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Abstract: Graphene quantum dots (GQDs), prepared in a robust manner, show high fluorescence and
are pH dependent. This is used to create logic gates, where appropriate pH control produces a desired
fluorescence output above or below a threshold. This is further utilized to produce an implied gate and
a memory element with cyclic erase-read-write-read ability. This leads to a regular 8-bit register that
can be used as needed.
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1. Introduction

As typical fluorescent materials, GQDs are particularly important for their outstanding
optical properties [1-5], superior biocompatibility, and attractive interfacial properties [6-8].
Low biotoxicity and high stability make GQDs ideal photoluminescent (PL) materials in
fluorescent bioimaging. GQDs have also found applications as fluorescence probes, drug
delivery agents, light-emitting diodes, photocatalysts, supercapacitors, lithium-ion batteries,
and environmental issues [9-12].

The computer industry continues to deliver faster processors with larger memory and
electronic circuits with higher chip density and computational power. A molecule can change
its properties depending on its environment. In computers, information processing is ultimately
based on Boolean algebra. In this two-state logic framework, variables can assume only one of
two values (1 or 0) at a given time. Using this, de Silva et al. developed a molecular logic
device (AND logic gate) three decades ago [13]. Since then, researchers have designed
different molecular logic gates, such as YES [14,15], NOT [15], AND [14-19], OR [15], NOR
[15,20-22], IMPLY [16,23-26], INHIBIT [14,15,22,23,25-27], XOR [14,15], XNOR [28] and
more advanced ones e.g. half-adder, decoder, encoder, RS flip-flop, demultiplexer etc. [14].
Therefore, advances in molecular logic devices (MLD) and molecular integrated circuits (MIC)
may soon lead to molecular computational technologies.

Computer and electronic gadgets have been significantly miniaturized and highly
efficient due to the development of silicon-based microprocessors. Data storage and protection
are two major aspects of information technology. For efficient data use, storage devices with
high “write-read-erase” speeds are needed in the future. Silicon-based devices have nearly
reached the limit due to physical, technological, and economic constraints. Therefore,
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molecular storage devices are probably the way forward instead of semiconductor devices
[29,30].

Recently, a molecular keypad lock has also been designed. The most important feature
of such a system is the dependence of the output signal on the proper combination and the
correct order of input signals. Thus, the keypad lock can defend the system against illegal
invasion by unauthorized users. Such molecular devices, capable of authorizing password-
based access, are significant for information protection at the molecular scale. Despite the
novelty and importance, only a few systems are qualified for such chemical password-based
access to date [14].

Currently, graphene-based materials are produced by conventional physical and
chemical methods, including micromechanical cleavage [31,32], reduction of exfoliated
graphene oxide (GO) [33], and solvothermal synthesis [34]. We synthesized GQDs through
modification of a known process viz. pyrolysis of citric acid [35]. These were characterized in
the usual manner and used to create logic gates, from which more complicated gates and an
erasable password-protected write-read-erase system have been designed. The system is easy
to prepare, robust, and the output is pH-dependent. It is also reversible. In other words, a simple
change in pH can alter the output. However, such a system can also produce a password-based
lock, as demonstrated later in this work.

2. Materials and Methods

2.1. Materials.

Citric acid was purchased from S. D. Fine Chemicals (Delhi, India). Sodium hydroxide
pellets and Tris buffer were purchased from Sigma Aldrich (India). All reagents were of AR
grade and were used as received without further purification.

2.2. Synthesis of graphene quantum dots.

Graphene quantum dots were synthesized from citric acid by pyrolysis following a
previously used procedure [35]. Briefly, 2 g citric acid was put into a beaker and heated to 200
°C using a heating mantle. The solid melts about 5 min later. Subsequently, the color of the
liquid changes from colorless to pale yellow, then to orange after 30 min, indicating the
formation of GQDs. The orange liquid was added drop by drop into 100 mL of 10 mg/mL
NaOH solution under vigorous stirring. After the pH was neutralized to 7, an aqueous solution
of GQDs was obtained.

