases. For products
obtained between 90 and 120 min, a clear band at 1656 cm’’, attributed to stretching vibrations of multiple
bonds in conjugated C=C—C=0 systems and azomethine fragments, indicates the of condensation reactions.
In the spectra of insoluble solid products fractionated by water, the intensity of the bands at 1656 and
1190 cm™ is significantly reduced; this is possibly due to the transfer of some of the coloured low molecular
weight products to the aqueous phase. A comparison of the IR Fourier transform spectra of the final solid
products with the spectra of natural and synthetic humic-like substances indicates their similar structural
group composition. The intensity of the bands at 1620, 1508 and 815 cm’ indicates a significant contribution
of the aromatic component to the structure of the products of water-insoluble fractions; the water-soluble
fractions mainly include aliphatic oxygen-containing structures resulting from the oxidative destruction of the
initial carbohydrate. The synthesised products seem promising as convenient plant growth regulators with
controlled release of the active substance.
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Ob6pa3oBaHne ryMMHONOAOOHbLIX BELWECTB B peaKkLumnm
D-rnoKo3bl ¢ n-TonynauHom B 6e3B0AHOM 3TaHOse

WU.C. YepenaHos, IN.C. KprokoBa
YAMYPTCKUIA rocyaapCTBeHHbIW YHUBepCUuTET, I. UxeBck, Poccuinickaa depepaums

Pesrome: Llernbio uccredosaHusi A6Ms/10Cb U3yHeHue npouyeccos obpasosaHusi U CMpPyKMmypHO-2pynnogo2o
cocmasa npodykmoes e3aumodeticmeusi D-aoko3bl ¢ n-monyuduHom 8 cpede 6e3800H020 amaHona Memo-
Oamu ar1ekmpoHHoU u KoriebameribHOU criekmpocKonuu. Jeonrouus npoguneli 3neKmpoHHbIX CrEKmMpos
paboyux pacmeopos roKasbieaem hopmuposaHue XpPoMOgOpHOU cucmembl: Yyemkue nuku npu 380 u
440 Hm peaucmpupytomcs yxe rpu npodomkumensHocmu peakuyuu 60 muH. NosieneHue 0ononHUMensHo2o0
makcumyma rnipu 520 Hm (90, 120 MuUH), 8eposimHO, omeedyaem 0bpa3oeaHu XpoOMOgOopo8 KOHOEHCUPOB8aH-
HbIX cmpykmyp, 4ymo nodmeepxdaemcsi yMeHbWweHuUeM 3HadyeHul uHoekcos E/Es co spemeHem. [JuHamuka
mpaHcgopmMayuu  CMpPyKmMypHbIX 3/1eMeHMO8 makxXe om4yemrueo [rpocrexueaemcs [pu aHanuse
UK-cnekmpos: no mepe npomekaHusi peakyuli CH-anugamudeckass cocmaernsiiowasi CmpyKkmypbl YMeHb-
waemcs, rpu 3MmMoM yeesnu4ueaemcsi apoMamusayusi U yHKUUOHanu3ayusi rnpooyKmos XpoMOghOPHbIMU
epynnamu. [ns npodykmos, nony4YyeHHbix 8 medeHue 90 u 120 MUuH mepmocmamupo8aHusi, 8 CrieKkmpax
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gukcupyemcs yemkasi riosioca rpu 1656 cm”’, omHocumas Kk eaneHmHbIM KonebaHusiM KpamHbiX ces3ell 8
conpsikeHHbIx cucmemax C=C—C=0 u azoMemuHo8bix chpasMeHmax, Ymo yKasbleaem Ha rpomekKaHue pe-
akyul koHOeHcayuu. B cnekmpax gppakyUuoHuposaHHbIX 8000l HepacmeopumMbix meepdbix npodyKmoe UH-
meHcusHocmb nonoc npu 1656 u 1190 cm™ CYyW,eCmeeHHO CHUXaemcs, 803MOXHO, 3a c4em rnepexoda 4Ya-
CMU OKpalWEeHHbIX HU3KOMOSEKYNspHbIX npodykmoe 6 600Hyr ¢a3y. CoriocmaeneHue xapakmepa
UK-®ypbe-criekmpoe KOHeYHbIX meepdbix MpodyKkmoe co criekmpamu rpupodHbIX U CUHMEMUYECKUX ayMu-
HOMOOObHbIX 8eujecms rokasbigaem Ux CX0OHbIU CMPyKMypHO-2pynnoeol cocmas. MHmeHcueHoCmb Mosoc
npu 1620, 1508 u 815 cm”’ ceudemerbcmeyem O CywecmeeHHOM 8Kriade apomMamu4yeckol cocmasernsrouwel
8 cmpykmypy npodyKmos 8000HepacmeopuMbIx ¢hpakyuli, rnpu 3mom 8 cocmas 8000pacmeopuMbix ¢hpak-
yul 8xo0sim 8 OCHOBHOM asnughamuydeckue Kucropodcodepxxawue cmpykmypbl, obpa3yowuecss 8 pe3syrib-
mame oKucrumesbHoOU OecmpyKUuuu UCXo0Ho20 yenesoda. CuHmesuposaHHble npodykmbl npedcmaerisi-
romcsi nepcrnekmueHbIMU 8 Kadecmee OO0CMYrHbIX Peayrisimopo8 pocma pacmeHull ¢ KOHMPOUpyembim
8biferieHUeM akmusHoO20 seljecmeaa.

