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2,3,6,7,10,11-Hexaiminotriphenylene (HATP) was connected via
aerobic oxidative coupling to form large-area polymeric 2D films
using Langmuir Blodget technique. These 2D polymers exihibited
electronic transport property as a p-type semicondutor with high
conductivity (0.91 S cm), high on/off current ratio (103), and
photo-responsivity (980nm) up to 160 mA W-L,

Two-dimensional (2D) materials are of considerable interest
due to their potential applications in future electronics.! If these
conductive/semi-conductive 2D materials also possess
nanopores, new functional entities can be introduced into the
pore. Moreover, emergent transport property can be expected
taking advantage of unique physics of the 2D electronics and
chemical tunability of the pores. It is thus of interest to develop
conductive/semi-conductive 2D nets with diverse band
structure and chemical versatility.?

In recent years, the polymerization of molecular monomers
in restricted 2D space can lead to new types of 2D materials that
are molecularly tunable using the machinery of synthetic
chemistry. Based on shape and connection mode of the
monomers, topology with regular nanopores can be designed,3
as demonstrated by the development of 2D covalent organic
frameworks (COF)* and 2D metal-organic frameworks (MOF).>
Nevertheless, 2D COF and MOF with electronic conductivities
are still limited, possibly due to the lack of conjugation and -
orbital continuity of most of the known 2D COF and MOF
structures.

Organic material such as polythiophene has been used in
constructing field-effect transistors(FETs), as first demonstrated
by Tsumura et al. in 1986.% Similarly, organic light emitting
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diodes (LEDs) and organic solar cells were developed.” Key
advantages of organic electronic devices include the ease to
prepare large area device and mechanical flexibility of these
devices.8 As a result, organic FETs have been extensively
explored in soft and light-weight electronic devices.?

We aim to construct highly conjugated 2D polymers to
promote in-plane charge transport property in these porous 2D
materials for building new organic FETs.10 In this work, we
synthesize semiconductive centimeter-size polymeric films of
2,3,6,7,10,11-hexaiminotriphenylene  (HATP) via aerobic
oxidative coupling and condensation. To prepare the material in
large area that is transferrable to device-relevant substrates,!
we adopted Langmuir-Blodgett (LB) technique in the
synthesis.’2 FETs based on such 2D films were realized by
transferring the films to silicon wafers. These 2D polymers
exihibited electronic transport property as a p-type
semicondutor with high conductivity (0.91 S cm) and high
on/off current ratio (103). Thanks to the wide optical absorption
band of the 2D polymers, photo responsivity up to 160 mA W1
was observed. This work highlights opportunities to develop
new 2D materials from molecular units.

Ultrathin 2D HATP centimeter-size polymeric films were
synthesized using Langmuir-Blodgett (LB) technique. Ultrapure
water (pH = 5.6 because of dissolved CO;) was used as subphase,
and 2,3,6,7,10,11-hexaaminotriphenylene hexa-hydrochloride
(HATP - 6HCI) (0.375 mg ml1) was dissolved in the organic
solvent (CHCI3:DMF = 3:1, volume ratio) as organic phase. 2.34
uL of triethylamine was added into the organic solvent solution
(4 mL) to neutralize HCl in order to increase solubility of
monomers in organic solvent. After addition of the organic
phase (300 puL, HATP: 0.375 mg ml?) onto subphase (243 cm?)
and waiting for 30 minutes to evaporate the organic solvent,
two barriers on the LB sink moves towards each other (speed: 2
mm min-1) to restrict surface area between them (Fig. 1a).
Surface pressure was monitored by measuring force excerted
on a flat platinum wilhelmy plate half immersed in the liquid. An
increase of the surface pressure can be detected during the
formation of the 2D films (Fig. 1b). Repeated experiments
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showed consistent surface pressure vs. area isotherms (Fig. S1,
ESIT). The liquid surface was also monitored by a Brewster angle
microscopy (BAM) to visualize film formation. When surface

pressure reached 20 mN m-1, a flat film was clearly observed (Fig.

la inset); when surface pressure reached 45 mN m-1, the flat
films became plicated. As a result, we chose 20 MmN m-! as target
surface pressure. The size of prepared film was about 5.6 cm x
3.5 cm, so the area was about 19.6 cm2. When the films were
formed, horizontal drawing-up method?!3 was used to transfer
the films onto substrates, in which the substrates were initially
submerged in the subphase and then horizontally lifted for
transferring after film formation on the surface.

