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Abstract

The continuous rise in atmospheric carbon dioxide CO, concentrations and the
resulting greenhouse effect represent critical challenges for modern science. Adhering
to the principles of green chemistry, this study investigates the efficiency of CO,
capture in environmentally benign systems using aqueous solutions of various natural
amino acid potassium salts, as well as hybrid mixtures comprising individual organic
amines and inorganic bases. Methylamine (MA), diethylamine (DEA), ethylenediamine
(EDA), and piperazine (PZ) were utilised both as pure single-component absorbents
and as organic promoters in structural matrices, while potassium hydroxide (KOH)
served as the inorganic base to modulate alkalinity. Dynamic monitoring of the
absorption process, structural relationship determination, and quantitative calculation
of the resulting chemical species (carbamates, bicarbonates/carbonates) in solution
were performed using high-field quantitative 1H and "*C NMR spectroscopy, pH-
metry, and digital polarimetry.

A remarkable synergism was observed in the amino acid/piperazine and amino
acid/ethylenediamine hybrid systems, with total carbon dioxide absorption efficiency
exceeding 90%. Furthermore, the screening of individual pure amines and the
evaluation of varying light conditions (complete darkness versus intense artificial
illumination) on quaternized mono- and diamine systems illuminated the underlying
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mechanisms of carbamate formation, opening new pathways for the development
of photo-controlled carbon capture and utilising captured CO, as a functional CI
synthon for pharmaceutical development.

Keywords and phrases: Carbon dioxide, Amino acid salts, Organic amines,
Hybrid matrices, NMR spectroscopy, Carbamates, Photo-controlled desorption.

UUbhviE (-4 Ushv/UUhuvli8hy LPRAMPRESPLY CLUWLUNGGMR
CO,-b RUNLNGPUNGU TLISUELE NPUUTTL B4,
SNARLUSPNVUELUSU UL HNMoL LU LEMRT

Urebve AUMNRE3NRL3EL

£ SUU Ghunwlppwlwu dhowqquyhtu YEuwnpnt,
“Pinugnpéwljut phuhuyh wdphnuh Junphs,
phuhwljwtu ghunnipynuutiph phljuwsont
arpine.harutyunyan@isec.am

tvuld ANdLdvuvhUsty
Opgquuwuu b nknugnpswuu phuhwh ghnwwmbiuuninghwujuu jhunpny,
«bnuwyhu htimnijutph dWywynidp b hpwnnudp phdhwynid» funidp,

Unpuutipn ghnwyfuwmnnn
annahovhannisyan.2001@mail.ru

JULGLShL Wulvhud,

+F GU L. b Qb huulnt wagjwu opguuwluu phuhwh huunhwmniwn,
Lwpnpuwnnphugh Juphy,
(bntuwunwith ghunipiniuuph wjuntdhwih wjwuntdhyny,
Gy pnuyujuit wmjuntivihwh wunud,
wpnplunp, phd. ghwn. nnljnnp
val@ioc.ac.ru

Cwdwnnuwughp

Upunnpunid - wojuwouh  tplopuhnh  (CO,)  Ynughunpughwih
coupniuwuutu wdp b nppuwun wwydwuwynpjus otpdnguihu Edtlywunnp
dudwuwwlhg ghwnnipjuu bwjuu dwpunwhpwybtiputinphg Gu: Ywuws phihwih
uljqpniuputipht - hwdwwywwnwufuwu, wju wuwnmwupnid  niuntduwuhnpybp
L CO,-h  Quudwu wpnpmuwjbnnipymup  Eynnghuwybu - wujwnwug
hwdwlupgbpnd®  wwppbp puwluwu  wdhtwppmutph  Jujhnidww
wnbiph opwyhu nionyputiph, husytiu twb npwug hhdwu Yypw dbwynpgud
wuhwwnwluwu  opquuwlwu  wdhuutph nt  wuopqwuwlwu  hhdptph
hhpppnuyht fuwnumpnutph Yhpwndundp: Utphjwdhup (MA), nhbphjudhup
(DEA), Lphiiunhwdhup (EDA) b whwtipughup (PZ) oquwgnpoyty tu huswtiu
dwpnip dhwpwnunphs Jjuuhsutin, wjuybiu 5| npytiv opquiuwjuu fupwuhsutin
Junnigwopwiht dwnphgubipnid, hul Yu hnidh hhnpopuhnp (KOH) hwuntiu £
Lyt npytiu dhowuwyph hhduwjunipiniup Jupguynpnn wuopgwuwlwu hhup:

