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The present paper reports on the results of the joint interaction of two organic cationic
compounds of different structure and nature, namely bisquaternary ammonium de-
camethoxinum (Dec) with flexible dication and methylene blue (MB) with heterocyclic
planar cation, with graphene oxide (GO) in aqueous dispersion. The qualitative differences
in the 38D structures of GO modified in binary (GO+Dec), (GO+MB) and ternary
(GO+Dec+MB) systems were observed and described on the basis of the UV-vis spectral
analysis of the systems. On mixing the components of the binary (GO+Dec) system, a
rather rapid gelation of GO dispersion was observed. The appearance of binary (GO+MB)
system showed dependence on GO to MB ratio: at low GO content, MB-induced coagulation
of GO to tiny bluish flakes took place followed by their sedimentation with time while at
high GO content, the GO complexes with MB preserved solubility in water. The result of
the joint addition of both Dec and MB to GO dispersion differed qualitatively from the
above results of action of individual components. On creation of the (GO+Dec+MB) ternary
system rapid flocculation of all components of the system was observed resulting in the
formation of dark residue surfacing over the purified decolorized liquid. UV-vis spectra of
the liquid phase showed suppression of the lines of all components or their complexes
practically to the baseline. The compression of (GO+Dec+MB) composite to flocs is ex-
plained by the matching of the size of MB cation to that of Dec dication linker, which
provides tight filling of the gaps between GO sheets. The observed flocculation effect in
the (GO+Dec+MB) system may be of practical interest in the development of nanocompo-
site and sorption materials. Information on the features of GO interactions with organic
cations differing in structure may be useful for advances in drug delivery problem.

Keywords: graphene oxide, organic cations, methylene blue, decamethoxinum, UV-vis
spectroscopy, joint effect, noncovalent interactions.

3B’s13yBaHHA OBOX KATIOHHHX CHOJYK 3 OKCHAOM rpadeny: mopiBHAJABHUI aHadi3 Ta
cuocrepeskeHHa cuHepriunoro edexry. O.A.Bopsak, B.C.Illeaxoscvkuii, M.B.Kocesuu,
O.M.Ilnoxomnuivernro, B.B.Opaos, B.O.Kapauegyes

IToBigoMusieTbcst PO pPes3yJbTaTH CILIBHOI B3aemMomil ABOX OpPraHiuHMX KaTiOHHUX CIIO-
JyK, I00 BiApi3HAIOTHCS 3a CTPYKTYPOIO Ta XapaKTepUCTHUKAaMU, a caMe 0icueTBepPTHHHOI'O
amoHnieBoro mexamerokcmua (Dec) 3 rmyukum guratioHom i merumiaexosoro cuaboro (MB) 3
reTepoNUKIIUHNM IJIaCKUM KaTioHoMm, 3 okcumoMm rpadeny (GO) y Boguiit mucuepcii. Aricui
Bizminmocri y 3D-crpyrrypax GO, momudikosamoro y moxsiiinux (GO+Dec), (GO+MB) ra
norpifiaiit (GO+Dec+MB) cucremax, BusiBieHo i onucano Ha migcrasi UV-vis cnekTpanbHOTO
amanisy mux cucrem. Ilpu smimysamni Kommouenris 6inapuoi cucremu (GO+Dec) cmocrepi-
rajocsi JOCUTb IIBHUAKe reseyrBopeHHsa gucrepcii GO. Burasg 6inmapuoi cucremu (GO+MB)
sasiesxaB Bix cniseizmomenns GO mo MB: npu musskomy Bmicti GO mana micie imgykoBana
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MB koaryasania GO y HesHauHi OJaKUTHYBaTi IJIACTUHKU 3 iX HACTYIIHOIO CEJUMEHTAIli€l0 3
yacoM, ToAi AK mpu Bucokomy BMicTi GO xommiexcu GO 3 MB sbepiranm posuumHHICTH y
Boxi. Pesysabratu cmijgbHOTO momaBauHHs Dec i MB go mucmepcii GO akicHo BigpisHaaucsa Bifg
OIIMCAHUX BUIIE Pe3yJbTATiB Ail oKpeMuxXx KoMIoHeHTiB. IIpu crBopeHHi moTpiifiHoi cucremu
(GO+Dec+MB) cmocrepiranacd ZOCUTH MBUAKA (DIOKYJIAILIA BCiX KOMIOHEHTIB CHCTEMU, IO
IPU3BOJUJIO JO YTBOPEHHd TeMHOI cyOcTaHIIii, AKa cHJMBAJa OO IOBEpPXHi 3HebGapBJeHOI
pizuau. ¥ UV-vis cnekTpax pizkoi ¢asm crocrepirajgocs NpUTHiYeHHA JIiHIM ycix KoMIIO-
HeHTiB ab0 iX KOMILIeKCiB mpakTuuHo no HyJaboBoi JiHii. CtucuHenHa (GO+Dec+MB) kommo-
3UTy o (DJIOKYJ IOSCHIOETHbCA BiAmoBimHicTiO posMipiB kartioma MB i jinmkepa pukartiona
Dec, ara sabesmeuye mribHe 3amoBHeHHA HinwH Mixk jguctamu GO. Edext duorynamii y
cucteMi (GO+Dec+MB), mo cmoctepiraBcs, MoKe IMPEACTABIATU NPAaKTUUYHUI iHTepec Ipu
Po3polbIli HAHOKOMITO3UTIB 3 copOIiiiHuxX MaTepianis. Indopmania nmpo ocobsmBocTi BIaeMoii
GO 3 opramiuHUMU KaTioHaMu, IO BiApPiSHAIOTHCA 3a CTPYKTYPOIO, MOKe OYTU KOPHCHOIO
pu BUpimIeHHI mpobjieMu ITOCTABKHU JIIKiB.