Formation of the 2D HATP polymeric films require O, as an
oxidant. When synthesis was performed under N, atmosphere
by putting the LB device into a home-built glove box filled with
N> (Fig. S2, ESIT), no solid film formation can be observed (Fig.
1a, inset). Oxidative coupling of monomer can happen in two
possible ways: 1) the oxidation of one monomer can produce an
electron deficient N that forms an N-C bond to another
unoxidized monomer with electron rich aromatic ring via
electrophilic aromatic substitution, mimicking the formation of
the N-C bond in polymerization of aniline (Fig. 1c, model 1)19; 2)
the monomer can be oxidized to quinone imines that are further
hydrolyzed to quinones and then undergo condensation with
amine groups from unoxidized monomer to form N=C linkages
(Fig. 1c, model 2).14 Both paths lead to the formation of highly
conjugated 2D polymers.
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Fig. 1 (a) Fabrication of 2D HATP polymeric films on the air-water interface using
Langmuir-Blodgett (LB) technique and BAM images of the air-water interface in O, and
N, atmosphere. (b) The surface pressure vs. area plot in the film formation. The LB
machine was put into a home-built glove box to control the atmosphere. (c) Two
possible models of HATP polymeric films.

Transmission electron microscopy (TEM) images (Fig. S3,
ESIT) and scanning electron microscopy (SEM) images of the

2| J. Name., 2012, 00, 1-3

sample on silicon wafer (Fig. S4, Fig. S5a, ESIT), tegether with
optical photograph of 2D HATP polymi&iclFilass/ [ KiSi
substrate (Fig. S5c¢) showed the macroscopic homogeneity of
large-area 2D HATP polymeric films. Besides, no periodic fringes
were observed for this 2D thin film by TEM using a voltage of
either 75 kV or 200 kV (Fig. S3, Fig. S5d, ESIt). Energy dispersive
X-ray spectroscopy (SEM-EDX) confirmed that the sample
contain both C and N, which exhibited uniform distributions in
the films as shown by the mapping (Fig. S6, ESIT). Thickness of
the 2D HATP polymeric films (the one to construct the devices)
was about 5.8 nm as measured by atomic force microscopy
(AFM) (Fig. S5b). This thickness is about 17 times the thickness
of the monomer (3.35 A). We believe there were pleated
packing structure in the film instead of a regular packing of flat
monolayers. Atomic models of the connection in model 1 reveal
significant steric interactions between adjacent groups if they
lie on the same plane, indicating curvature formation in the
conjugated 1 rings. More repeated experiments showed a
thickness distribution in 3.6~5.9nm (Fig. S7, ESIT). We also tried
to increase the volume of the organic phase on the subphase in
hope to control the film thickness, but these changes had no
effect on film thickness. Instead, larger film area was obtained
when more monomers were added in the organic phase, as long
as surface pressure was kept to 20 mN m-! at the point of film
transfer. X-ray photoelectron spectroscopy (XPS) revealed
composition of the films to contain C, N, and O1% as shown in Fig.
S8, ESIT. The O may come from guest water molecules and the
Na may come from NaCl impurity.1® There were two peaks on
the XPS spectrum for C (1s) corresponding to C in two distinct
chemical environments. There is only one single peak for N (1s).
The HATP polymeric films showed Raman spectrum with peaks
at similar positions to that of the HATP*6HCI monomer, but the
Raman spectrum of HATP polymeric films also showed a
fluorescence background that is absent in that of the monomer
as shown in Fig. S9, ESIt. Fourier-transform infrared (FT-IR)
absorption spectra (Fig. 2) showed aromatic C-H stretching
vibrations at about 2924 cm~1, C-N stretching vibration at 1304
cm™1, and in-plane C-H bending at about 1095 cm~1, which are
similar to corresponding bands of polyaniline. The bands at
approximately 1523 cm! and 1620 cm™lare due to the
benzenoid and quinoid ring units.l” Peak observed at 1456 cm-
lwas due to C=C vibration of aromatic polymer chain.18
Compared with the monomer, the N-H stretching bands
(primary amines) at 3338 cm't and 3221 cm, as well as N-H
bending band at 1634 cm-! and C-N stretching band (aromatic
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Fig. 2 FT-IR absorption spectra of HATP molecule with KBr and HATP polymeric films
on CaF, substrate.
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amines) at 1278 cm-! became weaker, which is consistent with
formation of the polymeric film.