443



'H, BC UU+ uytyumpnuynuyhwyh, pH-dtmphwih b pdwhu wynjuphubiwn-
phuygh dhongny hpwlwuwgyty £ Jiutdwu wypngtiuh nhuwdhly dnuhwunnphlg,
Junnigwopwyht ophtwswithnipiniuutinh pugwhwynnid b jniénypnid by np-
ynn phudhwluu autph (Quppwdwwutp, phiwppnuwwmubtip/Juppnuwwmutip)
pwuwulwu hwyjuwnl: Puguwhwynybly £ qquih uhubpghqud wdhuwppent/
whytipughu b wdhuwppeny/Lphitunhwiht hhpphnwht hwdwwpgtpnd,
nputin punhwunip wéfuwosuh tplopuhnh Juudwu wpryniuwybmnipyniup
qgpuquugt] £ 90%-—n: Fugh wyn, wuhwwnwlwu dwpnip wdhuutiph uyphuhugnp
U pjwwnbtinpuhqugwé dnun- ni nhwdhtwht hwdwlwpgbtph ypw wwpptip
Intuwght wwydwuubiph (jhwuwunwp dpnipiniu b hunbtuuhy wphunmwuu
Intuwynpnipyniu) wgntignipjuu guwhwwnnidp nuuwpwut Gu juppudwnutinh
wnwowgdwt hhdpnid pujuéd dbfuwuhqdubpp® anp ninhubp pugbing $nun-
Junwywpynn wofuwstuh npudwu hwdwluwpgbiph dwlidwu b npujws CO,—p
nlinugnpéwuu tywwnwlutipny nputiu $niuyghnuwy C1 uhupntu Yhpwntijnt
hwdwp:

fRwuwh pwntp b pupwuyulgmpynitubtp’ Usluwppnt quq, wdh-
twppYwhu wnbp, opquuwlwu wdhuubtp, hhpphnuwhu dwwphgutp, UUk
uytijupnuynuwhw, Juppudwwmubp, $nnn-funwjwnpynn ntunppghuw:

444



I'MbPUIHBIE MATPULIbI HA OCHOBE AMUHOKHCJIIOT U
AMHUHOB 14 3KOJ/IOTHYECKHU BE3OIIACHOI'O YJ/IAB/IMBAHUA U
®YHKIHUOHAJIM3ALNN CO,

APIIMHE APYTIOHSH

MexxnyHaponHblil Hay4HO-00pa3zoBaTe/ibHbli LeHTp HAH PA,
3aBenyromas Kadenpor papMalieBTUYECKON XUMUHY, KaHIUJAT XUMUYECKUX HayK
arpine.harutyunyan@isec.am

AHHA OI'AHHUCAH

Hay4HO-TeXHOIOrn4ecKUil LIeHTp OpraHU4YecKol U hapMalleBTHYeCKON XUMUH,
['pymnna «Pa3pa6oTKa U NpUMeHeHHe HMOHHBIX KUIKOCTeH B XUMHUNY,
MJTQ[IIMHA Hay4HbINA COTPYIHUK
annahovhannisyan.2001@mail.ru

BAJIEHTUH AHAHUKOB

HMuctutyT oprannyeckort xumuu uM. H. [1. 3ennHckoro PoccuiicKol akajeMuu Hayk,
3apenyroiuit nabopatopueit MOX PAH, AkagemMuk PoccuICKO# akageMuu Hayk,
Unen EBpornielickoil akagemMuu, rnpod., JOKT. XUM. HayK
val@ioc.ac.ru