Coob1raercss 0 pes3yJbTaTaXx COBMECTHOTO B3aUMOJEHCTBUA ABYX OPTaHUYECKUX KaTHUOH-
HBIX COeJIVHEHU, Pasjnyaloluxcsa 0 CTPYKType U XapaKTePUCTUKAM, & UMeHHO OucueTBep-
TUYHOTO aMMOHUEeBOTO AekamMeToKcuHa (Dec) ¢ THOKUM AWKATHOHOM U METHUJIEHOBOTO CHHETO
(MB) ¢ reTepoIuKJINUYECKUM IIJIOCKUM KaTUOHOM, ¢ okcugoM rpadena (GO) B BogHOIl gucnep-
cuu. KauectBennble pasauuusa B 3D-ctpyrTypax GO, MomudumupoBaHHOTO B OMHAPHBIX
(GO+Dec), (GO+MB) u rtpoitaoit (GO+Dect+MB) cuctemax oOHApyKeHBI U OIMNCAHBI Ha
ocHoBauuu UV-vis cHneKTpaJbHOTO aHaJm3a 9TUX cucTeM. IIpu cMemIMBaHUU KOMIIOHEHTOB
6unapHoil cuctembl (GO+Dec) HabGIIOJAIOCh NOCTATOUHO OBICTPOE KEJMPOBAHUE AVCIEPCUUN
GO. Bug ounapnoii cucremsl (GO+MB) saBucesn ot coorHomenusa GO ¥ MB: npu Huskom
comep:kanuu GO mmesa mMecto maynupoBanHad MB koaryasanusa GO B KpolledHbIe Tojy0o-
BaThle ILIACTUHKU C WX IOCJIEVIOIell cequMeHTAIlNeil co BpeMeHeM, B TO BpeMdA KaK IpHU
BeIcOKOM cogep:kaHuu GO rKommiexkcsl GO ¢ MB coxpauaiau pacTBOpuMOCTb B Boje. Pesyib-
TaThl coBMecTHOTo gmobaBienumsa Dec m MB k gucmepcum GO KauecTBEHHO OTJIMYAJIUCH OT
OMMCAHHBIX BBHIIIE PE3YJIbBTATOB AeUCTBUA WHIWBUIYAJBHBIX KOMIIOHEHTOB. IIpm cosmanum
TpoitHoil cucteMsl (GO+Dec+MB) Habaozanack ocTaTouHO ObICTPasa (IOKYJIANUA BCEX KOM-
IIOHEHTOB CUCTEMBbI, NIPUBOAANIAA K OOpPasoOBAHUIO TEMHOI CyOCTaHIIMU, BCILILIBAIONIEH Ha
MOBEPXHOCTh OUUINEHHOUN obeciiBeueHHON Kugkoctu. B UV-vis cmekTpax KHUIKOH (asbl
HaOJII0OAJIOCh IOJABJIEHNe JUHUII BceX KOMIIOHEHTOB WMJM HX KOMILIEKCOB IPAKTHUUECKU [I0
uyaesoil quruu. Cxkarue (GO+Dect+MB) KommosuTa fo GIOKKYJ 00bACHIETCSA COOTBETCTBU-
eM pasMmepoB KatuoHa MB wm junkepa pukatumoHa Dec, KoTopoe obecmeumBaeT ILJIOTHOE
samosHeHue miesneit mexxay jgucramu GO. Habmomasmuiica ad@deKT QIOKYJIAIUN B CHCTEME
(GO+Dec+MB) mMosKeT IPeACTABIATL IPAKTUYECKUI MHTEpeC IIPU pPaspaboTKe HAHOKOMIIO3H-
TOB M3 COPOIMOHHBIX MaTepuajoB. UHpopmanua o6 ocobeHHocTax BaaummopeiictBua GO c
OPraHNYeCKUMU KaTUOHAMU, PasjUYaOIUMUCA [0 CTPYKType, MOJKEeT OBITh IMOoJIe3Ha IIpU
pellleHuu NpPodJeMbl JOCTABKU JIEKAPCTB.

1. Introduction

Within the family of graphene-based
nanomaterials [1-6], graphene oxide (GO)
[7] attracts noticeable attention presently,
since its modification by oxygen-containing
functional groups enhances its reactivity in
comparison with neat graphene. The main
areas of GO application, either current or
expected, include biomedical uses [8, 9] con-
nected with biosensing [8], drug delivery
[10, 11], antimicrobial [12, 13] and antivi-
ral [14, 15] activity of GO, and ecology-re-
lated employments that utilizes GO sorption
properties [16—21].

The relevant functioning of GO is based
on its noncovalent intermolecular interac-
tions with various organic and inorganic
compounds. Traditionally, in model basic
studies pair interactions of GO with a single
compound are considered. In the real bio-
logical and ecological systems, however, a
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variety of substances can affect GO at the
same time. In the present work we have
made an attempt to evaluate the joint effect
of at least two different compounds on their
interactions with GO in a ternary system.
Two organic compounds of cationic nature
but of different molecular structure were
selected for this purpose: methylene blue
(MB) being a planar heterocyclic cation and
decamethoxinum (Dec) containing two qua-
ternary ammonium functional groups con-
nected by a flexible polymethylene chain. It
was expected that the cationic nature of
both compounds would provide their rela-
tively strong coulombic (electrostatic) at-
traction to partially negative oxygen-con-
taining groups of GO, while any differ-
ences, synergism or competition in their
interactions with GO might be caused by the
structural differences of the cations. Note
that both organic salts have the same CI™
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anion, which avoids taking into account ad-
ditional effects which may be caused by di-
verse counterions. Further, both Dec and
MB possess antimicrobial properties [22—24]
and have been long approved as medicines,
which is valuable from the perspective of
the current trend of elaboration of graphene
and GO functional composites with antimi-
crobial agents [25, 26].