Knroyeenlte cnoea: D-z2mroko3a, n-monyuduH, 2yMuHo80rnodobHble sewjecmesa, 3maHobHbie Cpeldbl, CreK-
mpockonus

Ungpopmayus o cmamee: [Jama nocmynneHusi 22 Hosibps 2019 a.; dama npuHsamusi K nedamu 29 mas
2020 e.; dama oHnauH-pasmeweHus 30 urwHs. 2020 e.

Ans yumuposarus: YepenaHos U.C., Kpiokosa I1.C. ObpasoBaHne rymnHONO4OOHbIX BELECTB B peakuunu
D-rnioko3bl ¢ n-tonyuavHoMm B 6e3BogHOM aTaHone. M3gecmus ay3os. lNpuknadHas xumusi u 6UOMeEXHOsO-

aus. 2020. T. 10. N 2. C. 188-195. https://doi.org/10.21285/2227-2925-2020-10-2-188-195

INTRODUCTION

Synthetic analogues of natural compounds
are important products of modern chemistry and
chemical technology. One of the most accessible
and widely studied are humic acids and humic
substances, whose synthetic structural reproduc-
tion became possible in the middle of the 20th
century [1, 2]. The interest in synthetic analogues
of humic substances is driven by the need to ob-
tain preparations that have valuable properties
[3, 4]. Thanks to the established and proven prac-
tically-significant properties of humic substances,
various methods for their preparation, as well as
the relationship between their structure and pro-
perties are currently being intensively studied. To
date, both chemical [3, 4] and biochemical [5]
methods for producing synthetic analogues of
humins have been developed. Humic substances
are known to display a wide range of known prop-
erties (antioxidant, antiviral, surface-active), and
can be used as plant growth regulators [3, 5].
These factors, as well as new works in the field of
developed surface materials and nanostructures
[6, 7] suggest the potential for further develop-
ments in the search for new reaction systems for
synthesis. Particular attention in this case is given
to systems based on simple carbohydrates [3, 6,
7], presenting themselves as reactive and availa-
ble substrates. Notably, synthetic humins based
on monosaccharides were obtained under condi-
tions of acid catalysis, the structure of which is
represented by furan or furanic-aliphatic polymers
[3, 4], distinguishing them from natural humic sub-
stances. The introduction of an active component
of aromatic nature into the reaction system opens
up additional possibilities for the synthesis of the
target products [7], in which the solvent effect
plays an important role. The solubility of carbohy-