AHHOTALMA

HenpepbIBHBIA POCT KOHLIEHTpaluu yriekucioro rasa (CO,) B atmocdepe u
BbI3BAaHHbIN 3TUM IApPHUKOBBIA 3(h(PeKT MPEeACTaB/IsioT COO0H Cepbe3Hble BbI30BbI
17151 COBpEMEHHOI HayKH. B COOTBETCTBUY C MPUHIUITAMHU «3€JIeHON XUMUN», B ITaHHOM
pabote uccnegopana 3(hheKTUBHOCTD yia/uBaHus CO,B 9KOJIOrHYECKU 6€30acHbIX
CHUCTEMax C HCIOIb30BAaHUEM BOJHBIX PACTBOPOB KaIUEBbIX COJIEH Pa3/TMYHbIX
NPUPOAHBIX aMHHOKHCIIOT, a TaKKe T'MOPUIHBIX cMmecei, cOpMYIHPOBaHHbBIX C
y4acTHeM HHMBUIYa/IbHbIX OPraHMYeCKUX aMUHOB M HEOPraHWYeCKHUX OCHOBaHUH.
Metunamun (MA), guastunamun (DEA), stunenguamus (EDA) u nunepasun (PZ)
HCIO/Ib30BAIIMCh KAaK B KaueCTBE YMCTbIX OJHOKOMIIOHEHTHbBIX MOITIOTUTENeH, Tak
M B KayecTBe OPraHMYECKHX MPOMOTOPOB B CTPYKTYPHBIX MaTpHIaX, TOrfa Kak
ruppokrcup Karmusi (KOH) mpumeHsicss B KaueCTBe HEOPraHUYeCKOro OCHOBAHMS
U1l PeryvpoBaHus I11e/IOYHOCTH Cpefpl. [IMHaMU4YeCKUH MOHMTOPHMHI Ipoliecca
abcopOLMH, YCTaHOB/IEHHE CTPYKTYPHBIX 3aKOHOMEPHOCTEeH M KOIWYeCTBEHHbIH
pacueT 06pa3yIoMXCcs B paCTBOpe XUMUUeCKUX (hopM (KapbamaToB, 6UKap60HAaTOB/
Kap6oHaToB) ocyIecTBIsTuCh MeTogamu IMP ('H, C) cnekTpockomnun, pH-MeTpru
1 1 POBOH MOISIPUMETPHH.

OGHapy»KeH 3HaYUTe/TbHbIA CHHEPrU3M B TMOPUIHBIX CUCTEMaX aMUHOKHCITOTa/
NUIepasyvH U aMMHOKHUCIIOTa/ 9TUIIEHMAaMHUH, rie o6111ast 9(ppeKTUBHOCTD abcopOmn
nuokcupa yriepoga npesbicuiia 90%. Kpome TOro, CKpUHUHI WHIWMBUIYallbHbIX
YUCTbIX aMMHOB M OLleHKa BJIMSIHUSI Pa3/IMYHBIX YCIIOBUH OCBelleHUs (IOIHast
TEMHOTa TI0 CPaBHEHUIO C WHTEHCHUBHBIM MCKYCCTBEHHbIM OCBEIEeHHEeM) Ha
KBaTepPHU30BaHHblE MOHO- M [WAMHUHHbBIE CHCTEMbI II03BOJIWINA IPOSICHUTb
¢pyHnaMeHTarIbHBIE MeXaHM3MbI 06pa3oBaHusl Kap6aMaToB. OTO OTKPbIBae€T HOBbIE
nyTH [y pa3paboTKU (pOTOyINpaBriseMbIX CHCTEM YIIaBIIMBaHHUS YITIepojia U
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MIOCTIEIYIOILETO UCIIO/Ib30BaHMsl y10B/IeHHOro CO, B KayecTBe pyHKLHMOHaIbHOro Cl-
CHUHTOHa ISl CO3/IaHUsI NEPCIEeKTUBHBIX (PapMalleBTUYECKUX IperapaToB.

KnroueBble cioBa U ¢pasbl: YIIIEKHUCbIN ra3, COJIM aMUHOKHCIIOT, OpraHu-
YyecKHe aMUHbI, TMOpuaHble MaTpuLpl, SIMP criekTpockonusi, Kap6aMaTbl, POTOYII-
paBrisiemMasi IecopOIus.

Introduction

Global Threats of the Greenhouse Effect and the Ecological Crisis

The unprecedented expansion of human consumption, rapid industrial
development, and the massive processing of fossil hydrocarbon resources—namely
coal, oil, and natural gas—have led to global and anomalous shifts in the Earth’s
atmospheric composition. Today, fossil fuels generate the vast majority of global
electricity, resulting in the annual emission of billions of tons of greenhouse
gases into the atmosphere. According to recent alarming reports from the World
Meteorological Organisation (WMO) and the Intergovernmental Panel on Climate
Change (IPCC), atmospheric carbon dioxide (CO,) levels have exceeded 152% of the
pre-industrial baseline, surpassing the critical threshold of 420 ppm. If emissions
continue at the current rate, the concentration of CO, could reach up to 570 ppm
by the year 2100. This trajectory will lead to a 1.9 °C rise in the global average
temperature, a 3.8-meter increase in sea levels, the catastrophic melting of glaciers,
and the widespread collapse of global ecosystems [1-3].

