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Abstract

The photoluminescence (PL) properties are the most promising for optoelectronic devices.
However, achieving PL in hexagonal boron nitride (BN) is challenging. Here, we have
mixed BN with 7,7,8,8-Tetracyanoquinodimethane (TCNQ) to produce a BN-TCNQ
complex. Interestingly, the BN-TCNQ complex showed photoluminescence (PL)
properties, which may be attributed to the charge transfer between BN and TCNQ.
Moreover, the detail technical investigation of the reaction mixture revealed that the TCNQ
first converts into a,a-dicyano-p-toluoylcyanide anion (DCTC"), and then interacts with BN
sheet, which is ultimately responsible for the PL characteristics. The DC electrical
conductivity of the BN-TCNQ complex is enhanced ~2 fold compared to BN, which is
mainly because of the decreased band gap of the complex, and also corroborates the
efficient charge transfer phenomenon. Our approach can be a valuable example in terms
of modulating the optical and electrical properties in two dimensional materials concerning
the enhancement of optoelectronic properties and pave the way to develop devices for

industrial applications.

1.1 Introduction

On peeling off bulk three dimensional (3D) layered materials, an atomically thin 2D sheet
is obtained. Van der Waals is the force of attraction between the sheets which has to be
overcome for getting a single layered 2D material.! The overall composition remains same
while the dimension changes on going from 3D to 2D, complementing a new set of
properties and applications which are absent in bulk (3D).1® This observation is attributed
to the change in band alignment.# The dimension-property correlation is well known since
a long time, however, in the domain of 2D materials it was only in 2004 when scientists
Novoselov and Geim discovered single layer of graphene (a hexagonal form of carbon
with sp? hybridization) for the first time using simple scotch tape method.®> Since then an
enormous interest has been triggered in this field owing to their unbeatable properties
such as high carrier mobilities®, superconductivity®, mechanical flexibility’, good thermal
9



conductivity, as well as high optical and UV absorption? giving rise to myriad of
applications such as in electronics, valleytronics, catalysis and biosensing.}? In the last
few decades, a plethora of 2D materials have been experimentally realized and lots more
are on the way, as predicted theoretically.® Some other well known 2D materials
discovered after graphene are transition-metal dichalcogenides (TMDCs) (MoSz2, WSz,
WSe2), and hexagonal boron nitride (BN) covering a wide range of band gap (~0 eV to ~6
eV).! Plenty of methods are available such as CVD (Chemical Vapor Deposition), PVD
(Physical Vapor Deposition), ALD (Atomic Layer deposition), sonication assisted liquid
phase exfoliation, chemical route to prepare the single 2D sheets from their bulk
counterpart.? °

Hexagonal boron nitride (BN), a member of the 2D family, is isoelectronic and has similar
crystal lattice as graphene.? The presence of ionicity in BN localizes the electronic states
and breaks its symmetry resulting in a large band gap (-6 eV) but in addition,
supplements to its excellent thermal and chemical stability.? 1 BN has been mainly used
as lubricants, nanofillers and as a dielectric to supply gate voltage in field effect transistors
(FETs).1011

In last few decades, Photoluminescence (PL) properties of BN have attracted a great
attention in the scientific community.'?13 Since BN has a wide band gap it can host
optically active defects, giving rise to luminescence properties.'# Luc et al. showed that UV
laser irradiation can induce PL properties; the observation was assigned to impurity and
mono or multiple nitrogen vacancies.'®> * Trang et al. also showed quantized emission
phenomenon in monolayer and multilayer BN which gets generated by thermal treatment
at 850 °C.%® Another approach to engineer the defect of thermally treated BN flakes was
also carried out by ion implantation or laser ablation employed for improving the emission
properties of BN.1*15 The reasoning behind the emission phenomenon is debatable,
however color centre (defects and impurities) till now is mostly adopted reason for such
emission phenomenon.'® 1617 The mentioned method to engineer the BN PL properties
requires harsh conditions such as thermal treatment, laser irradiation and ion
implantation.? 4