drates in ethanol-water solutions decreases signi-
ficantly with an increase in the proportion of alco-
hol, which can shift the amino-carbonyl interac-
tions in such systems into the partially heteroge-
neous category. In this case, process dynamics,
which are determined by the desorption rate of
products from the surface of the carbohydrate, for
the most part do not depend on the nucleophilicity
of the amine [8], expanding the possibilities of the
classical Maillard reaction with the participation of
aromatic amines [9]. In connection with the stated
purpose of the present study, processes of for-
mation and structural group composition of the
products of the interaction of D-glucose with
p-toluidine in anhydrous ethanol were examined.

EXPERIMENTAL

The synthesis of the target products was car-
ried out in anhydrous (99.9 %) ethanol ("Merck")
in the system D-glucose — p-toluidine of equimolar
composition (0.002 mol) and heated in a three-
necked flask with water heating and reflux at a
thermostat temperature of 70 °C for a predeter-
mined time. The absorption spectra of diluted
samples selected during the processes (0.1 ml in
5 ml of solvent) were recorded in quartz cuvettes
(/ = 1 cm) on an SF-2000 spectrophotometer
(OKB SPECTR, St. Petersburg, Russia) at a
wavelength range of 300-700 nm with a step of
5 nm. At the end of the measurement processes,
the solvent was removed and the products, pre-
senting themselves as black-brown substances,
were washed with anhydrous ether and dried.
Some of the products were fractionated with wa-
ter. IR Fourier spectra of solid products were re-
corded in the transmission format in KBr pellets
(1:250) on an FSM 2201 IR Fourier transform
spectrometer (Infraspek LLC, St. Petersburg,
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Russia) in the wavelength range of 500-4000 cm’”
having a spectral resolution of 4 cm™ with
40 scans. The initial spectra were processed in
the FSpec and PeakFit software programs. The
second derivative spectra were obtained as a re-
sult of numerical differentiation using smoothing
by a fourth-order polynomial in windows up to
15 points. No fewer than three experiments were
carried out.

RESULTS AND DISCUSSION

The direct determination of the structure of
humic substances is greatly complicated by the
compositional heterofunctionality and large num-
ber of combinations of structural units [10, 11]. In
this case, IR spectroscopy, being a non-
destructive method, provides fairly complete in-
formation about the set of basic atomic groups, as
well as their mutual structural combination [12].
The dynamics of the transformation of structural
elements can be clearly seen in the frequency
analysis (Fig. 1):

— as the target processes proceed, a clear
peak appears at 1190 cm” (Vc.oc * Ve.on [13]),
whose intensity increases with time;

— for products obtained at 90 and 120 min in-
cubation, a fixed band at 1656 cm™ is attributable
to the stretching vibrations of multiple bonds in
conjugated system C=C-C=0, indicating the con-
densation reaction [2].

Fractionation of final solid products with wa-
ter allows the water-insoluble fractions to be iso-
lated in the form of brown powders, in the spectra
of which the main bands remain unchanged in

time (Fig. 2, spectra 1, 2), while the band intensi-
ties at 1656 and 1190 cm™' decline. The latter may
indicate the transition of some of the soluble co-
loured products to the aqueous phase, which, ac-
cording to the authors of the publication [13], cor-
relates with an increase in the band in the region
of 1660 cm™ and a decrease in the colour intensity
of water-soluble fractions.