For centuries, photosynthesis served as nature’s balanced mechanism for
maintaining a closed carbon cycle on Earth. However, current anthropogenic
emissions are so immense that natural ecosystems are no longer capable of capturing
and neutralising this excess independently without technological intervention.
Consequently, it is a primary task for modern science and humanity to develop
and implement sustainable, energy-efficient Carbon Capture and Storage/Utilisation
(CCS/CCU) technologies [2-5].

Figure 1. Conceptual illustration of green carbon capture technologies
mitigating industrial CO, emissions into the atmosphere.

Armenia’s Climatic Potential and Alternative Carbon Sources

This environmental challenge is exceptionally relevant for the Republic of
Armenia. As a country with limited domestic fossil fuel reserves, Armenia is entirely
dependent on imported energy resources. At the same time, the country possesses
magnificent geographical and climatic conditions suitable for the advancement of
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photochemical and solar technologies. Notably, the capital city of Yerevan receives
approximately 2,630 hours of sunlight annually, which represents an exceptionally
high solar index. Therefore, coupling solar energy with chemical CO, capture and
photocatalytic conversion processes offers a strategic pathway to create alternative,
renewable carbon sources. This paradigm is of paramount importance for the nation’s
scientific and economic independence, enabling the transformation of captured C0O2
into industrial monomers and clean, eco-friendly fuels [1-3].

Screened Single Amines and Amino Acid Salts as a Green Chemistry
Alternative

The alkanolamine-based scrubbing systems currently used in industry for carbon
capture (such as monoethanolamine, MEA) exhibit severe structural drawbacks: they
are toxic and volatile, cause equipment corrosion, and require substantial thermal
energy during solvent regeneration. To meet the contemporary criteria of Green
Chemistry, aqueous solutions of various natural amino acids and their hybrid blends
with functional amines have become the centre of intensive research. Amino acids
possess zero volatility, high biodegradability, negligible toxicity, and high stability
against oxidative degradation [4-10].
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Figure 2. Application of hydrogels immobilised with amino acid salt solutions
for carbon dioxide capture.

To systematically address these factors, this comprehensive study evaluates
CO, absorption profiles across two distinct structural levels: first, by mapping the
structural relationships, basicity, and interactions within pure individual organic
mono- and diamines (MA, DEA, EDA, PZ); and second, by optimizing multi-
component aqueous mixtures composed of different natural amino acid potassium
salts (including L-threonine series) promoted by those functional organic amines or
balanced with inorganic bases (KOH) [11].

Biological and Pharmaceutical Significance of Carbamates

A pivotal aspect of this research focuses on the targeted chemical transformation
of the captured CO,. Serving as a versatile, inexpensive, and readily available CI
building block (synthon), carbon dioxide can replace highly toxic and hazardous
reagents traditionally used in organic synthesis, such as phosgene (COCl,) and volatile
isocyanates. The primary products of CO, capture in amine-containing systems are
carbamates (urethanes), which constitute crucial structural motifs in numerous
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biologically active substances and pharmaceutical formulations.

The carbamate group (-NH-COO-) ensures high bioavailability and plays an
essential role in drug-receptor interactions due to its dual capacity to form hydrogen
bonds as both a donor and an acceptor. Crucially, the chemical rearrangement of
carbamates provides a direct synthetic pathway to cyclic carbamates, known as
oxazolidinones. Compounds belonging to the oxazolidinone class currently serve as
the structural backbone for some of the most potent antimicrobial and antibacterial
agents in clinical medicine.

The first clinically approved antibiotic of this class, Linezolid, exhibits
exceptional antimicrobial activity against multidrug-resistant Gram-positive
pathogens, including methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant Enterococci(VRE). Other highly promising representatives of this
family, such as Eperezolid, Radezolid, Tedizolid, and Posizolid, similarly feature
this chiral, cyclic carbamate core. Given the high demand for the stereoselective
synthesis of chiral pharmaceutical building blocks, the strategic utilisation of natural
chiral amino acid frameworks for CO2 fixation offers green synthetic routes to
optically active, high-value pharmaceutical scaffolds [12-18].