Doping method is another well known adopted approach since a long time for engineering

band gap resulting in new physicochemical properties. Hetero-atom such as carbon,
10



oxygen, fluorine doping in hexagonal boron nitride (BN) are able to create defect/impurity
states that enables a plethora of applications in optical, electronic and magnetic
domains.? 8-1° Molecular doping is also shown to engineer the band gap. Researchers
have doped small organic molecules such as in TCNQ, F4-TCNQ (fluorinated TCNQ) in
molybdenum disulfide (MoS2), tungsten disulfide (WS:2) to tune their PL properties.?9-2
Theoretical prediction on molecular charge transfer between BN and donor/acceptor
organic molecule such as TCNQ/TTF (tetrathiafulvalene) is known to happen via -1
interaction, however, experimental realization is still lacking.?>2

Here for the first time, we attempted to explore the charge transfer phenomenon between
BN and TCNQ via wet chemical method. We have fully characterized the BN-TCNQ
hybrid and found interesting results: (1) PL property and (2) enhanced electrical
conductivity. It is well known that TCNQ can exist in three redox active forms, where one

of its form can be chemically converted to DCTC". From the extensive experimental

investigation, we proposed the interaction of DCTC™ with BN justifying the emergence of

aforementioned properties. The new concept of molecular doping in BN opens a new path

for optoelctronic applications.

1.2 Materials and Methods

1.2.1 Chemicals

hexagonal boron nitride (BN) (1um, 98%), TCNQ were purchased from Sigma-Aldrich.
Sodium nitrite (NaNO2) was purchased from TCI. IPA (Isopropyl Alcohol), DMF (N,N-
Dimethylformamide), Acetone, Water were used as solvents.

1.2.2 Exfoliation Process

BN powder (450 mg) was taken in a conical flask and 150 ml of co-solvent IPA:water (1:1)
was added into it.2* The solution was sonicated in sonication bath with the frequency of 40
kHz for 4.5 hr at RT. The resulting dispersion was centrifuged at 1000 r.p.m. for 10 min,
then the supernatant was collected followed by another centrifugation at 4000 r.p.m. for 10
min to further remove non-exfoliated BN. The obtained supernatant solution was labeled

as BN-Exf. and used for further experiments.
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1.2.3 Synthesis of BN-TCNQ

BN-Exf. (10 ml) and TCNQ (1 mM) in 10 ml DMF were mixed and kept in a beaker for 2
weeks and the pink coloured precipitate settled down. The pink precipitate was washed
once with DMF and then dried at 90 °C. The powder was labeled as BN-TCNQ.

1.2.4 Synthesis of Na-DCTC

Sodium nitrite (NaNO2) (5.2 mmol) was dissolved in water (16 ml) and added into warm
solution of acetone (200 ml) containing TCNQ (2.96 mmol). The resulting dark red solution
was evaporated and Na-DCTC powder was obtained.?®

1.2.5 Synthesis of BN-DCTC

BN-Exf. (60 ml) taken in a vial and Na-DCTC (6ml) was added to it and the solution was
stirred and heated at 120 °C for 6 hr. The resulting precipitate was collected, dried at 90

°C and used for further experiments.

1.3 Structure

Boron @ Nitrogen ® Carbon @ Oxygen

Scheme 1: schematic of BN, TCNQ and BN-TCNQ.
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1.4 Characterization

PXRD data was collected on a Bruker D8 Advance diffractometer with Cu Kq radiation (A =
1.5406 A) varying 26 from 5 to 50°. FTIR spectra were collected from a NICOLET 6700
spectrophotometer with KBr pellets from 400 to 4000 cm™ with a resolution of 4 cm™.
Solid-state UV-vis. spectra were obtained from Perkin EImer Lambda 950 spectrometer.
The photoluminescence studies were performed on a Fluorolog-3 spectrofluorometer
(HORIBA Scientific). Samples were dispersed in DMF, followed by drop casting on clean
silicon wafer; then, morphological features was performed by using a field-emission
scanning electron microscope (FESEM Carl-Zeiss Ultra). Raman spectra (Aex= 488 nm)
recorded at Raman microscope (LabRAM HR, Horbia Jobin Yvon) with a 20x objective
lens. The direct current (DC) conductivity was measured by two-probe technigue MODEL

4200-SCS Semiconductor Characterization System.