As to pair systems of GO with the chosen
additives, the interaction of bisquaternary
ammonium organic salt Dec with GO has
not been studied so far. There are two
structural features of Dec which distinguish
it from amines and ammonium compounds
studied earlier: firstly, charging of amines
via protonation is pH-dependent and thus
changeable, whereas the charge of Dec is
permanent; secondly, in contrast to mono-
alkylammonium compounds, Dec has two
separated charged functional groups. Lit-
erature data show that different amines and
ammonium compounds cause varied effects
on GO, which are hard to predict prior to
experimental verification. Thus, polyami-
nes, such as diethylenediamine, diethylene-
triamine and triethylenetetraamine are util-
ized to produce GO-based hydrogels [27—31].
Tetraalkylammonium ions (where "alkyl”
were methyl, ethyl, propyl and butyl radi-
cals) caused GO exfoliation in aqueous col-
loidal suspensions and produced layered in-
tercalation structures with GO in the dehy-
drated state [32]. Cetyltrimethylammonium
bromide (CTAB) surfactant assembled on
the GO nanosheets surface [33] caused or-
dered multilamellar stacking of the GO
sheets connected by mono- and bilayers of
CTAB [34], and recovered GO from aqueous
solution by means of froth flotation under
ultrasonication [85]. In the recent work [36]
a new substance which can be formally re-
ferred to as a bisquaternary ammonium
compound was synthesized to advance the
preparation of GO-based aerogels with en-
hanced sorption capacity combined with
biocidal antibacterial activity wvaluable for
waste water treatment.

Amongst many useful applications of cat-
ionic redox-active dye MB [23, 24], its main
employment in nanotechnology is connected
with the estimation of sorption properties
of various nanomaterials [37—40], including
GO [7, 41-45]). Note that in these works
GO itself was evaluated as a sorbent for
removing dyestuff, MB in particular, from
the waste water [16—21]. There were reports
on MB adsorption on GO in combination
with another cationic dye Rhodamine B [20,
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46, 47] and preferential adsorption of MB
as a cationic dye in comparison with an an-
ionic dye methyl orange on GO [47] along
with binding of both cationic and anionic
dyes by reduced GO [48]. Possible applica-
tions of GO-MB composite as a functional
material to make of membranes for water
purification were discussed [49].

A popular and self-sufficient method of
study of GO interactions, applied in our
work, is UV-vis spectroscopy, since binding
of various compounds with GO predictably
affects the absorption spectra of both GO
[60] and the adsorbent. Interestingly, new
data on the UV-vis spectroscopic behaviour
of MB, MB aggregation effects in particu-
lar, continue to appear [51-55] in spite of
the apparent completeness of the already ac-
cumulated information. In particular, it was
reported that at certain conditions MB can
be adsorbed at the surface of GO in the
form of dimers, trimers and higher aggre-
gates judging from the characteristic
changes of the UV-vis spectra of the GO-MB
composites [7, 44].

To sum up, the aim of the present work
was to investigate the joint effect of two
organic cationic salts Dec and MB on their
interactions with GO.

2. Experimental

Absorption spectra in the UV-vis range
were recorded with the help of Hitachi 356
spectrophotometer (Japan). Quartz cuvettes
of 1, 2 or 5 mm width were used. Special
tests were performed to verify possible ef-
fect of light scattering on UV-vis spectra.
The same sample of GO aqueous dispersion
was located in the spectrophotometer cham-
ber at the distances of 40 cm or 3 mm from
the photomultiplier tube. The scattered
light does not reach the detector in the first
configuration, while it must fall on detector
in the second configuration. No difference
was observed in the UV-vis spectra recorded
in the both modes, which proves negligible
yield of the light scattering to the spectra
at the given experimental conditions.

Aqueous solutions of methylene blue and
decamethoxinum were mixed with commer-
cial suspension of GO in Eppendorf vessels,
stored for a certain period of time, photo-
graphed with a digital camera and trans-
ferred to quartz cuvettes for spectroscopic
measurements.

Chemical structures of organic salts
methylene blue and decamethoxinum are
presented in Fig. 1.

Functional materials, 28, 3, 2021
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Fig. 1. Chemical structures of organic salts methylene blue (a) and decamethoxinum (b).
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Fig. 2. Transformation of aqueous dispersion of GO (20 uL of 2 mg-mL™! in Eppendorf vessel) (a)
on addition of Dec (5-1072 M, 35 mg-mL™): (b) — one minute after addition of 5 uL of Dec; (c) —
after one minute of mechanical mixing (shaking); (d) assembling of the clot on the plastic pipette

tip used for mixing.

Decamethoxinum synthesized in the In-
stitute of Organic Chemistry (Kyiv,
Ukraine) and methylene blue produced by
0JSC "Vitaminy” (Uman, Ukraine) were
used in the experiments. Graphene oxide
was purchased from GRAPHENEA (San Se-
bastian, Spain). It contained about 49-56 %
of carbon and 41-50 % of oxygen, i.e. the
C.0O weight ratio is about 1.2-1.3. GO aque-
ous suspension pH value was 2.

3. Results and discussion

The study of (GO+Dec+MB) ternary sys-
tem was preceded by testing of binary sys-
tems, since (GO+Dec) binary system had not
been considered earlier and some fine fea-
tures of (GO+MB) system required verifica-
tion.

Binary system (Graphene Oxide+ De-
camethoxinum ). The main effect observed
on mixing GO with Dec in aqueous medium
was a rather rapid formation of a gel-like
dark clot accompanied by the transforma-
tion of the initially brownish dispersion of
GO (Fig. 2a) into a decolorized transparent
supernatant. The rate of these transforma-
tions depended on Dec concentration. Drip-
ping a droplet of water solution of Dec with
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the concentration higher than 1071 M
(70 mg-mL~1) into GO aqueous suspension
caused the latter to assemble almost in-
stantly into a dense dark clot. This differ-
entiated the effect of Dec from that of
polyamine compounds, in which case GO ge-
lation took hours.