To investigate the charge transport property of the 2D HATP
polymeric films, we employed field-effect transistors (FET) to
measure their electrical behavior. In brief, the prepared
ultrathin 2D HATP polymeric films on the surface of water were
transferred onto silicon wafer covered with silicon dioxide of
300 nm in thickness. Two gold electrodes (40 nm, defined by
hard masks) were then deposited on top of the film. The 300 nm
layer of thermally grown oxide was used as an insulating layer,
and the heavily doped silicon substrate served as the gate
electrode.’® We constructed a channel of 180 um (L) X 1 mm (W)
in size shown in Fig. 3a. The transfer characteristics (scanning
gate voltage with a fixed drain voltage) of a representative HATP
polymeric film device was shown in Fig. 3b. With the gate
voltage (Vg;) decreasing at a given drain voltage (Vys = -5 V), the
drain current (/g4s) gradually increased, which confirms that the
device is a typical p-type transistor. The p-type behavior
indicates that 2D HATP film is a semiconductor with holes as the
majority carrier.2? The current on/off ratio in this device was
approximately 103. Even at such a high current, the devices are
still in perfect condition with no carbonization, as demonstrated
by a visual examination (Fig. S10, ESIT). The device currents
increased with increased channel areas. However, once the
HATP polymeric film was purposely damaged, the device lost
the conductivity in Fig. 3b. These results consistently indicated
that the high conductivity originated from 2D HATP film.
Furthermore, the device characteristic is reproducible with the
same structure as shown in Fig. S11, ESIT, and we also listed the
repeated test results in Table S1, ESIT. Thus, we attributed the
high conductivity of the 2D HATP films to long-range m-orbital
overlapping in the network.?! These devices based on 2D HATP
polymeric films are stable and their properties do not degrade
after many measurement cycles.

(a)
a /§?

6 4 2 0 2

Ve V)
Fig.3 (a) A schematic of the back-gated FET. (b) Transfer characteristics of the FET device
based on the HATP polymeric films (drain voltage Vs = -5 V); Inset: optical micrograph of
the representative FET.

We calculated the conductivity of the 2D HATP polymeric
films using the /lgs vs. Vys curve according to the following
Equation of 0 = L/R *s. o is the conductivity of 2D HATP
polymeric film, R is the resistance, s is the cross section area and
L is the length of 2D HATP polymeric film. The calculated
conductivity is about 0.91 S cm-. Besides, we also measured
currents at both drain and source terminals at the same time,
the matching currents of which confirmed that the currents
come from 2D HATP polymeric film and not from any leakage
channel (Fig. S12, ESIt). Because the HATP polymeric films have
a wide optical absorption band at UV-Vis-NIR region (Fig. S13,
ESIT). The electrical photoresponse of the same device under
the 980nm laser with a power density of 18.3 mW cm2 was