1.5 Results and Discussion

BN was exfoliated via sonication method as reported in literature.?* The resulting
dispersed BN solution (BN-Exf.) was dried and characterized using different techniques
such as PXRD, AFM, and Raman spectroscopy. The schematic of exfoliation processes

and BN-TCNQ hybrid synthesis is shown in Figure 1.

(b) (c) -
" Sonication RT (d)
—_—  ——
2 weeks

Figure 1: IPA:water solvent added in BN powder (a), BN-Exf. dispersed solution added in TCNQ
(DMF) (b), BN-TCNQ hybrid after 2 weeks (c), Pink precipitate of BN-TCNQ (d).

The structure of BN-Exf. was investigated by powder X-ray diffraction (PXRD). As shown
13



in Figure 2a, the main characteristic diffraction peak can be observed at 26.4° arising from
(002) plane, compared with the BN, the (002) peaks of BN-Exf. shows a remarkably
reduced intensity indicating the presence of thin BN sheets and much less
extended/ordered stacking in the c direction.!? The PXRD of BN-TCNQ matches with BN
indicating structural integrity after the hybrid formation. The Raman spectra (Figure 2b)
were collected using 488 nm laser. BN shows a peak at 1364.9 cm™ that can be assigned
to B-N Ezg vibrational mode. A blue shift to 1365.4 cm™ for BN-Exf. is consistent with
reported literature.'? Note that in BN-TCNQ the Raman shift is 1364.9 cm™ similar to BN,
this is because BN-TCNQ has 22-24 layer stacked together so it behaves as BN, and
cannot be distinguished.

(a) (002) (b) E,,
= BN-TONQ H - _.-""*.__‘
< — 8 BN-TCNQ _/ L
— BN-Exf I
Pan) 2>
o) g
= < ~
] '-1.
10 20 30 40 50 60 1300 1320 1340 1360 1380 1400
20 (degree) Raman shift (cm™)

(d)

© = N W s 3
i nalyiiy
®

0.0 0.50 1.0 15 2.0 pm 0 10 20 30 40 50 60 70 80  90nm
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Figure 2: PXRD of BN (orange), BN-Exf. (violet), BN-TCNQ (green) (a),Raman spectra of BN
(orange), BN-EXxf. (violet), BN-TCNQ (green) (b), AFM image with height profile of BN-Exf. (c),
AFM image with height profile of BN-TCNQ (d).

The thickness measured using AFM shows ~2.5 nm height of BN-Exf. (Figure 2c)
indicating 8-9 layers'! stacked together while the height profile of BN-TCNQ (Figure 2d)
shows thickness of around ~8 nm which comprise of 22-24 layers stacked together. The

increased height in BN-TCNQ driven by interaction between TCNQ and BN-EXxf. results in
precipitate formation.

() (d)
S 4a{XPSBIs ‘© . |XPSN1s
¢ — 12-
] X
5 3 3
& & 8
227 >
m - —
c ;| D 4]
gt 5
= ] =
o——————7 0 . :
185 190 195 395 400
Binding energy (eV) Binding energy (eV)

Figure 3: FESEM images of BN (a), BN-TCNQ (b), XPS of B 1s (c), N 1s (d).
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Figure 4: Solid state UV spectra of BN-TCNQ (green), BN (orange), TCNQ (blue) (a),
Fluorescence spectra of BN-TCNQ (green), BN (orange), TCNQ (blue) (b), Powder of BN, TCNQ,

BN-TCNQ, bright field image, PL image using laser of Aex= 561nm (c), PL image using laser of Aex=
561nm from 564 nm to 700 nm (d).

Drastic colour change of BN (white) to that of BN-TCNQ (pink) is a prime indication of
charge transfer between BN and TCNQ.?’” The solid state UV spectra supports this
observation, as BN-TCNQ is pink in colour so it should absorb in the range of green colour
495-570 nm. Indeed in solid state UV spectra (Figure 4a) we do observe the absorption
peak at 545 nm. Apart from absorption peak at 545 nm we also get absorption at 260 nm,
300 nm, 660 nm, and 850 nm. The material has quiet broad range for absorption.
Interestingly, the resultant BN-TCNQ hybrid shows Photolumincence (PL) property which

is absent in the parent compounds BN and TCNQ. The emission spectra (Figure 4b) show
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two peaks at 625 nm and 661 nm corresponding to the absorption peak at 545 nm and
660 nm. The confocal microscope was used to record live image of PL. Green laser (Aex=
561 nm) was used for excitation and the image (Figure 4c) was taken for all three samples
BN, TCNQ and BN-TCNQ.