The separate stages of gel assembling,
which are presented in Fig. 2b—d, were ob-
served using Dec solution of somewhat
lower concentration of 51072 M
(85 mg-mL1) added to GO of 2 mgmL1
concentration. The homogeneous semi-trans-
parent brownish suspension of GO (Fig. 2a)
starts to separate into some dense assem-
blies right after the water solution of Dec is
added (Fig. 2b). Mechanical shaking acceler-
ates the assembling of the floating flakes
into a single dense clot (Fig. 2c¢). Mechani-
cal stirring of the mixture with a plastic
pipette tip allows collecting and extracting
the clot from the supernatant liquid (Fig.
2d). In terms of physics and chemistry of
dispersed systems Dec causes coagulation of
aqueous dispersions of GO and gelation of
the resulting material.

To evaluate quantitatively the interac-
tion of Dec with GO by means of UV-vis
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Fig. 8. Changes with time of the mixture of 1.5 mL of GO (2 mgmL™!) with 20 pL of Dec
(11073 M, 0.7 mg-mL™1) in aqueous medium: a) — time dependence of UV-vis spectra of the
supernatant; the time interval starting from the mixing (¢ = 0 hours) is marked above the curves;
b) — time dependence of the concentration of GO in the supernatant of the (GO+Dec) system,
constructed on the basis of the presented above spectral data.

spectroscopy, lower concentration of Dec of
11073 M (0.7 mg-mL1) was applied to slow
down the gelling process. The task was com-
plicated by the absence of the absorption
bands of Dec in the UV-vis range. Therefore
it was decided to trace the changes in the
spectra of GO. The UV-vis spectra of the
supernatant were recorded with the help of
a 1 mm wide cuvette at the constant tem-
perature of +22°C.

Fig. 3a shows changes happening to the
UV-vis spectra of the aqueous mixture of
GO with Dec over time. The appearance of
these spectra correlates well with that of
GO spectra described in detail in the work
[50]. Note that in conformity with the find-
ings of the work [50], the presence of the
peak with the maximum at A = 230 nm evi-
dences the existence of few-layer (1-3 lay-
ers) dispersion of GO, while the transforma-
tion of this peak into a smooth shoulder
would be a marker of thick-layer dispersions
(>10 layers).

The decrease in abundance of the adsorp-
tion on the whole, including characteristic
band at 230 nm, corresponds to decrease of
the content of GO in the liquid phase. Com-
parison with the data obtained in the work
[50] shows that the three-fold decrease in
the abundance of the 230 nm band may in-
dicate about 40-50 % decrease in GO con-
centration. This assumption is supported by
the spectra digitization in Fig. 83a by plot-
ting the time (¢, h) dependence of the rela-
tive GO concentration (I, %) in the super-
natant, Fig. 8b. The curve in Fig. 3b can be
approximated by exponential dependence:

454

I=A exp(-t/T)+ B, 1)

where A =614 (%), B=38.6 (%), T~
25 h.

Thus, the dications of Dec provide as-
sembling (coagulation) of GO sheets to gel-
like 3D structure. Obviously, two positively
charged quaternary alkylammonium moie-
ties in the dication connected by the (CH5)q
linker can bind together two different
sheets of GO via electrostatic interactions
with oxygen-containing groups of GO, bear-
ing partially negative charge. Our previous
estimates show that the distance between
the centers of the positive charges location
in the most extended conformation of the
(CH5)10 polymethylene chain linker is about
1.4 nm [56]. Since the interlayer distance of
GO is estimated as 0.5 nm [50], the separa-
tion of GO sheets or flakes to larger dis-
tances in the GO-Dec complexes provides
the openwork structure of the gel formed
due to noncovalent Dec binding.

On the other hand, the role of GO is in
trapping of Dec dications from solution,
that is purification of water from this qua-
ternary ammonium compound if it is re-
garded as an ecological pollutant. The dica-
tions trapped within the GO clot cannot be
freely released via dissociation in aqueous
medium, which provides the stability of the
3D structure and retention of the Dec by
GO for a long time (at least 100-120 h, as
shown in Fig. 3a). It was shown in our pre-
vious works [57, 58] that Dec dication tends
to substitute readily its inorganic chlorine
counterion for an anion of organic acids.

Functional materials, 28, 3, 2021
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Similarly, quaternary ammonium groups of
Dec can from salt bridges with —COO~ an-
ionic moieties of GO.

The effect observed is to be accounted in
investigations connected with the popular
subject of drug delivery. On the one hand,
relatively strong electrostatic binding of
medicinal compounds containing quaternary
alkylammonium groups with GO is ex-
pected. On the other hand, in the living
systems biomolecules possessing alkylam-
monium functional groups may be able to
trap GO flakes inserted into such systems.

Composites of GO with polycations and
quaternary ammonium salts possessing an-
timicrobial activity are currently an emerg-
ing and urgent object for synthesis and
characterization; however, there is still a
limited number of publications on this sub-
ject [25, 26, 36]. Our present results show
that bisquaternary ammonium salt de-
camethoxinum already approved as an an-
timicrobial agent can be utilized in produc-
tion of GO-based functional gels.

From point of view of the aim of the
present study it should be noted that in the
previous investigations of interactions of
quaternary ammonium modified GO with
other compounds, preformed GO composites
processed by drying, freeze-drying, sonica-
tion, purification were utilized as new indi-
vidual materials, while joint interactions of
pristine GO with a quaternary ammonium
and some other compound in a ternary sys-
tem were not paid proper attention.