Theoretical Background and Reaction Chemistry

Zwitterionic Equilibrium of Amino Acids and Activation Mechanisms

In an open aqueous environment, pristine natural amino acids dominantly exist
in their zwitterionic intramolecular salt configurations, where the basic amino site
is protonated into a non-nucleophilic ammonium form (-NH,), while the carboxylic
acid moiety is deprotonated into a carboxylate group (-COO"). Under these baseline
physiological pH levels, the lone pair of electrons on the amino nitrogen is entirely
sequestered, eliminating its capacity to attack electrophilic carbon centres like that

of gaseous carbon dioxide.
— +

CO, + "'O0C-R-NH, "00C-R-NHCOO||H;N"-R-COO (1)

To overcome this inherent thermodynamic barrier and unlock the nucleophilic
potential of the amino framework, chemical activation is required. This is
systematically accomplished through the introduction of stoichiometric amounts of
strong inorganic bases, such as potassium hydroxide (KOH), which shift the chemical
equilibrium by converting the zwitterion into a highly reactive potassium amino
acid salt. Alternatively, strong organic mono- or diamines can be blended into the
matrix to act as localised proton acceptors, deprotonating the -NH3+ groups in situ
and generating a highly localised nucleophilic cascade [6-7].

Carbamate Formation Kinetics and Thermodynamic Boundaries

Following the widely accepted zwitterion mechanism or base-catalysed
mechanism of CO, binding to primary and secondary amine groups, the reaction
proceeds via a two-step sequence [9-11]. Initially, the nucleophilic nitrogen atom
attacks the electrophilic carbon atom of CO,, generating a transient, unstable
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zwitterionic intermediate containing a positive charge on the nitrogen and a negative
charge on the carboxylate group:
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Figure 3. Schematic mechanism of CO, capture inside a hybrid glycine/
monoethanolamine/ethylene glycol solvent system.

In the subsequent rate-determining step, a second equivalent of a basic
molecule (either another free amine from the solution, an amino acid salt, or
a hydroxyl ion) rapidly abstracts the proton from this intermediate to form a
thermodynamically stable carbamate salt. Thus, under anhydrous or low-moisture
constraints, the traditional reaction chemistry displays a strict 2:1 amine-to-CO,
stoichiometry:

CO, * 0OC-R-NH,

"00C-R-NH, COO (2)

By combining steps (1) and (2), the overall stoichiometric equation for
carbamate formation can be represented as follows:

CO, *+ 2°00C-R-NH, =—= "00C-R-NHCOO" + OOC-R-NH;" (3)

2.3. Hydrolytic Equilibria and Bicarbonate Pathways

When the capture matrix is deployed in a purely aqueous medium, the primary
carbamate species undergo competitive, reversible hydrolysis. The extent of these
competitive pathways is deeply governed by the specific stability constant of the
carbamate structure and the localised pH of the solvent. The reaction can be formally
expressed as follows:

"‘O0C-R-NHCOO + H,0 "‘O0C-R-NH, + HCOjy (4)

Through this pathway, the captured carbon is transformed from an organic
carbamate structure into inorganic bicarbonate (HCO,) and carbonate (CO,*)
fractions. This chemical conversion effectively liberates the original amine molecule,
allowing it to undergo subsequent cycles of gas capture [8-10]. Consequently, in
highly alkaline aqueous matrices, the total carbon dioxide capture threshold can
theoretically double, transitioning from the restrictive stoichiometry of 0.5 moles
of CO, per mole of amine up to an advanced 1:1 capacity.
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Mechanism of Amine-Promoted Synergism in Hybrid Matrices

In multi-component hybrid solutions containing both amino acid potassium
salts and structurally flexible organic diamines (such as piperazine), a highly complex,
cooperative kinetic phenomenon occurs. Piperazine features a cyclic, secondary
diamine framework characterised by exceptionally high localised nucleophilicity
and reduced steric constraints. During the initial moments of gas introduction,
piperazine captures CO, at a rate significantly outperforming the bulk amino acid
matrix, instantly converting into piperazine-carbamate and protonated piperazine
intermediates.

Once formed, these protonated diamine species act as dynamic, long-range
proton shuttles within the solution. They rapidly transfer protons away from the
newly attacking amino acid nitrogen atoms to the bulk medium, significantly
accelerating the activation of the remaining amino acid fractions. This cooperative
interaction effectively bypasses the conventional kinetic bottlenecks associated with
amino acid viscosity and mass-transfer limitations, resulting in a profound synergetic
enhancement of both capture capacity and overall fixation kinetics.

Photochemical Modulation of Quaternized Systems

To achieve an intelligent, low-energy carbon management system,
structural modification can be performed by targeting the amines via alkylation
to produce quaternized ammonium salt derivatives. These quaternary centres
introduce permanent, localised positive charges into the molecular architecture,
inducing strong local electrostatic fields. When these configurations are exposed
to high-intensity artificial or natural illumination, the electronic density across the
neighbouring carbamate and ammonium linkages undergoes a profound transition.
The photon energy selectively destabilises the coordinate covalent networks
within the ammonium-carbamate complexes, driving the reversible equilibrium
toward the formation of loosely bound bicarbonate structures. This light-induced
behaviour opens the possibility of replacing conventional, energy-intensive thermal
regeneration methods with targeted, photo-controlled desorption processes [9, 13].

