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Abstract

Electrically conductive coordination polymers are emerging as attractive electroactive materials for
(opto-)electronics. However, developing semiconducting coordination polymers with high charge
carrier mobility for logic devices has remained a great challenge so far, which urgently requires the
rational design of ligands and topological networks as well as electronic structures. Herein, we
demonstrate a strategy for the synthesis of high-mobility semiconducting conjugated coordination
polymers (c-CPs) utilizing a new type of conjugated ligands, i.e., "4+2" phenyl ligands with D2

symmetry. Compared with the traditional phenyl ligands with Cen Symmetry, the reduced symmetry



of the "4+2" ligands hinders the in-plane isotropic growth during the coordination reaction.
Consequently, we successfully achieve a single-crystal three-dimensional (3D) c-CP Cus;DHTTB
(DHTTB = 2,5-dihydroxy-1,3,4,6-tetrathiolbenzene), which contains orthogonal ribbon-like z-d
conjugated chains rather than 2D conjugated layers. The resulting CusDHTTB exhibits a small
bandgap (~0.2 eV), highly dispersed energy bands near the Femi level, and a small effective mass
(~0.2 m*). Furthermore, it behaves as a p-type semiconductor with a room temperature conductivity
of 0.2 S/cm, as disclosed by the four-probe method. Ultrafast terahertz spectroscopy confirms its
semiconducting nature and demonstrates Drude-type transport of delocalized free carriers with high
charge carrier mobility up to 88 + 15 cm?V !'s™!, superior to thus-far reported conductive 3D
coordination polymers. This work develops a molecular design strategy for constructing high-mobility
semiconducting c-CPs, laying the foundation for achieving high-performance c-CPs-based

(opto-)electronics.
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Materials

All chemicals were purchased from Sigma-Aldrich and were used without future purification.

Water has been degassed by the Freeze-Thaw method before being used.

Synthesis methods.

1. Synthesis of 2,5-dihydroxy-1,3,4,6-tetrathiolbenzene (DHTTB)
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\
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Scheme S1. Synthetic route of 2,5-dihydroxy-1,3,4,6-tetrathiolbenzene (DHTTB).

2,3,5,6-tetrakis(isopropylthio)benzene-1,4-dihydroquinone (2)

2,3,5,6-tetrakis(isopropylthio)benzene-1,4-dihydroquinone 2 was synthesized using a modified
method based on literature[R]. Well-grounded sodium hydroxide (10g, 250 mmol) and 2-propanethiol
(22.85 g, 300 mmol, 28.21 mL) were added into toluene and stirred for 3 hours at ambient temperature
to make a well-dispersed suspension. Then, dropwise, 300 ml of toluene solution containing p-chloranil
(12.94 g, 50 mmol) was added and reacted at 65 °C for 24 hours. After the reaction mixture was cooled
to ambient temperature, 200 mL of Mili-Q water was added to the mixture. After heavily stirring the
mixture for 1 hour, the organic layer was separated and dried over anhydrous magnesium sulfate. The
solvent was removed by rotary evaporation and recrystallization of residue from hot methanol (150 mL)

giving 2 as white needle crystals.

2,5-dihydroxy-1,3,4,6-tetrathiolbenzene (3)

2,3,5,6-tetrakis(isopropylthio)benzene-1,4-dihydroquinone 2 was dissolved in dried fluorobenzene to
form a colorless solution. BBr; was added dropwise into the solution, and the mixture was heated to
60 °C for 48 hours and then cooled down to room temperature. After the solution cooled, a white
precipitate formed. The white precipitate was filtered out and washed with dry fluorobenzene. This
product is the borylations derivate of DHTTB (denoted as DHTTB(BBrs)). However, due to the
sensitivity of B-Br bond in the DHTTB(BBT3) , it was used directly for the next reaction without further
treatment. DHTTB(BBTr3) was transferred into a flask under nitrogen, and degassed water was added.
After reaction for 1 hour under stirring, the resultant white precipitate was collected by suction filtration,
washed with cold water, and dried under vacuum to yield DHTTTB. 1H NMR (500 MHz, Toluene-d6):
8 = 5.80 (2H), 3.27 (4H) ppm(Figure S12). Elemental analysis (calcd., found for: C (30.24, 30.94), H



(2.54, 2.43), S (53.80, 53.74). Mass spectrometry analysis (DHTTB = M, calc. [M+H]+ = 239.0000
found 239.0000).