The parent compounds BN and TCNQ do not show any PL while we can see bright red
emission in case of BN-TCNQ. Emission was collected in range from 564 to 720 nm at
approximately 9.5 nm difference; all 15 images are shown in (Figure 4d).

TCNQ can exist into three different redox active forms such as TCNQ?, TCNQ-, TCNQ2.28
Now the question arises as to which form of TCNQ is present in BN-TCNQ. To check the
form of TCNQ present in BN-TCNQ we characterized the BN-TCNQ using FTIR (Figure
5a). but it was difficult to trace TCNQ presence most probably due to very low loading of
TCNQ. However we get some features (Figure 5a)(1235cm, 1104cm™, 1279cm,
1070cm?) but it is also does not match with TCNQ.

) —— BN-TCNQ (b)

BN

,.\
Q

% Transmittance

| | | T T - 1 - I . , . ,
3000 2500 2000 1500 1000 500 1300 1200 1100 1000
Wavenumber (cm™) Wavenumber (cm™)

Figure 5: FTIR spectra of BN (orange), TCNQ (green), BN-TCNQ (green) (a), Zoom-in spectrum
of BN-TCNQ (1000-1300 cm?) (b).

We took an alternative path to answer this question. The peculiar observation that colour
change in BN-TCNQ supernatant solution is similar to that of TCNQ left in the solvent
system comprising of DMF+IPA+Water in same volume ratio as in BN-TCNQ case, gives
some hint that if it is possible to detect the change in TCNQ (DMF+Water+IPA), it could

also possibly answer the question regarding which entity of TCNQ is really interacting with
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BN. It is well known that TCNQ is a redox active moiety so we thought of recording the CV
spectra (Figure 6) of TCNQ (DMF+IPA+Water) and compared it with TCNQ (DMF).
Surprisingly the solution of TCNQ (DMF+IPA+Water) shows significant reduction in redox
active peak compared to TCNQ (DMF) and vanishes after 2 days. This experiment

suggests that TCNQ is getting converted to some species which is not redox active.

1.5 Initial, TCNQ (DMF-+PA+Water)
1 =2 days, TCNQ (DMF+IPA+Water)
—— TCNQ (DMF)

=
o
|

o
[
|

Current (A) X 10°
o
o
|

PP O
al o &)
I I |

— T T " 1 1 T T
-10 -08 -06 -04 -02 00 02 04

Potential (V)

Figure 6: CV spectra of Initial TCNQ (DMF+IPA+Water) (black), 2 days TCNQ (DMF+IPA+Water)
(red), TCNQ (DMF) (blue).

1.6 Mechanism

In search of the true entity interacting with BN we looked up the literature and figured out a
new possibility of formation of an oxide decay product of TCNQ moiety to a species known
as a-a-dicyano-p-toluoylcyanide (DCTC") in the presence of water and oxygen.?> 2822 Tg

verify this point we performed number of experiments which would give us conclusive

answer.
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1.6.1 Conversion of TCNQ to DCTC"

N\\\ ./O. //N
C_ o’ L
TCNQ? + O = C c
23 R
N N
O—C=N
NS M NS 0—-0
C\_ ,}O C\ I~ | 'ERI_
c c, *— ¢ C-C=
C —
3 Y N C=N

Scheme 2: Schematic of conversion of TCNQ? to DCTC”

1.6.2 Experiment 1

We first checked the role of water. BN was exfoliated in DMF (instead of IPA+Water) and
TCNQ was dissolved in three different solvent systems 1) DMF 2) IPA 3) DMF+IPA. The
BN exfoliated in DMF was mixed with TCNQ in all three different solvent systems. A white
precipitate settled at the bottom of all the three vials (Figure 7a). The supernatant solution
in the present case did not show any colour change as observed in the previous case
(Figure l1la) where supernatant colour changes to brown and pink precipitate was
obtained. So we can conclude that water must have a critical role as the reaction was not

successful in its absence.