Experimental Section

Reagents, Substrates, and Matrix Preparation

All chemical reagents, including natural amino acids (L-threonine, L-alanine,
glycine, L-valine), organic monoamines (methylamine, 40 wt.% in water; diethylamine,
>99.5%), organic diamines (ethylenediamine, >99.5%; piperazine, anhydrous >99%),
and potassium hydroxide flakes (285%), were purchased from Sigma-Aldrich and
Merck and utilized without further chemical purification. Deionised water with a
specific conductivity of <0.055 uS/cm was employed as the universal solvent across
all configurations.

Aqueous solution series of pure individual organic amines (MA, DEA, EDA, PZ)
were prepared at controlled molar concentrations matching the reference metrics.
For the amino acid series, standard stock solution profiles were systematically
formulated (e.g., L-threonine matrices were precisely adjusted to 13.4 wt.%).
Activation of the zwitterionic frameworks was carried out by adding crystalline
potassium hydroxide at precisely controlled molar ratios of 1:1, 1:2, 1:3, and 1:4
relative to the amino acid concentration. Hybrid absorbents were assembled by
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blending the activated amino acid potassium salts with equivalent molar portions of
the respective organic promoters.

Synthesis and Quaternization of Amine Models

The quaternization reactions targeting the monoamines and diamines were
performed to successfully isolate structural quaternary ammonium salt derivatives
for specific photochemical evaluations. In a typical procedure, a solution of the
corresponding amine (such as methylamine or piperazine) in anhydrous ethanol was
treated dropwise with stoichiometric amounts of iodomethane under a nitrogen
atmosphere at 0 °C. The reaction mixture was stirred continuously for 12 hours while
slowly warming to room temperature. The resulting white crystalline precipitates
of quaternized ammonium salts were isolated via filtration, washed thoroughly with
chilled diethyl ether, and dried under high vacuum for 24 hours. The purity and
structural configuration of the isolated salts were meticulously verified using 'H and
13C NMR spectroscopy prior to gas absorption runs.

C0, Absorption and Experimental Setup

The gas-capture protocols were performed in a custom-engineered, jacketed
glass bubble column reactor with an internal volume of 50 mL. The operational
temperature was held constant at 25.0+0.1 °C utilising a circulating water bath, and
the baseline pressure was maintained at 1 atm. Highly pure carbon dioxide gas (=
99.999) was introduced into the bottom of the liquid absorbent matrix through a
calibrated porous gas sparger (pore size 10-16 um) at a stable, regulated flow rate of
50 mL/min.

To comprehensively explore the influence of photochemical modulation,
experiments were systematically split into two distinct testing environments:

¢ Dark Conditions: The entire reactor configuration, lines, and sampling ports
were completely insulated with thick layers of reflective aluminium foil and light-
blocking materials to ensure total exclusion of external photons.

e [lluminated Conditions: The reactor core was subjected to continuous,
multidirectional irradiation from an array of high-intensity artificial cold-white LED
lamps delivering a stable photon flux across the visible spectrum.

Samples (0.5 mL) were carefully extracted from the reactor at predefined time
intervals using airtight syringes to prevent ambient gas exchange and immediately
transferred to chilled NMR tubes for prompt spectroscopic analysis.

Analytical Apparatus and Measurement Protocols

e pH-Metry: The continuous shifts in the liquid-phase hydrogen ion activity
were recorded using a high-precision Benchtop pH Meter calibrated before each run
with standard buffer solutions (pH 4.01, 7.00, and 10.01) at 25 °C.

e Digital Polarimetry: Conformational transformations and modifications
within the chiral environments of the amino acid backbones were monitored using
an Insmark Digi Polarimeter equipped with a sodium lamp (K = 589 nm) operating
with a precision path length cell.

e Nuclear Magnetic Resonance Spectroscopy: High-field quantitative
Nuclear Magnetic Resonance (qNMR) measurements were executed on a Bruker
Avance Neo 400 spectrometer operating at a proton resonance frequency of 400.13
MHz and a carbon resonance frequency of 100.61 MHz. All spectra were recorded at
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a regulated probe temperature of 298 K.