2.3. Characterization of graphene quantum dots.

The graphene quantum dots were characterized by powder X-ray diffraction (PXRD),
FT-IR spectroscopy, transmission electron microscopy (TEM), UV-Vis spectrophotometry,
and fluorimetry. PXRD was carried out in a Bruker D8 Advance instrument, with
monochromatic X-ray from Cu-Kao radiation (A=1.5418 A), from 10° to 80° at a scanning rate
of 0.02° per second. FT-IR spectra were obtained with a Perkin Elmer L120-000A
spectrometer. TEM images were obtained in a Tecnai T20 instrument. For this, a drop of the
solution was taken on a carbon-coated Cu grid, which was dried in a vacuum. UV-Vis spectra
were recorded on a Shimadzu UV-2450 spectrophotometer between 190 and 700 nm.
Fluorescence was examined in a Shimadzu spectrofluorimeter between 400 and 650 nm, with
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excitation at 360 nm. Both UV-Vis and fluorescence spectra were taken with 10 uL GQD
solution in 2 mL 10 mM Tris buffer solution. The pH of the medium was adjusted with 0.1 M
NaOH and 0.1 M HCI solutions.

3. Results and Discussion

TEM and HRTEM images of GQDs are shown in Figure 1 (a) and (b), respectively.
The GQDs are mostly around 5 nm in size. FTIR spectra of GQDs are shown in Figure 2, where
the prominent bands are at 3409, 1649, 1574, 1386, and 1078 cm™. These correspond to OH,
C=0, C=C, COOH, and C-O vibrations. The powder XRD pattern of GQDs is shown in Figure
3, where a peak around 25° is the signature of the (002) peak of graphene, rGO, and GQD. The
UV-Vis spectrum of the GQD solution is shown in Figure 4(a), with Amax at 360 nm. The
fluorescence spectrum of the GQD solution is shown in Figure 4(b), where a prominent
emission at 460 nm is seen. Figure 5 shows how this fluorescence at 460 nm depends on pH,
by varying pH from 1.84 to 12.85, when the fluorescence intensity is seen to increase
systematically. This is under investigation, but we hypothesize that the fluorescence is due to
various -COOH, -COH, -O- and other such groups on the GQD surface, which, again, when
fluorescence is switched off.

Figure 1. ) TEM; (b) HRTEM image of GQD nanoartile.
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Figure 2. FTIR spectrum of GQD.
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Figure 3. Powder XRD pattern of GQDS.
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Figure 4. (a) UV-Vis; (b) fluorescence spectra of aqueous solution of GQDs. Aexc = 360 nm.
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Figure 5. Fluorescence increase of GQD solution from pH 1.84 to 12.85.

3.1. Logic gates.

This is used to build logic gates as follows. Figure 6 shows how a change in the pH of
the solution can reversibly switch the fluorescence between “high” and “low” levels. A NOT
gate is conceptualized, as shown in Figure 7, whereby the input of H*, the output (high
fluorescence), is turned off. Similarly, with OH~ input, the high fluorescence remains
unchanged. This is called a YES gate or a buffer gate, as shown in Figure 8. From here, a
suitable combination of inputs leading to a desired output can be easily designed. For example,
Fig. 9 shows an IMPLY or IMPLICATION gate, where the output turns off only when H*
alone is added. In all other possible inputs, the output stays ON (i.e., at high fluorescence at
460 nm). In all these cases, the fluorescence intensity at 460 nm acts as the output.
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Figure 6. Fluorescence of GQD solution (red) in low (black) and high pH (green). Aexc = 360 nm. Inset: Bar
plot fluorescence intensity change with pH at 460 nm of GQD solution.
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The inputs are H and OH~ ions in suitable concentration and amount. Please note that,
in all cases shown, the truth table of the gates is also given, where 1 and 0 on the input side
mean whether a particular input (H" and/or OH- ions) is added or not. Similarly, on the output
side, 1 and O stand for whether the fluorescence intensity at 460 nm of the GQD solution is
high or low.
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Figure 7. NOT logic gate, with (a) truth table; (b) optical response based on fluorescence intensity at 460 nm
with input as H*; (c) schematic representation of the gate.
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Figure 8. YES logic gate with (a) truth table; (b) optical response based on 460 nhm with OH™ as input to
GQD-H*as device; (c) schematic representation of the gate.
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Figure 9. IMPLICATION logic gate with GQDs as device and H*, OH™ as dual input. (a) truth table; (b) optical
response at 460 nm; (c) schematic representation.
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3.2. Memory element.