1.6.3 Experiment 2
We took BN-Exf. (1.5 ml) and titrated it using the stock solution of TCNQ (1 mM, 10 ml
DMF) with increasing concentration from 100 pL to 1200 yL and recorded the liquid state

UV spectra (Figure 7b) from 200 nm to 1200 nm. The characteristic peaks correspond to
around 400 nm of TCNQ, around 700 to 900 nm of TCNQ™ and around 330 and 488 nm of
TCNQ™2. Apart from these peaks of TCNQ in its three different redox active forms, the

peak at 480 nm is a clear signature of DCTC".?° Thus we can conclude that in DMF,
19



TCNQ exist in its all three forms and chemical conversion of TCNQ to DCTC" takes place
when it comes in contact with BN-Exf. solution due to the presence of water and
atmospheric oxygen. Thus majorly DCTC" is present in solution with some impurity of
TCNQ.

(b)
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- —0.1
312 —0.2
i ——0.3
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0.2 ~ -
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Wavelength (nm)
C) 0.8~ — Initial, TCNQ (DMF+IPA+Water) d ) :
( ) —— 2 days, TCNQ (DMF+IPA+Water) ( ) BN-TCNQ supernatant solution
—~ 1 == BN-TCNQ supernatant solution —~
S =)
@ 0.6 <
S~ ~—
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o 2
0.4 n
S c
fu ] [}
2 <
2024 = Na-DCTC
<
0.0 : . | T T T T T T T
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Figure 7: BN-Exf. (10 ml)+TCNQ (DMF)/(IPA)/DMF+IPA (10 ml)(white precipitate) (a), Liquid state
UV-Vis. spectra of BN-Exf. (1.5 ml) + TCNQ (1mM) varied from 100 yL to 1200 yL compared with
TCNQ (DMF) (b), Liquid state UV spectra of Initial TCNQ (DMF+IPA+Water) (black), 2 days TCNQ
(DMF+IPA+Water) (red) (c), BN-TCNQ supernatant solution (blue) (d).

1.6.4 Experiment 3

The liquid state UV spectrum (Figure 7c) of TCNQ (DMF+IPA+Water) initially changes
completely after 2 days and a new intense peak at 480 nm appeared which matches with

20



BN-TCNQ supernatant solution, indicating that oxidative decay product of TCNQ to DCTC"

is not governed by BN. It is water and oxygen that are responsible for conversion, after

which DCTC interacts with BN.

1.6.5 Experiment 4
We have prepared Na-DCTC as mentioned in experimental section and collected its
Raman spectra.’® The Raman spectra (Figure 7d) of BN-TCNQ supernatant solution

matches with the Na-DCTC. So majorly DCTC" species is present in the solution.

(3§ Brightfield (3R A.,=561nm

(d) (e)
(D)
O [Na-DCTC
C
s
b= Na-DCTC
e
[7)]
c
©
|_
o
S [BN-TCNQ
BN-TCNQ
[ T T T T T T T 1
T I T I T I T 1500 1400 1300 1200 1100 1000
4000 3000 2000 1000 Wavenumber (cm™)

Wavenumber (cm™)

Figure 8: BN-DCTC powder, Bright field image, PL image with Aex= 561 nm (a-c), FTIR spectra of
BN-TCNQ (green) , Na-DCTC (red) (d), FTIR zoom part of BN-TCNQ (green), Na-DCTC (red)
from 1000 cm™ to 1500 cm™ (e).
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1.6.6 Experiment 5

If DCTC species forms via chemical conversion of TCNQ and if it is the only species

interacting with BN, we could synthesize it directly and add it to the BN-Exf. and check the
PL effect. Indeed after synthesizing BN-DCTC as mentioned in the experimental section
(1.2.5) above and on checking its confocal images the results were similar suggesting the

formation of DCTC species that is responsible for PL effect. (Figure 8 a, b, c).

All the above five experiments carried out clearly suggest that TCNQ (DMF) present in all

three redox forms gets converted to DCTC as it comes in contact with BN-EXxf.