To guarantee highly accurate, quantifiable integration profiles for all reacting
components and intermediates, the 1D C spectra were acquired using an inverse-
gated proton-decoupling sequence (zipper decoupling) with a precisely evaluated
relaxation delay (d1) set to 210 s to completely prevent Tl-relaxation saturation
errors. Deuterated water (D,0) enclosed in a coaxial inner insert tube was used as
the universal external lock and reference standard.

Data Availability Statement: The chemical and spectroscopic data supporting
the findings of this study are available from the corresponding author upon reasonable
request.

4. RESULTS AND DISCUSSION

Chemophysical Profiles: pH-Metric Dynamics and Chiral Conforma-
tion Reconfiguration

The introduction of gaseous carbon dioxide into both the pure organic amine
liquids and the newly developed potassium amino acid salt series immediately
altered the overall chemophysical parameters of the liquid phases. In all monitored
configurations, a rapid, steep decline in baseline pH values was observed during the
first 15-20 minutes of gas injection, followed by a steady plateau as the systems
reached chemical saturation.

This uniform decline in alkalinity serves as an indirect macro-indicator of
the continuous depletion of the highly basic, free nucleophilic amine groups (-NH,
or -NH-) inside the solution as they coordinate with the incoming CO, molecules to
yield weakly acidic carbamate or bicarbonate products.

Simultaneously, digital polarimetric screening of the optically active amino
acid salt configurations revealed deep shifts in the specific optical rotation angle
(X). For instance, within the L-threonine matrix, the original specific rotation
values underwent a controlled structural inversion as carbon capture advanced.
Because the asymmetric chiral centre of L-threonine is positioned directly adjacent
(K-position) to the reactive amino nitrogen site, any major alteration in the localised
electronic density, steric configuration, or intermolecular hydrogen bonding
network surrounding this nitrogen atom directly alters the optical activity profile of
the molecule. The observed polarimetric variations provide direct evidence of the
formation of an ordered chiral carbamate network within the solution.

Quantitative gNMR Analysis of Carbonate and Carbamate Speciation

High-resolution quantitative ®C gNMR spectroscopy provided detailed
structural data, enabling the direct identification and precise quantification of the
chemical species coexisting in the liquid matrix without disturbing the chemical
equilibrium. Upon the introduction of CO,, the spectra of all reactive matrices
developed two major groups of carbon resonances positioned downfield from the
solvent background, corresponding to newly isolated chemical environments:

L. Organic Carbamate Species (-(NHCOO): These carbons generated
distinct, well-resolved resonance peaks clustered within the chemical shift window
of 0 = 161.5 - 163.0 ppm. The precise position of these signals was highly dependent
on the identity of the parent amine, reflecting differences in structural shieldings.

2. Inorganic Carbon Fractions (HCO,/C0,>): These species generated

452



a combined singular resonance signal oscillating between ¥ = 160.0 - 160.8 ppm. Due
to rapid proton exchange kinetics occurring between the bicarbonate and carbonate
ions in water, these two states merge into a single time-averaged peak, whose exact
chemical shift correlates with the final equilibrium pH of the matrix.

Through integration of these peaks against reference standards using a long
relaxation delay (dl = 10 s), the precise molar allocation of the captured carbon was
mapped over time. Looking closely at the activated L-threonine/KOH matrix series,
the initial 1:1 molar configuration favoured the accumulation of stable threonine-
carbamate complexes. However, when the inorganic base fraction was raised to
1:2 and 1:4, the high concentration of hydroxyl ions (OH) maintained a strongly
alkaline environment throughout the run. This alkalinity promotes the hydrolytic
breakdown of the primary carbamates, driving the carbon partition toward inorganic
bicarbonates. This shift releases free amino acid sites to capture additional gas,
leading to a substantial enhancement in the total CO, absorption capacity.

Structural Relationships and Kinetic Profiles of Screened Pure
Amines

The baseline evaluation of individual pure organic amines revealed that
their intrinsic carbon capture performance is strictly governed by structural
characteristics, spatial parameters, and basicity. Methylamine (MA), a primary
monoamine, demonstrated rapid initial capture rates, but its ultimate capacity was
mathematically bound by the 2:1 stoichiometric limit due to the high stability of
its resulting acyclic carbamate salt. Diethylamine (DEA), a secondary monoamine,
exhibited low capture kinetics and an extended saturation timeline. This depressed
performance stems from the steric hindrance exerted by the two flexible ethyl arms
flanking the nitrogen atom, which limits the access of CO, to the nucleophilic centre.