Binary system  (Graphene Ocxide +
Methylene Blue). It is known that on ex-
amination of finely dispersed materials,
namely MB is often engaged as a test com-
pound for evaluation of their adsorption
properties. Interactions of MB with graph-
ite-based nanomaterials, including GO, were
repeatedly considered in the literature in
relation to various tasks [11, 17, 19, 37-40,
41-44]. Here we have probed the (GO+MB)
pair system as a necessary step for further
ternary (GO+Dec+MB) system evaluation at
the same conditions. Since in the framework
of our task we needed confident differentia-
tion of the effects caused by addition of the
single or the pair of additives to GO, we
had to systematize all possible changes in
the UV-vis spectra inflicted by MB to GO
dispersion.

With this purpose we had tried relatively
wide range of GO to MB ratios and have
determined the ranges of the most notice-
able changes in the samples appearance ac-
companied by the related changes in their
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UV-vis spectra. To obtain the concentration
dependences, 10 ug-mL~1 aqueous stock so-
lution of MB was divided in several equal
portions which were doped by increasing
amounts of GO providing a set of GO con-
centrations in the system growing gradually
from 6 to 98 ug-mL~l. Value pH of these
systems decreased from 7.5 to 4.6, while pH
of the initial GO dispersion was 2.0.

It should be noted at once, that heterocy-
clic planar cation of MB caused qualita-
tively different effect on GO dispersion as
compared to extended flexible Dec dication:
expectedly, no gelation of GO occurred in
the presence of MB; formation of tiny solid
flakes took place instead.

It was observed that in dependence of
MB to GO ratio the aqueous suspensions
either show precipitation within a day of
storage or may remain stable. To evaluate
roughly the composition of the insoluble
sediment, an expedient absent in previous
works was applied: the UV-vis spectrum of
the liquid phase (supernatant) recorded
after 24 h of the sample storage was sub-
tracted from that recorded right after
(within 10 min) the components mixing.
The full set of the data obtained will be
published elsewhere, and here we describe
the major transformations of the UV-vis
spectra of the studied systems (Fig. 4).
Since the main changes are expected for MB
component of the integral UV-vis spectrum
of (GO+MB) system, the spectrum of the
initial MB solution is presented for refer-
ence in all parts of Fig. 4 (dotted blue line).
Its characteristic reference features de-
scribed in the early basic works [39, 40] are
the bands attributed to free MB monomer
cation, maximum at A = 664 nm, and MB
dimer, maximum at A =605 nm. GO line
similar to that presented in Fig. 2 with the
maximum at A = 230 nm is merged with the
line of MB in the spectra of (GO+MB) sys-
tem and its contribution grows continuously
with the increase of GO content in the sam-
ples. The qualitative changes in the
(GO+MB) system occur in conventionally
three ranges of GO to MB ratios.

In the first range with relatively low
content of GO (6—16 ug-mL~1) in the system
the behavior of the set of samples was simi-
lar: right after the addition of GO to MB
solution tiny bluish flakes appeared in the
liquid and remain suspended for several
hours; however, they precipitated as visible
blue aggregates after a day of storage at
ambient conditions. The UV-vis spectra of
the samples in this range demonstrate simi-

455



O.A.Boryak et al. / Binding of two cationic compounds ...

0.71 a)
06,

0.5+
0.44
0.31
0.2
014
0.01 — . . o
200 300 400 500 600 700 800
Ao, M

0.7 b)
0.6-

051
0.41
0.31
0.2
0.1

Absorbance, a.u.

Absorbance, a.u.

i

s 00 A i "--_—.--'_ - ’— . B =
“ 200 300 400 500 600 700 800
A, nm

0.7
i 0.6
0.5
0.4
0.3
0.2-

c)

aged

Absorbance, a.u.

014
200 300 400 500 600 700 800
A, nm

Fig. 4. (Colour in the online version). Trans-
formations of the appearance of binary
(GO+MB) system (left column) and the corre-
sponding UV-vis spectra (right column) in de-
pendence of the GO to MB ratio. The spec-
trum of the initial MB aqueous solution
(10 pmL™1) is shown for reference (dotted
blue line). GO concentration in the samples is
8 umL! (a), 25 pmL(b); 98 pmL1(c).
Solid red lines — the spectra recorded right
after the addition of GO to MB ("fresh” solu-
tion); thin green lines — 24 hours of aging
of the (GO+MB) system; dashed orange lines
— the result of subtraction of the spectrum
of the "aged” sample from the spectrum of
freshly prepared mixture, which nominally
reflects the composition of the sediment.

lar trends illustrated by Fig. 4a. In the
spectrum of the just mixed components
(solid red line) the expected adsorption of
MB on GO causes noticeable decrease of the
MB monomer band. At the same time the
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abundance of the MB dimer increases in re-
lation to that of the monomer, and a shoul-
der at A =570 nm appears and grows in
abundance with increase of GO content in
the sample. This band is attributed to MB
trimers and higher aggregates, adsorbed at
the dispersed material [39]. Since low quan-
tity of GO is unable to absorb all MB from
solution, the total spectrum in the visible
range must correspond to superposition of
the spectra of unbound MB and MB bound
in GO-MB complexes floating in solution.
After a day of storage the spectrum of the
supernatant (thin green line) becomes quali-
tatively similar to that of neat (unbound)
MB. The difference between the spectra of
the fresh and aged samples (dashed orange
line) must reflect the composition of the
material gone to the precipitate. This dif-
ferential spectrum is dominated by the band
of the adsorbed MB trimers (A= 570 nm)
obviously fused with the band of adsorbed
dimers (A = 596 nm [39]); the band of the
monomer is suppressed. The band of GO at
A =230 nm disappears from the spectrum
of the supernatant and reappears in the
nominal spectrum of the precipitate. We
can speculate that MB, being in excess, is
adsorbed at the flakes of GO forming di-
mers, trimers and, virtually, higher aggre-
gates. Separate flakes of GO covered with
MB tend to aggregate; the extent of aggre-
gation increases with time resulting eventu-
ally in the visible particles precipitation.
The driving force of the GO—MB composite
precipitation is the neutralization of the
negative charge of GO by MB cations (meas-
ured pH values for this range were 7.5—
7.0).