With the above convention, a sequential logic circuit has been designed, as shown in
Figure 10(a). The actual operations are shown in Figure 10(b). Let us suppose the current output
is 1 (high fluorescence). This can be read, then erased (i.e., low fluorescence) with the addition
of H* input and turned back on again with OH- input. The set and reset parameters depend on
how we set up this unit, which can act as an erasable writeable memory element. The
fluorescence intensity of the GQD solution at 460 nm, when excited at 360 nm, is shown in
Fig. 5 and represented in the bar diagram in Figure 11. This can be used to represent numbers
in the octal system. For example, the intensities at pH 1.84 to 12.85 can be designated as 0, 1,
2, 7. Then, the set of fluorescence intensities, shown in Figure 12, can represent numbers
13207465 in octal and 2953013 in decimal, respectively. The arrangement is as shown in
Figure 13, where one can have a cuvette in front of each of the 8 readers. One can also have
data from P1 to P4 representing characters and P5 to P8 numerals or any such combination.
We can think of a diode array (or similar device) that can identify fixed-intensity emission.
Then we have an 8-bit register essentially. We can use it to read, write, store, and erase data.

e )

[s1

Output at
460 nm

o
=
Io

Erase

Output=1

Reset(R=1)

Emission Intensity at 460 nm

Write OH

Set(S=1)

ON State OFF State

Figure 10. (a) Sequential logic circuit with two inputs (H*, OH") and output at 460 nm; (b) schematic
representation of “Read-Erase-Write” operations in the memory element.
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Figure 11. Bar representation of fluorescence intensity of GQDs at 460 nm at different pH values where Aex=
360 nm.

https://materials.international/ 6 of 11


https://doi.org/10.33263/Materials72.016
https://materials.international/

https://doi.org/10.33263/Materials72.016

250000

200000

150000

100000

50000

Fluorescence intensity at 460 nm

PA P2 P3 P4 P5 P6 P7 P8

(@
Value in Octal 1 3 2 0 7 4 6 5
Value in Decimal 0 2 9 5 3 0 1 3
(b)

Figure 12. (a) Fluorescent intensities of different cuvettes at 460 nm; (b) corresponding value in octal and
decimal representations.
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Figure 13. Schematic 8-bit register with “readers” P1 to P8, the cuvette at the center. The light source, shutters
on P1 — P8, and how they are operated are not shown.

3.4. Password system.

The above concept is developed in Figure 13, where 8 “readers” are placed. These are
marked P1 to P8 as before. There is a cuvette at the center. Normally, the “readers” have
shutters/guards around them. When a shutter is opened, say from P6, it can sense the emission
intensity at the center (where the GQD solution is in a cuvette). Suppose it reads the intensity
as 7. The shutter is put on P6 again, and the GQD solution is suitably modified (H" or OH-
added to it), and another shutter, say from P7, is opened. It reads 4 now. One can also have 8
cuvettes, suitably shuttered, before the 8 “readers”, the pH of which can be controlled via
valves/switches. After a sequence is successfully read, the corresponding number/letter is sent
to a central processor, which performs the required action.

The scheme presented in Figures 11, 12, and 13 differs in principle from most of the
logic gates found in literature. There have been reports of multi-valued output being used as
comparators [36-38]. There are also reports of 4 input systems, etc. [39]. However, they involve
the use of complicated biomolecules such as K-Ras and miRNA. In most cases, the probe
switches between two states. Some examples include fairly large molecules, which require
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substantial synthetic effort to produce and ultimately yield binary output via intricate
photophysical processes. Some such examples may be found here [40]. Other works contain
molecules with inputs but outputs in different wavelengths [41,42]. While an interesting 4-state
system has been proposed combining sequential and combinational operations in a single unit
[43], this also entails the synthesis of a rather complicated macrocycle and its switching
behavior, including the effects of inputs. The system shown in the present work consists of a
simple solution of GQDs, with inputs H and OH~. This is shown to create a choice of 8 states,
i.e., a full-fledged octal register/counter. We are currently investigating whether other carbon-
based nanomaterials can lead to such simple multi-valued combinatorics.

4. Conclusions

The GQD solution, synthesized by a known process, exhibits fluorescence at 460 nm
upon excitation at 360 nm. The fluorescence intensity is high in an alkaline solution but is
quenched in acidic conditions. pH-dependent fluorescence of GQD solution is used to design
simple logic gates, an erasable writeable memory element, and an 8-bit register. One can use
the 8-bit register for various purposes. H* and OH- ions act as chemical inputs, and emission
intensity at 460 nm is the output. We have shown/suggested how all this is possible with the
GQD solution, an acid, and an alkali. Of course, one needs to integrate these with more
sophisticated elements for proper implementation of the idea.
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