The nature of the vibrational spectra is a fair-
ly reliable criterion for assigning the structure of
products to a certain group of natural substances
[2, 3, 5]. The assignment of the main bands in the
IR Fourier transform spectra of solid products iso-
lated from reaction systems shows the following
structural group composition (see Fig. 2):
1720 cm™" (Ve-o, shoulder), 1190, 1215, 1270 cm’'
(Vcar-oHs Ve-on, Ve.oc), 3400-3200 cm E (Vo-H, N-H),
aromatic system: 1508, 1580, 1622 cM™' (Vcc),
815 cM” (Y=cn), 3030 cm™ (v—c.n), as well as the
limiting aliphatic constituent: 1000—-1100 cm’” (Vco
+ Bco + Voo + Vi), 2855, 2922, 2950 cm’™ (vVo.p).
The presence of intense bands at 1508 and
815 cm™, as well as signals at 3030 cm indicates
the contribution of the uncondensed aromatic
component characteristic of natural humic sub-
stances in the structure of products [10], which
distinguishes them from previously synthesised
carbonisation products [9]. Similar bands of corre-
sponding intensity were observed by other au-
thors in the IR spectra of natural and synthetic
humic-like substances [1-8, 11, 14], indicating
their structural similarity with the products we iso-
lated.

Transmittance, %

T
3500 3000 2500

Wavenumbers, cm

T T
2000 1500 1000 500

-1

Fig. 1. IR-Fourier transform spectra of solid products isolated from reaction systems
with different temperature control durations, min: 1- 60; 2— 90; 3— 120

Puc. 1. UK-®ypbe cnekmpbi meepdbix NpodyKkmoe, ebidesieHHbIX U3 peakyUOHHbIX cucmem
npu pa3nuy4Holi NPoAo/mKUMesIbHOCMU MepMOCmMamupo8aHuUsl, MUH:
1-60; 2—90; 3— 120
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Fig. 2. IR-Fourier transform spectra of solid water-insoluble products isolated from reaction
systems at different durations of temperature control, min:
1-60; 2- 120; 3 — product of water-soluble fraction (120 min)

Puc. 2. UK-®ypbe cnekmpbi meepdbix 6000HEPacmeopuMbIX MPodyKmos, 8bi0esIeHHbIX
U3 peaKUUOHHbIX cUCMeM fpu pas3fu4yHol npodosnKumesIbHOCMu mepmMocmamupo8aHusi, MUH:
1-60; 2—- 120; 3 — npodykm eodopacmeopumoli ppakyuu (120 MuH)

The electronic absorption spectra of the
working solutions under the accepted experi-
mental conditions are shown in Fig. 3. When ana-
lysing the nature of the profiles of their spectra,
absorption in the entire wavelength range and
increased optical density values are noted; this
was not previously observed when using dried
alcohol (98 %) as a solvent in the reaction of
D-glucose with p-toluidine [9]. In addition, visual
observations show the presence of an insoluble

25

=]

part of the carbohydrate that passes into the solu-
tion only at the end of the measurements.

The evolution of the profiles of the electronic
spectra of working solutions shows the formation
of a chromophore system: clear peaks at 380 and
440 nm are already present at a reaction time
of 60 min. The appearance of an additional maxi-
mum at 520 nm (90, 120 min) probably cor-
responds to the formation of chromophores of
condensed structures. Similar spectra are charac-

«erene B0 MiN (4,7)

A, nm
— 20 MiN (9,2)

=== GO Min {3,0)

- — 420 min {4,2)

Fig. 3. Absorption spectra of process solutions and condensed products
(values of E4/Eg indices are in brackets)

Puc. 3. Cnekmpbl nozsouweHuUst paboyux pacmeopoe rnpu pasnuyHol npodosmKumesisHOCMU MepMocmamupo8aHust
(e ckobkax yka3aHbl 3Ha4YeHuUs1 uHoekcoe E4/Eg)

XUMUYECKUE HAYKWU /| CHEMICAL SCIENCES 191



Cherepanov I.S., Kryukova P.S. Formation of humic substances in the reaction ...
YepenaHoe U.C., Kprokoea I1.C. O6pa3zoeaHue 2yMuHo80Mo0o6HbLIX seujecme e peakyuu ...