In the second range with some "medium”
content of GO in the system (25—36 pug-mL™1)
noticeable changes of the sample appearance
take place (Fig. 4b). Larger quantity of GO
enables more efficient adsorption of MB
from solution, which is reflected in strong
decrease of MB monomer peak both in the
freshly prepared (solid red line) and aged
(thin green line) systems. The merging band
of the adsorbed dimers, trimers and higher
aggregates becomes dominant in the spec-
trum and exceeds the band of the mono-
mers. Interestingly, this wide band is pre-
served in the spectrum of the supernatant
of the day aged sample; it is present in the
spectrum of the "precipitate” (dashed orange
line) as well.

In the third range with high GO content
(concentrations higher than 50 ug-mL71,
pH < 5) dramatic alteration takes place
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caused obviously by the changes in the type
of MB adsorption, which lead to re-gaining
of solubility by GO-MB composite. In the
photographs in Fig. 4c the turbid character
of the (GO+MB) suspension can be seen; the
liquid phase has a green tint which may
emerge due to mixing yellow-brown colour
of GO and blue colour of MB. The look of
suspension is the same for the fresh and
aged samples; no visible precipitation is ob-
served. This is reflected in practical coinci-
dence of the shape and abundance of the
spectral curves of the freshly prepared
(solid red line) and aged (thin green line)
samples and noticeable suppression of the
"precipitate” spectrum (dashed orange line).
At the same time the structure of the MB-
related bands undergo qualitative changes.
The band of the MB monomer grows in
abundance, but now it becomes definitely
red-shifted to A = 673, which is attributed
to the adsorbed MB monomers [39] (at the
GO surface in this case). The abundance of
such monomers becomes roughly equal to
that of dimers and trimers. There is no dis-
tinguishable peak of the unbound MB mono-
mer, which may mean that all MB is ad-
sorbed by GO. It may be speculated, that at
relatively high content of GO the content of
MB becomes insufficient for multi-layer
coverage of GO flakes; the MB aggregates
do not form and MB cations are distributed
as monomers over the GO surface. In such
case the system is no longer neutral, pH
value of the sample becomes acidic and GO-
MB composite flakes regain the soluble
character. There seems to be some paradox:
it may be expected that higher quantity of
GO will remove MB from the liquid more
efficiently. In reality, although more MB is
bound to GO, it is retained in the liquid
within GO—MB complexes which do not pre-
cipitate.

Interestingly, the spectroscopic features
similar to the described above were observed
for GO interactions with Pyronin Y, which
is a structural analogue of MB with sulfur
atom substituted by oxygen atom [59].

As to the mechanisms of MB cations in-
teractions with GO, various types of nonco-
valent intermolecular interactions can be in-
volved, as described in the literature [48,
21]: van-der-Waals and hydrophobic interac-
tions on MB stacking with oxygen-deficient
graphite-like areas [60] of GO, n—= interac-
tions, hydrogen bonding with oxygen-con-
taining functional groups, and coulombic
attraction. Recently the results of molecular
dynamics simulation of MB interaction with
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GO in water were published [47, 61-63],
which showed mainly planar stacking of the
MB monomer with GO plane. However, rela-
tively small area of GO sheets and involve-
ment of a limited number of MB cations
used in these simulations did not permit to
model the real wide range of GO to MB
ratios, when either MB aggregates cover
densely GO surface or single monomers are
distributed over the extended area of GO. A
suggestion concerning alignment of the MB
aggregates in orthogonal (vs stacked) orien-
tation in relation to the GO surface plane is
expressed in some works [42, 44]; its verifi-
cation necessitates further investigations.

For further discussion of the ternary sys-
tem it is important, that the complexes of
MB with GO sheets in the binary system
continue to float in the suspension after
their assembling and observation of UV-vis
spectra of this system is possible. The alter-
native may be in complete sedimentation of
the GO—MB complexes resulted in suppres-
sion of the corresponding UV-vis spectrum,
which does not happen at any GO to MB
ratio.

Ternary system (Graphene Oxide + De-
camethoxinum + Methylene Blue).

Finally, the main object of our study,
that is the ternary system containing GO
with two different organic cations, Dec and
MB, was prepared and investigated.

Three possible ways of creation of the
ternary system by mixing of aqueous dis-
persions of GO (180 pg-mL) with two other
components were applied:

1 — {(GO+Dec)+MB} — Dec (20 ug-mL)
added first followed by MB (10 pg-mL);

2 — {(GO+MB) + Dec} — MB (10 pg-mL)
added first followed by Dec (14 ug-mL);

3 — {GO+(MB+Dec)} — performed mix-
ture of MB and Dec (7 + 14 pg-mL) was
added to GO suspension. Here final concen-
trations of the components in the mixture
are marked.