2. Synthesis of CusDHTTB

Under nitrogen, degassed water was added into a 20 mL glass vial containing DHTTB and
CuS04-5H,0. Then the mixture was stirred and heated to 80 °C. After the reaction at 80 °C for 12 hours,
the solid products were filtrated from the solution and washed with dimethyl formamide, acetonitrile,
and menthol. Then it was dried under a dynamic vacuum for 24 h. Yield of black powder of CusDHTTB:
0.135 g, 91%. Anal. Calcd for CusCsS40,: Cu, 52.25; C, 14.81. Found: Cu, 51.74; C, 14.71.

Based on a literature-reported method?, film samples of CusDHTTB and CusBHT were synthesized
by the same interfacial reaction method. More specifically, CuSO. was dissolved in 30 mL of water and
added to a beaker. The aqueous solution was carefully covered by 30 mL of toluene which served as a
buffer layer. 1 mL of a toluene solution of the ligand (20 M) was slowly injected into the organic upper
phase. Film samples will form and can be observed after the reaction last for several minutes. Then the
samples were transformed onto the quartz substrate and rinsed with DMF, acetonitrile, methanol, and

acetone. Finally, the film sample was dry under a vacuum at 80 °C for further use.

Characterization methods

Component characterization and analysis

Copper contents have been measured by using inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 6300 Radial, Thermo Scientific) . Carbon and sulfur content analysis

has been performed by using CHN elemental analysis (Flash EA 1112, Thermo Fisher Scientific).

Powder x-ray Diffraction (PXRD)

The PXRD data were collected by using Aries (Panalytical) equipped with Cu Ka radiation (A =

1.5404 A).

3D Electron Diffraction Technique, continuous Rotation Electron Diffraction (CRED)

Three-dimensional electron diffraction (3D ED) data were collected using the c-RED method
implemented in the software Instamatic. All the datasets were collected using a JEOL JEM2100 TEM
(LaB6 filament, ASI Timepix camera) operating at 200 kV. The reciprocal space reconstruction was

carried out using the program RED, and the reflection intensity extraction was conducted by the program



XDS. Using the intensities obtained from 3D ED data, the structures were solved ab initio by the software

package SHELXT 9.

Raman spectroscopic characterization

Raman spectra have been recorded using a Horiba LabRAM HR Evolution Raman microscope in
the range of 120-4000 cm™ at 298 K. The resolution for all measurements was 4 cm™* and 256 scans.
The Raman spectra of CusDHTTB and DHTTB can be found in Figure S1. DHTTB featured strong
signals at ~2550 cm™ and 3350 c¢cm'! that can be ascribed to the S—H stretching vibration and O-H

stretching vibration, respectively?. Both those peaks disappeared completely in CusDHTTB.

Scanning Electron Microscopy (SEM)

The Scan Electrical Microscope (SEM) images were obtained by a Toshiba S4800 SEM. The High-
Resolution Transmission Electron Microscopy (HRTEM) images were obtained by using a JEOL 2100F
TEM with an accelerated voltage of 120 kV.

Electrical property measurement

To measure the electrical property of Cu4DHTTB, Cu4DHTTB crystals were pressed into pellet samples
under 500 MPa of pressure. And then, four parallel gold electrodes were deposited on them through low-
temperature vacuum evaporation to form a four electrode setup. The electrical conductivity was
measured in a Lake Shore Hall system. The current used for resistivity measurement is 100 mA.