This journal is © The Royal Society of Chemistry 20xx
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shown in Fig. 4a. Meanwhile, we can observe an.ingrease,of
current after illumination (Vys = 0 V). ThE@eVeiGHIEaHIgriek
photoresponse was stable without obvious degradations over
many measurement cycles, even in the presence of oxygen and
moisture in the air (Fig. 4b).22 We also measured |-V curve of a
device after a storage of 10 days in air, which showed no loss of
conductivity (Fig. S14, ESIT). To ensure that the photocurrent is
through the HATP polymeric films, we tested a number of
devices with the same metal channels but without the HATP
polymeric films. All of these control devices behave as open
circuits with no photoresponse (Fig. 4a). The photocurrent (/pn =
liight - ldark) increases with increasing light intensity (P) (Fig. 4c).
The calculated responsivity (R)23 is up to 160 mA W-1 under 980
nm light irradiation (R = I, /(P * S)). With the increase of light
power, a saturation of the drain current is observed. A fitting of
the I,p-P curve in the sublinear region was obtained by equation
of Ipp = b* P % .Here, bisaparameter related to responsivity,
P is the laser power density and « is an exponent, the value of
which is between 0~1 and provides information of traps present
in the device. The power function fitting gives a equaling 0.69,
which is consistent with models of surface trap states on the
polymeric films.24 In this model, the photocurrent comes from
pumping electron to surface traps and thus leaving hole carriers
in the valence band for conduction. Under high power
illumination, saturation of the trap states and increased
recombination rate of photoexcited carriers limit the
photocurrent.22 25
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Fig.4 Photocurrent characteristics of the HATP polymeric films. (a) I~V curves in dark
and under 980 nm laser illumination with sweep voltage (-1~1 V). (b) Photoresponse
of the HATP polymeric films at Vgs=-1V, Vg = 0V and an illumination power of 18.3
mW cm2. (c) Laser intensity-dependent photoresponse at Vys = -1V, Vs = 0 V; inset:
the corresponding fitting curve of photocurrent versus laser power intensity. (d)
Comparison of the wavelength-dependent spectrum (red circle) with the UV-Vis
absorption spectrum (blue line) of HATP thin films. The illumination wavelength was
scanned from 200 to 1000 nm in 10 nm steps, Vg =1V, Vg =0 V.

To confirm the important role of HATP polymeric films in
device photoconductivity, we carried out wavelength-
dependent measurements?® using light from a xenon lamp with
a monochromator to select the wavelength range. Based on the
device photocurrent, we calculated the responsivities to
represent the intrinsic photosensitivity of the device. The
responsivity as a function of light wavelength from 200-1000
nm is shown in Fig. 4d (Vgs =0V, Vys =1V, light intensity = 0.1~10
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mW cm2, W=1mm, L =180 um). The peak in the responsivity
spectrum (about 4 A W-1) of the device is at around 320 nm,
roughly matching that of the UV-Vis absorption spectrum of the
HATP polymeric films. Notably, the whole responsivity curve
does not exactly match the shape of the UV-Vis spectrum,
suggesting that lights of different wavelengths have different
efficiencies in pumping electrons to the trap states.

Conclusions

In summary, we synthesized a large-area 2D HATP polymeric
film using Langmuir—Blodgett method and constructed a device
of FET configuration. We systematically studied the
photoelectric properties of the 2D HATP polymeric films. The
device based on thin films of HATP exhibits a broad absorption
spectrum from 200 to 1000 nm and a stable and fast response
to light. This work highlights the opportunity in developing 2D
polymeric organic semiconductors for constructing next
generation electronic devices.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We acknowledge funding support from the National Key R&D
Program of China (2018YFA0209500), the Ministry of Science
and Technology of China (2016YFA0200702), the National
Natural Science Foundation of China (No. 21671162, No.
21721001).

Notes and references

1 (a) N. O. Weiss, H. Zhou, L. Liao, Y. Liu, S. Jiang, Y. Huang and X.
Duan, Adv. Mater., 2012, 24, 5782-5825; (b) M. Xu, T. Liang, M.
Shi and H. Chen, Chem. Rev., 2013, 113, 3766-3798.

2 (a) R. Gutzler and D. F. Perepichka, J. Am. Chem. Soc., 2013, 135,
16585-16594; (b) J. W. Colson and W. R. Dichtel, Nat. Chem.,
2013, 5, 453.

3 Y. Zhong, B. Cheng, C. Park, A. Ray, S. Brown, F. Mujid, J.-U. Lee,
H. Zhou, J. Suh and K.-H. Lee, Science, 2019, 366, 1379-1384.