The results of adding the first compo-
nent, naturally, were the same as estab-
lished above for the binary (GO+Dec) and
(GO+MB) systems. On addition of the second
component or the two components at once
rapid (within several minutes) dramatic
changes in the sample appearance took place
after gentle shaking of the vessel, produc-
ing qualitatively the same final result
shown in the insert in Fig. 5¢, namely, floc-
culation and surfacing of the interaction
product. In the course of formation of
{(GO+Dec)+MB} ternary system the lique-
faction of the brownish gel particles of the
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Fig. 5. (Colour online). UV-vis charac-
terization of the ternary (GO+Dec+MB) sys-
tem formation. Reference spectra of pristine
GO suspension (180 pg-mL) (black dashed
line) and solution of MB (dark blue dotted
line) are shown in all sets. Part a: magenta
line — the result of addition of Dec
(20 pg'mL) to GO; green line — subsequent
addition of MB (10 pg-mL) to (GO+Dec) mix-
ture. Part b: blue line-result of addition of
MB (10 pg'mL) to GO; violet line — sub-
sequent addition of Dec (14 pg-mL) to
(GO+MB) mixture. Part c: red line — addi-
tion of the mixture of (Dec+MB) to GO; two
lines beneath are reproductions of lines of
ternary systems from parts (a) and (b) for
comparison. The spectra of the binary mix-
tures are recorded just after the addition of
the first component; the spectra of the ter-
nary mixtures are obtained within 10 min
after the addition of the second component.
Thin orange line in all parts is the spectrum
recorded for ternary systems after 24 h storage.
The appearance of the ternary system exhib-
iting flocculation effect is shown in the in-
sert in part c.
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(GO+Dec) component and discoloration of
the added MB component occurred; the re-
sulting liquid became practically transpar-
ent, while black or dark blue flocs floated
and aggregated at the surface region of the
liquid. In the case of preparation of
{(GO+MB)+Dec} system the bluish turbid
suspension of solubilized (GO+MB) (similar
to that shown in Fig. 4c¢) turned to trans-
parent and colourless liquid; again, some
dark residue was assembled at the top of
the liquid. On addition of the mixture of
two cationic compounds at once, the same
rather rapid transformation of GO suspen-
sion took place resulting in separation of
the sample to practically transparent col-
ourless liquid and surfacing dark substance.

The changes in the appearance of the
samples in the course of formation of the
ternary system were reflected in the consis-
tent dramatic changes in their UV-vis spec-
tra, Fig. 5. The spectra of pristine suspen-
sion of GO (black dashed line) and solution
of neat MB (dark blue dotted line) are
shown for reference in all parts of the Fig. 5.

On addition of Dec as the first additive,
general subsidence of the GO line including
three-fold decrease of the abundance of
characteristic GO peak at 230 nm took place
within several minutes (magenta line in Fig.
5a), corresponding to involvement of GO
into gel particles. On addition of MB as the
first additive in the concentration ensuring
formation of suspension of MB-modified
GO, the spectrum (blue line in Fig. 5b) was
similar to that in Fig. 4c for the binary
(GO+MB) system.

Addition of MB as the second component
to (GO+Dec) system caused rapid two-fold
decrease of the GO peak at 230 nm (green
line in Fig. 5a); in total ten-fold decrease of
the initial abundance of pristine GO took
place; the peaks characteristic of MB did
not show in the spectra at all.

Addition of Dec as the second component
to (GO+MB) system caused rapid six times
fall of the GO peak at 230 nm and practical
disappearance of the MB characteristic
peaks (violet line in Fig. 5b).

Addition of the mixture of (MB+Dec) to
GO suspension caused the same result (red
line in Fig. 5¢) as the stepwise addition of
the two separate components, which is dem-
onstrated by comparison of this line with
the lines corresponding to ternary systems
in Figs. ba, b for the two previous cases,
collected in Fig. 5c.

The spectra of the binary systems are
recorded right after the addition of the first
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component; the spectra of ternary systems
are obtained within 10 min after the addi-
tion of the second component. The results of
subsequent measurement made after 4, 20
and 24 h (the latter shown as thin orange
lines in Fig. 5a—c) demonstrated continuous
decrease in abundance. The recession of the
spectral lines practically to the baseline
pointed to further withdrawal of all compo-
nents from the supernatant.

Visual transformations of the samples
mirrored by their UV-vis spectra demon-
strated that the mutual effect of two cat-
ionic organic compounds on GO, inde-
pendently of the order of their admission to
the system, is the same and differed quali-
tatively from the effects of each single com-
ponent. From the point of view of colloidal
chemistry and physics of dispersed systems
the effect can be referred to as flocculation.

The visual discoloration of the super-
natant of the (GO+Dec+MB) system sup-
ported by the disappearance of MB charac-
teristic peaks from the spectrum of the lig-
uid phase unequivocally confirmed total
inclusion of MB into the GO composite
formed. While the spectra in Fig. 5a did not
permit to exclude a possibility of substitu-
tion of Dec by MB in the ternary mixture,
the transformation of the spectra in Fig. 5b
confirm binding of soluble MB-covered GO
flakes by Dec resulting in their removal
from suspension. There is no signs of selec-
tive adsorption of a definite cationic compo-
nent by GO from the (Dec+MB) mixture as
well.

Obviously, the composite complexes
formed in the ternary (GO+Dec+MB) system
preserve both types of Dec and MB cations;
the structure of such composites necessi-
tates further investigations and modeling.
At the present stage we can make some as-
sumptions only. It may be expected, that
the (GO+Dec) gel, similarly to hydrogels
formed by polyamines and GO [27-31],
would efficiently adsorb MB dye from solu-
tion; in this case the structure of the gel
"filled" by MB might be preserved. In prac-
tice, however, we observe compression of
the gel structure to flakes/flocs which oc-
cupy much smaller volume than the initial
gel. At the same time soluble flakes of
(GO+MB) complexes (in the second sample)
are assembled by Dec and removed from
suspension.