In contrast, ethylenediamine (EDA) and piperazine (PZ) demonstrated vastly
superior capture profiles. As a linear primary diamine, EDA provides two unhindered
reactive sites per molecule, allowing for a dense network of carbamate linkages.
Piperazine, a cyclic secondary diamine, delivered the highest initial capture kinetics.
The rigid, pre-organised heterocyclic ring of piperazine minimises steric hindrance
while maintaining high local electron density on the secondary nitrogen sites, leading
to rapid coordination with electrophilic carbon centres.

Cooperative Synergism in Hybrid Multi-Component Systems

When these individual organic promoters were integrated with natural
amino acid potassium salts to form hybrid, multi-component absorption matrices,
a powerful cooperative synergy was observed. The highest overall carbon dioxide
capture efficiencies—consistently exceeding 90% of the total theoretical threshold—
were achieved in the hybrid matrices pairing amino acid salts with either piperazine
(PZ) or ethylenediamine (EDA).

Dynamic tracking via gqNMR highlighted the steps of this cooperative
mechanism:

¢ Phase I (Kinetic Capture): Due to its high nucleophilicity and lower mass-
transfer resistance, the unhindered cyclic diamine (PZ) reacts preferentially with the
incoming gas, forming piperazine-monocarbamate and protonated piperazine ions.

Phase II (Proton Transfer Cascade): The newly formed protonated piperazine
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species act as highly efficient proton-acceptor shuttles. They abstract protons from
the zwitterionic or weakly unprotonated amino acid fractions, rapidly generating
highly reactive, free nucleophilic amino acid sites.

¢ Phase Il (Amino Acid Fixation): The newly activated amino acid sites
capture CO,, leading to a highly stable mixture of mixed carbamate networks. This
cooperative catalytic pathway bypasses the typical viscosity-related mass-transfer
limitations of pure amino acid solutions, achieving high capture capacities along
with fast reaction rates.

Photochemical Modulation and Reversible Desorption Dynamics

The evaluation of gas capture under different light profiles revealed a unique
phenomenon within the matrices containing quaternized mono- and diamines. When
these systems were tested in the dark, they followed standard exothermic carbon-
capture pathways, accumulating stable ammonium carbamate salts with minimal
baseline degradation.

However, when identical quaternized matrices were exposed to high-intensity
artificial illumination, a distinct shift in the equilibrium profiles was observed. The
permanent positive charges on the quaternized nitrogen centres induce strong
localised electrostatic fields that polarise the adjacent carbamate linkages. Under
intense visible-light illumination, these structures absorb photon energy, destabilising
the coordinate-covalent carbon-nitrogen bonds within the carbamate fractions. This
photo-excitation drives the chemical equilibrium away from organic carbamates
toward loosely bound inorganic bicarbonates.

Because bicarbonate species require significantly less thermal energy to
undergo complete decomposition than highly stable organic carbonates, this light-
induced restructuring provides an elegant strategy for carbon management. It
demonstrates a pathway in which the energy-intensive thermal stripping processes
traditionally used in carbon capture can be supplemented or replaced with targeted,
photo-controlled desorption methods.

Conclusions

1. Comprehensive, environmentally benign carbon capture matrices were
successfully engineered by combining various natural amino acid potassium
salts, independent organic mono- and diamines, and structurally modified
quaternized ammonium derivatives.

2. High-field quantitative *C qNMR spectroscopy, operating with a specialised
inverse-gated decoupling sequence (dl > 10 s), enabled the direct structural
identification and precise quantitative mapping of organic carbamate
and inorganic bicarbonate/carbonate species coexisting within the liquid
absorbent phase.

3. Structural screening demonstrated that steric hindrance within secondary
monoamines like diethylamine significantly restricts capture Kkinetics,
whereas the rigid, pre-organised heterocyclic structure of piperazine
maximises capture rates.

4. A powerful cooperative synergism was discovered in hybrid matrices
combining amino acid salts with piperazine or ethylenediamine. This
interaction delivers carbon dioxide capture efficiencies exceeding 90%
by utilising organic diamines as high-speed proton-transfer shuttles that
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accelerate activation of amino acid sites.

5. Photochemical evaluation demonstrated that high-intensity illumination
destabilises carbamate linkages within quaternized amine configurations,
shifting the equilibrium toward low-energy bicarbonate forms. This
behaviour offers a promising foundation for the development of energy-
efficient, photo-controlled carbon desorption systems. Furthermore, using
natural chiral amino acid frameworks as carbon sinks yields stable carbamate
matrices that can serve as non-toxic, sustainable CI building blocks for the
synthesis of high-value pharmaceutical targets, such as the oxazolidinone
antibiotics Linezolid and Eperezolid.
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