4 (a)A. P. Cote, A. |. Benin, N. W. Ockwig, M. O'Keeffe, A. J.
Matzger and O. M. Yaghi, Science, 2005, 310, 1166-1170; (b) A.
P. Cote, H. M. El-Kaderi, H. Furukawa, J. R. Hunt and O. M. Yaghi,
J. Am. Chem. Soc., 2007, 129, 12914-12915.

5 (a) M.Zhao, Y. Wang, Q. Ma, Y. Huang, X. Zhang, J. Ping, Z. Zhang,
Q. Lu, Y. Yu, H. Xu, Y. Zhao and H. Zhang, Adv. Mater., 2015, 27,
7372-7378; (b) M. G. Campbell, D. Sheberla, S. F. Liu, T. M.
Swager and M. Dinca, Angew. Chem. Int. Ed., 2015, 54, 4349-
4352; (c) L. Cao, Z. Lin, W. Shi, Z. Wang, C. Zhang, X. Hu, C.
Wang and W. Lin, J. Am. Chem. Soc., 2017, 139, 7020-7029.

6  A.Tsumura, H. Koezuka and T. Ando, Appl. Phys. Lett., 1986, 49,
1210-1212.

7  (a)H. Xu, R. Chen, Q. Sun, W. Lai, Q. Su, W. Huang and X. Liu,
Chem. Soc. Rev., 2014, 43, 3259-3302; (b)Y.-J. Cheng, S.-H.
Yang and C.-S. Hsu, Chem. Rev., 2009, 109, 5868-5923.

8 E. Pompei, C. Turchetti, S. Hamao, A. Miura, H. Goto, H.
Okamoto, A. Fujiwara, R. Eguchi and Y. Kubozono, Journal of
Materials Chemistry C, 2019.