It may be speculated that the separation
of GO sheets linked by two charged groups
of the Dec dication parted by 1.4 nm (the
distance between two quaternary nitrogen
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atoms [22]) provides gaps (cavities, confined
spaces) required/sufficient for intercalation
of a set of MB cations. The MB species
adsorbed at two adjacent GO sheets (linked
by Dec) may tend to form aggregates caus-
ing collapse of the sheets, which is not ham-
pered by decamethoxinum link due to flexi-
bility of its intercharge chain. Remains of
water molecules are repelled from the col-
lapsing cavities and thus the volume of the
new ternary composite (GO+Dec+MB) be-
comes reduced in comparison with the bi-
nary (GO+Dec) structure. In the case of ad-
dition of Dec to (GO+MB) suspension the
flexible dications "seal” the (GO+MB) flakes
and assemble them to larger structures.
While loose bulk 38D structure of the GO
composites with polyamines and quaternary
ammonium compounds is provided by cha-
otic binding of GO sheets by the gelling
agents, the compression of the gel mesh
(crosslinked by Dec dications) by MB must
be due to some ordering effect, which can-
not be achieved by simple filling of the ran-
dom gel cavities by uneven stacks of MB
cations. As it was already mentioned above,
the available literature data [61-63] on
modeling of interaction of a limited number
of MB cations with a relatively small GO
sheet demonstrate mainly stacking location
of MB monomer heterocycles over the GO
plane and do not describe adsorption of MB
as trimers and higher aggregates. Alterna-
tively, it may be suggested that in accord
with assumptions made in the works [42,
44] the aggregates at the GO surface are
formed by MB heterocycles arranged them-
selves orthogonal to the GO plane. It can be
speculated further that namely the orthogo-
nal arrays of MB may connect two adjacent
GO sheets; the uniform distance between
the sheets provided by the arrays of MB
cations may flattened the fluted structure
of GO sheets resulting in their space com-
pactization. Smearing of the positive charge
over the MB cation [64] may provide its
simultaneous electrostatic attraction to two

GO sheets by two terminal — N(CHj3),
groups similarly to the "true” (Dec) dica-
tions. Approximate concordance of the

length of the intercharge linker in the Dec
dication (1.4 nm) and the "length” of the
MB cation (1 nm distance between two ni-
trogen atoms) may facilitate orthogonal
packing of MB aggregates in the gap be-
tween two GO sheets, which width is fixed
by the Dec dication in the flocs of the ter-
nary (GO+Dec+MB) composite.
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The feature of Dec as a surfactant may
facilitate the surfacing of the flocs [35]. It
is worth noting that the flocculation in the
(GO+Dec+MB) system occurred more rap-
idly (practically instantaneously) in com-
parison with the systems with other
polyamines and quaternary ammonium salts
described in the literature. This finding
shows the direction for further design of
the efficient flocculating dications with the
intercharge distances tailored for a specific
adsorbent. Further, Dec is a simpler water-
soluble organic compound than other poly-
meric substances (e.g. polyacrylamide, gela-
tin) usually utilized as flocculating agents,
that points to a possibility of testing of
other bisquaternary ammonium agents as
more cheap and efficient flocculants. In ad-
dition, antimicrobial and antiseptic proper-
ties of Dec are a precious supplement in
Dec-containing composites.

Obviously, delocalization or smearing of
the single positive charge over a number of
atoms of the both MB™ [64] and Dec2t [22]
cations, demonstrated in our previous
works, diminishes the coulombic repulsion
between the charges of the same sign inher-
ent to two different organic cations and
permits them to coexist in  the
(GO+Dec+MB) composite. This issue neces-
sitates further investigations in a stream of
recent interest in the subject of cation-cat-
ion interactions [65]. The stabilizing role of
Cl™ anions is to be considered as well.

It is interesting, that two different prop-
erties of Dec are exhibited under different
conditions: in the two-component (GO+Dec)
system the Dec as a dication linking GO
sheets causes gelation of the GO—Dec com-
posite, while in the ternary system Dec
property of a surfactant promotes floccula-
tion of GO—MB flakes and the gel structure
is destroyed or does not form at all. In
other terms MB prevents gelation of GO by
Dec.

Practical implications of the findings of
this work may be as follows. Firstly, non-
additive result of formation of GO with two
different cations may be accounted during
elaboration of GO composites. Secondly,
finding of a pair of cations, which facili-
tates their more efficient removing from
the liquid by GO in comparison with remov-
ing of each single component, opens the way
to search of other specific combinations of
this kind. Assembling of the (GO+Dec+MB)
to a separate phase leaving practically clean
supernatant eliminates the need in further
purification of the liquid. Thirdly, the ef-
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fect of GO interactions with cations of dif-
ferent nature must be accounted on develop-
ment of biomedical materials and drug de-
livery systems. Namely, possible interac-
tions of GO or drug-loaded GO with charged
groups of biomolecules must be thoroughly
analyzed.

4. Conclusions

The fulfilment of the main task of the
investigation, consisting in evaluation of
the joint action of two organic cationic salts
of different structure and nature (Dec and
MB) on their interactions with GO, resulted
in observation of the efficient flocculation
effect in the ternary (GO+Dec+MB) aqueous
system, that is surfacing of the dark com-
pact residue over the purified decolorized
liquid. The result was the same inde-
pendently of the order of addition of or-
ganic salts to GO suspension. The removing
of all solutes and dispersed particles from
the liquid was evidenced by the suppression
of the characteristic UV-vis spectra of the
components practically to the baseline.

Such  behaviour of the ternary
(GO+Dec+MB) system differed qualitatively
from the phenomena inherent to the binary
systems: formation of the gel clot was ob-
served on mixing of GO dispersion with Dec
solution, while a turbid suspension or dark
visible flakes was formed in the GO mix-
tures with MB. Thus, the coulombic interac-
tion between the cations and GO is only the
tool for attraction of the components, while
the difference in 3D structures of (GO+Dec)
and (GO+MB) composites are determined by
the distinctions in the structure of Dec and
MB cations.

A proposed idea concerning the reasons
and mechanisms of the synergic action of
the two cationic compounds assumed the
matching of the intercharge distance in the
Dec dication connecting two GO sheets with
linear size of MB cations, which permits
filling of the inter-sheet spaces by MB ag-
gregates.

The observed effects accompanying for-
mation of the composite (GO+Dec+MB) with
two cationic additives may be accounted in
development of functional GO-based com-
posite materials destined, in particular, for
water purification. As to a problem of GO
applications in drug delivery, a possibility
of varied types of interaction of GO with
different cationic functional groups of bio-
molecules are to be thoroughly analyzed.

Functional materials, 28, 3, 2021
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