Ultrafast THz spectroscopy

Ultrafast THz spectroscopy was used to investigate the charge transport properties of CusBHT and
CusDHTTB films deposited on fused silica substrates. The setup employs a commercial Ti:sapphire laser
amplifier system to generate ultrafast laser pulses with a central wavelength of 800 nm, a duration of ~50
fs, and a repetition rate of 1 kHz for optical excitation, THz generation and detection. By using a pair of
(110) ZnTe crystals, single-cycle THz pulses of ~1 ps duration were generated and detected by optical
rectification and free-space electro-optic sampling, respectively. For characterizing the intrinsic electrical
properties, THz waveforms transmitted through a blank SiO, substrate and CusBHT and CusDHTTB
films deposited on the substrates were recorded in the absence of photoexcitation. By Fourier transform
the time-domain THz waveforms to the frequency domain, the frequency-resolved complex THz

conductivity o(w) of CusBHT and CusDHTTB films can be obtained via equation (1):
Ew) n+1
Eo(w) n+1+Zyow)

®
where E,(w) is the frequency-dependent THz electrical field transmitted through the blank SiO;
substrate, E(w) is the frequency-dependent THz electrical field transmitted through CusBHT or

CusDHTTB, Z, = 377 Q is the impedance of free space, and n = 1.95 is the refractive index of the

3



used SiO; substrate in the THz range. The dynamics and transport properties of CusBHT and CusDHTTB
films were characterized by optical-pump THz-probe (OPTP) spectroscopy, in which the THz
transmission in the absence (Eunpump) and presence (E,,mp,) Of photoexcitation were recorded in
transmission mode. The complex THz photoconductivity (4o (w)) can be obtained via the thin-film
approximation, as shown in equation (2):

n, +n, ) (Epump (w) — Eunpump (w))

A =—
7(@) Zyl Eunpump(w)

2)

The fluence-dependent measurements were performed in a dry N2 environment, and the samples were
photoexcited by the 800 nm laser pulses with pump fluences ranging from 29 to 79 pJ/cm? The
temperature-dependent THz photoconductivity measurements were conducted under vacuum conditions

(pressure < 2 x 10" mbar) with the help of a cryostat.

Calculation details

The electronic structures (HOMO, LUMO, and electrostatic potential (ESP)) and optimized
structures of benzene-based conjugated ligands are derived from DFT calculations. DFT was performed
using Gaussian 09 with the B3LYP functional and 6-311g(d,p) basis set and the Grimme D3 dispersion
correction. (Gaussian 09, Revision C.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M.
A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M.
Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M.
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T.
Vreven, J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin,
V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S.
lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Kleneg, J. E. Knox, J. B. Cross, V. Bakken, C.
Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J.
W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. VVoth, P. Salvador, J. J. Dannenberg,
S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian,

Inc., Wallingford CT, 2010.)



We investigated the electronic structures of Cu-DHTTB based on first-principles calculations in
Vienna Ab initio Simulation Package (VASP) 5.3 code®. All calculations were performed employing
Generalized Gradient Approximations (GGA)-PBE exchange-correlation functional with D2 dispersion
correction* ® and a Projector-Augmented Wave (PAW) potential®. Monkhorst-Pack scheme was selected
to generate k meshes. And the plane-wave basis was set up to 600 eV cutoff. The optimized crystal
structures that are good agreement with experimental parameters were obtained at a convergence
threshold of ionic relaxation with 0.02 eV/ A. Then band structures and Projected Density-of-States
(PDOS) were performed at PBE level.

The points of high symmetry in the calculated Brillouin zone” are labeled as follows:

I'=(0, 0, 0); Z= (0, 0.5, 0); D= (0, 0.5, 0.5); B= (0, 0, 0.5); A (-0.5, 0, 0.5); E (-0.5, 0.5, 0.5); Z (0, 0.5,
0.); C2 (-0.5, 0.5, 0); Y2 (-0.5, 0, 0)

The zero energy is given at the Fermi energy.
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Figure S1. Calculated bond length information for benzene-based conjugated ligands including
benzenehexathiol(BHT), 1,4-dihydro-2,3,5,6-tetrathiolbenzene(DHTTB), 3,6-diamino-1,2,4,5-
tetrathiolbenzene(DATTB), 3,6-diselenol-1,2,4,5-tetrathiolbenzene(DSTTB),
hexahydroxybenzene(HHB), 3,6-dithiol-1,2,4,5-tetrahydrobenzene(DTTHB), 3,6-diamino-1,2,4,5-
tetrahydrobenzene(DATHB), diselenol-1,2,4,5-tetrahydrobenzene,(DSTHB) hexaaminobenzene(HAB,)
1,4-dithiol-2,3,5,6-tetraaminobenzene(DTTAB),  1,4-dihydrol-2,3,5,6-tetraaminobenzene(DHTAB),
1,4-diselenol-2,3,5,6-tetraaminobenzene(DSTAB),  benzenehexaselenol(BHS), 3,6-dithiol-1,2,4,5-
tetraselenolbenzene(DTTSB), 3,6-dihydro-1,2,4,5-tetraselenolbenzene(DHTSB) and 3,6-diamino-
1,2,4,5-tetraselenolbenzene(DATSB).