4| J. Name., 2012, 00, 1-3

10

11

12

13

14

15

16

17

18

19

20

21

22
23

24
25

26

(a) H. Okamoto, N. Kawasaki, Y. Kaji, Y. Kubozor\géWAArgfcl{;i&/m%g
and M. Yamaji, J. Am. Chem. Soc., 2008)@d30.1045/0-1047156(t)
J. E. Anthony, Angew. Chem. Int. Ed., 2008, 47, 452-483; (c)
A. Dodabalapur, L. Torsi and H. E. Katz, Science, 1995, 268,
270-271; (d) A. Lv, S. R. Puniredd, J. Zhang, Z. Li, H. Zhu, W.
Jiang, H. Dong, Y. He, L. Jiang, Y. Li, W. Pisula, Q. Meng, W. Hu
and Z. Wang, Adv. Mater., 2012, 24, 2626-2630; (e) Y. Sun, Y.
Liu and D. Zhu, J. Mater. Chem., 2005, 15, 53-65; (f) H.T.Yi, M.
M. Payne, J. E. Anthony and V. Podzorov, Nature
Communications, 2012, 3, 1259.
T.Zhang, H. Qj, Z. Liao, Y. D. Horey, L. A. Panes-Ruiz, P. S. Petkov,
Z.Zhang, R. Shivhare, P. Zhang, K. Liu, V. Bezugly, S. Liu, Z. Zheng,
S. Mannsfeld, T. Heine, G. Cuniberti, H. Haick, E. Zschech, U.
Kaiser, R. Dong and X. Feng, Nature Communications, 2019, 10,
4225.
J. 1. Feldblyum, C. H. McCreery, S. C. Andrews, T. Kurosawa, E. J.
G. Santos, V. Duong, L. Fang, A. L. Ayzner and Z. Bao, Chem.
Commun., 2015, 51, 13894-13897.
(a) K. B. Blodgett, J. Am. Chem. Soc., 1935, 57, 1007-1022; (b) K.
B. Blodgett and I. Langmuir, Phys. Rev., 1937, 51, 964-982; (c)
J. A. Zasadzinski, R. Viswanathan, L. Madsen, J. Garnaes and
D. K. Schwartz, Science, 1994, 263, 1726; (d) B. A. Capistran
and G. J. Blanchard, Langmuir, 2019, 35, 3346-3353.
K. Ariga, Y. Yamauchi, T. Mori and J. P. Hill, Adv. Mater., 2013,
25, 6477-6512.
J. Mahmood, E. K. Lee, M. Jung, D. Shin, H.-J. Choi, J.-M. Seo, S.-
M. Jung, D. Kim, F. Li, M. S. Lah, N. Park, H.-J. Shin, J. H. Oh and
J.-B. Baek, Proc. Natl. Acad. Sci., 2016, 113, 7414-7419.
(a) G.-H. Nam, K.-S. Kim, S.-H. Park, H.-S. Kim, D.-H. Ahn, J.-H. Kim
and J.-H. Lee, Appl. Surf. Sci., 2019, 481, 540-544; (b) Z. Yin, B.
Tian, Q. Zhu and C. Duan, Polymers, 2019, 11, 2033.
D. Sheberla, L. Sun, M. A. Blood-Forsythe, S. I. Er, C. R. Wade, C.
K. Brozek, A. n. Aspuru-Guzik and M. Dinca, J. Am. Chem. Soc.,
2014, 136, 8859-8862.
(a) K. Kamaraj, S. Sathiyanarayanan and G. Venkatachari, Prog.
Org. Coat., 2009, 64, 67-73; (b) K. Kamaraj, V. Karpakam, S.
Sathiyanarayanan and G. Venkatachari, J. Electrochem. Soc.,
2010, 157, C102-C109; (c)M. Shabani-Nooshabadi and F.
Karimian-Taheri, RSC Advances, 2015, 5, 96601-96610.
F. Cases, F. Huerta, P. Garcés, E. Morallén and J. L. Vazquez, J.
Electroanal. Chem., 2001, 501, 186-192.
V. Rubio - Giménez, M. Galbiati, J. Castells - Gil, N. Almora -
Barrios, J. Navarro - Sanchez, G. Escorcia - Ariza, M. Mattera, T.
Arnold, J. Rawle and S. Tatay, Adv. Mater., 2018, 30, 1704291.
G.Wu, J. Huang, Y. Zang, ). He and G. Xu, J. Am. Chem. Soc., 2017,
139, 1360-1363.
(a) M. Hiramoto, K. Nakayama, |. Sato, H. Kumaoka and M.
Yokoyama, Thin Solid Films, 1998, 331, 71-75; (b)F. Yang, S.
Cheng, X. Zhang, X. Ren, R. Li, H. Dong and W. Hu, Adv. Mater.,
2018, 30, 1702415.
Z.Zhang and J. T. Yates, Chem. Rev., 2012, 112, 5520-5551.
W. Wu, L. Wang, R. Yu, Y. Liu, S.-H. Wei, J. Hone and Z. L. Wang,
Adv. Mater., 2016, 28, 8463-8468.
D. Yang and D. Ma, Adv. Opt. Mater., 2019, 7, 1800522.
(a) W. Zhang, J. K. Huang, C. H. Chen, Y. H. Chang, Y. J. Cheng and
L. J. Li, Adv. Mater., 2013, 25, 3456-3461; (b) H. Tan, W. Xu, Y.
Sheng, C. S. Lau, Y. Fan, Q. Chen, M. Tweedie, X. Wang, Y. Zhou
and J. H. Warner, Adv. Mater., 2017, 29, 1702917.
Y. Cao, Z. Wei, S. Liu, L. Gan, X. Guo, W. Xu, M. L. Steigerwald, Z.
Liu and D. Zhu, Angew. Chem. Int. Ed., 2010, 49, 6319-6323.

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 5


https://doi.org/10.1039/d0nj00560f

Page 5 of 5

oNOYTULT D WN =

New Journal of Chemistry

View Article Online

DOI: 10.1039/DONJO0560F

(a)

HATP + O,

| 164 _°©
<, RSLLLY
T wn o 1=
| izati T2 O Data
[bolymertzation - 12{ 1O —Fiing
= density (mw cm?) 10 131
A 744
-

0 30 60 90 120 150

TOC

95x67mm (300 x 300 DPI)


https://doi.org/10.1039/d0nj00560f