0,006 -

0,004

0.002+

0.000 ~

Second derivative

-0.002

T
1700

Wavenumbers, cm”

T
1650

T
1600 1650

1

Fig. 4. IR-Fourier transform spectra second derivative of solid water-soluble product

Puc. 4. Bmopas npou3eodHasi UK-®Pypbe cnekmpa meepdozo npodykma eodopacmeopumoll hpakyuu

teristic of melectron systems of aromatic phenolic
and quinoid structures [4], which is consistent with
the vibrational spectroscopy data analysed above.
A comparison of the indices E,/E; calculated from
the absorption values at A = 465 and 650 nm
[5, 10] confirms this conclusion: the particularly
sharp decrease in the index values from 60 to
90 min of temperature control indicates the for-
mation of condensed conjugate and aromatic
structures or intermolecular donor-acceptor com-
plexes with charge transfer [10].

The decrease in the optical density of the so-
lutions with a thermostating time of 120 min is
probably caused by the precipitation of some
products due to an increase in molecular weight
and a decrease in solubility in the reaction medi-
um. Thus, the chromophore system of the final
products, which includes three absorption maxima
(380, 440 and 520 nm), begins to form by 60 min:
this is represented by a combination of the aro-
matic component of the structure with oxygen-
and nitrogen-containing functional groups.

Removing the solvent from the water-soluble
fraction allows a yellow solid residue to be isola-
ted whose IR-Fourier transform spectrum differs
from the spectra of the products of water-insoluble
fractions (see Fig. 2, spectrum 3). In particular, the
intensity of the “aromatic” bands of 815 and
1508 cm™ is significantly reduced; the clear peak
appearing at 1404 cm™ probably corresponds to
the vibrations of C(O)OH, OH, and CH [2, 3, 10].
Signals at 1656 and 1190 cm™ are not clearly rec-
orded due to merging with wide bands with maxi-
ma at 1625 and 1137 cm’". Twice-repeated differ-
entiation of the IR-Fourier transform spectrum
band in the interval 1800-1550 cm™ allows the
peak to be divided at 1625 cm™ into several bands
(Fig. 4), the most intense of which are at 1620 and
1705 cm ' (Veec + Vo-o). Less intense bands
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(1584, 1645, 1670, 1720 cm™) can also be at-
tributed to functionalised oxygen fragments [15].

It can be assumed that the composition of
water-soluble fractions consists mainly of aliphatic
oxygen-containing structures formed as a result of
oxidative degradation of the initial carbohydrate
[14, 16, 17]; some of the bonds can be hydrolyti-
cally cleaved during fractionation [13].

The synthesised products have a number of
important properties that are practically significant
for their use as plant growth stimulants; in particu-
lar, the aromatic component. The authors of [12]
showed that the growth-regulating activity of hu-
mic substances corresponds to an increase in
their aromaticity. Other publications report the ef-
fectiveness of Schiff's aromatic bases on the yield
of a number of agricultural crops [18, 19]. There
has been growing interest in systems that are sta-
ble under natural conditions with controlled re-
lease of active substances [20]. For this reason,
we are currently conducting studies to investigate
the dynamics of fractionation of synthesised pro-
ducts, as well as vegetative experiments on test
cultures in the Udmurt Republic.

Further studies are planned in the direction of
studying the nature of the action of synthesised
products on individual phases of plant develop-
ment, as well as studies of their ecotoxicity and
biodegradability. In the future, we also plan to de-
velop a technological scheme that allows the pro-
cess of synthesising growth regulators to be
scaled up for industrial production.

CONCLUSIONS

Electronic and vibrational spectroscopy
methods were used to study the formational and
structural dynamics of products in the reaction of
D-glucose with p-toluidine in anhydrous ethanol.
The implementation of amino-carbonyl reactions
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of carbohydrates in non-aqueous alcoholic solu-
tions can result in their significant intensification,
allowing the procural of fractionated products
structurally similar to substances of the humic
class. The combination of the aromatic compo-
nent of the structure with hydrolytically labile oxy-

gen- and nitrogen-containing functional groups
determines the biological activity during the grow-
ing season, which determines the prospect of us-
ing the synthesised products as available plant
growth regulators with controlled release of the
active substance.
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