D2n
Cén Can
Symmetry B
A A
red uction
o e
O Q ’

X =-OH, -NH,, -SH, -SeH

A =-OH, -NH,, -SH, -SeH
B =-OH, -NH,, -SH, -SeH

"4+2" ligand

\ A#B /
; . . . 0 . . . .
1 0.6 -0.889 i L0.6
™ i 1344 w T qoeg 0982 9 @
. -1.479 —_ -1.473 ] _— LUMO — — -1/7287 S
< [=% > i Q
$ | LMo 5 — | g 32 — | =z
= ) o4 S 2 0 <
[ % i [ T 5
g 2z .5_339\ 2 B2 /N 8
o 5769 ~——\ F 3 /5,772 3
8 64 -6.407 — N\ -6.23 3 5] /N 3
g Siialy N L0.2 & &6 1 3
& by — @ / \ 2,
HoMQ 0 = HOMO =
-7 8 8707
sl o ; ; ; 0.0 ' : O ;
BHT ~ DHTTB DATTB DSTTB HHB  DTTHB DATHB DSTHB
-0.5 T T T T -1 T T T 137
-0.703 - gy s — g,
—_ 0799 o -1 — =i o
- LUMO 0852 O P o | = © g
2 — 093 = ©-21 Lumo 7
B 1.0 -3.841 2 e H e
1.0 -3, / o = - a
5 /N 408 S 2] / sen 2858
E -4.0 4 HOMO /_, Sk \ —_— 4585 § a:.) 6. -6.131 -6.151/ — §
1 -4.5 4. A\ 4. L02 & - T = L02 @
s j ke i | A HOMO <
5.0 7, ST SO e
55
s0l—g : Q . 0.0 81L—0= T . : 0.0
HAB DTTAB DHTAB DSTAB BHS DTTSB DHTSB DATSB
v e Nﬁ:( ﬁj@ : j¢[s sﬁ s:¢( e, o

Figure S2. Calculated HOMO and LUMO energy levels and absolute bond length difference between
different substitution groups(|D(C-A)-D(C-B)| ) in “4+2” ligands.
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Figure S4. Fourier transform-infrared (FT-IR) spectra of BHT and DHTTB.
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Figure S10. llustration of the high-symmetry K-points in first Brillouin zone of CusDHTTB
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Table S1. Summary of the charge mobility and corresponding measurement methods of 3D conductive
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Materials Mobility Mobility Mesurment Ref
techlogy
Cu,DHTTB 88+15¢cm?V'st THz mobility This work

(DHTTB=2,5-dihydroxy-1,3,4,6-
tetrathiolbenzene)

K 0.98 Fe2(BDP)3
(BDP2— = 1 4-
benzenedipyrazolate)
K 0.98 Fe2(BDP)3

FEQ(BDP)3

Zn(TTFTB)
(HsTTFTB=tetrathiafulvalene-
tetrabenzoate)

Mn(DSBDC)
(H4sDSBDC =2,5-
disulfhydrylbenzene-1,4-
dicarboxylic acid )

[In(isophthalate),]

0.84cm?V's1(e) Single crystal FET
device mobility

0.29cm?V's? FP-TRMC mobility
0.02cm?V st FP-TRMC mobility
0.2cm?V st FR-TRMC mobility
0.02cm?V'st FR-TRMC mobility
46x10° Drop-cast Film FET
cm?Vls? device mobility

10

FET (Field-effect transistor)

FP-TRMC(flash-photolysis-time-resolved microwave conductivity)
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