(IPA+water) due to water. Only after this conversion the DCTC" interacts with BN system
to form a pink precipitate. To further support this argument we analyzed the FTIR spectra
(Figure 8 d, e) of BN-TCNQ and Na-DCTC. There are few peaks which are common in
(1235cm™, 1279cm™, 1104cm™) suggesting the presence of DCTC . The peak at 1235cm-

1 corresponds to enolate character of carbonyl group present in DCTC".

We further performed some experiments such as concentration dependent and

temperature dependent studies as well as laser bleaching effect to get more insight —

1.7.1 Concentration dependent studies

BN-Exf. (10ml) was taken and TCNQ (10 ml DMF) with varying concentration (1 mM, 2
mM, 3 mM, 5 mM, and 10 mM) (Figure 9 a, b, c) were used. Upon mixing, we concluded
that the yield of BN-TCNQ is maximum when the concentration of TCNQ is 2 mM. Upon
increasing the concentration further, TCNQ itself gets precipitated out to form impurity
along with precipitate (BN-TCNQ).

1.7.2 Temperature dependent studies

Next question we wanted to answer was whether we could play with kinetics of the
reaction using temperature as a driving force so that instead of taking weeks for the BN-
TCNQ formation the product could be obtained in a few hours. Keeping all experimental
procedures same, we kept the BN-TCNQ solution at 120 °C for 6 hr. We obtained the
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precipitate (Figure 9 d, e, f) and recorded its confocal images, we observed the same PL
effects present here as well. Hence we can push the reaction at a faster rate using high

temperature condition.
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Figure 9: BN-Exf. (10 ml) + TCNQ (10 ml DMF) (1 mM, 2mM, 3mM, 5mM, 10mM) (a-c), BN-
TCNQ synthesis at 120 °C, Powder of BN-TCNQ (a), Bright field image (b), PL image (c)

1.7.3 Laser bleaching effect

A number of fluorophores get damaged due to optical heating when laser is used for
excitation multiple times. To check the stability of our material we recorded the confocal
image (Figure 9 g, h, i) of BN-TCNQ at difference of 2 min for 100 cycles.
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Initial 50 cycles 100 cycles
CFCT 459316 417977 408791

Interestingly, the calculation of CFCT (using formula given below) tells us that our material

retains more than 80% of emission even after 100 cycles.

CFCT = (Integrated density) — (area of selected region X mean value of background)

1.8 Electrical Measurements

The electrical measurements (Figure 10a) of BN and BN-TCNQ were performed in two
probe station. The electrical resistance of BN was in order of 104 Q, while the resistance

of BN-TCNQ is 10'2 Q. The decrease in electrical resistance is attributed to lowering of
band gap (Figure 10b)
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Figure 10: DC conductivity measurement using Two probe I-V, BN (orange), BN-TCNQ (green)
(a), Tauc plot of BN (orange), TCNQ (blue), BN-TCNQ (green) (b).
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1.9 Conclusion

In conclusion, for the first time we have synthesized a BN-TCNQ hybrid and obtained the
interesting PL property which was absent in the parent compounds BN and TCNQ. The

detail investigation revealed that TCNQ can exist in its three redox active form TCNQ?,
TCNQ", TCNQ?, however, these are not the actual entities which interacts with BN and
produces complex with PL property. A chemically converted form of TCNQ known as
DCTC is interacts with BN and commits PL activity. The particular choice of solvent
system (DMF+IPA+water) realized to be the crucial step in order to get the DCTC", where
the water and atmospheric oxygen plays a key role. It was very difficult to detect DCTC" in
the BN-TCNQ powder, possibly due to very low loading of DCTC’, therefore, various
spectroscopic and electrochemical techniques were applied on supernatant solution and
indirectly justified the DCTC" formation in the complex. We have also synthesized Na-

DCTC material externally and reacted with exfoliated BN (BN-Exf). Remarkably, the
resulted product showed PL phenomenon, therefore, supported our observation on BN-
TCNQ. Our concept of molecular doping can turn on PL in BN nanosheets and mimicking
the similar organic molecule as DCTC- can cover the whole visible range from red, green

to blue. Theoretical calculation is needed further to support our observations.
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