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The absorption coefficient:

The optical properties usually rely on the complex dielectric function (frequency) for 
characterization, which is defined as:

𝜀(𝜔) = 𝜀1(𝜔) + 𝑖𝜀2(𝜔)                                                   (1)

therein  and  represent the real and imaginary parts, respectively. The 𝜀1(𝜔) 𝜀2(𝜔)

imaginary part [ ] of the dielectric function can be expressed as [1]:𝜀2(𝜔)

𝜀2(𝜔) =
4𝜋𝑒2

𝑚2𝜔2∑
𝑖,𝑓

∫2𝑑3𝑘

(2𝜋)3
|〈𝑖𝑘|𝑃|𝑓𝑘〉|2𝐹𝑘

𝑖(1 ‒ 𝐹𝑘
𝑓)𝛿(𝐸𝑘

𝑓 ‒ 𝐸𝑘
𝑖 ‒ 𝐸)     (2)

where ,  and  are incident photon frequency, incident photon energy and the Fermi 𝜔 𝐸 𝐹

function, respectively. ,  and  represent the transition matrix, the CB state and 𝑃 |𝑖𝑘�⟩ |𝑓𝑘�⟩
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here  is the integral principal value. More importantly, the absorption coefficient [𝑝

] can be calculated by [3]:𝛼(𝜔)
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where  is the speed of light in vacuum.𝑐

The carrier mobility:

The carrier effective mass ( ) can be obtained by fitting the electronic band 𝑚 ∗

dispersion as the following equation [4]:

1

𝑚 ∗
=

1

ħ2

∂2𝐸(𝑘)

∂𝑘2
                                                         (5)

where  is the reduced Plank constant,  represents the wave vector and  represents  ħ 𝑘 𝐸(𝑘)

the carrier energy. Based on the deformation potential theory, the carrier mobility can 
be assessed by the following formula [5]:

𝜇 =
𝑒ħ3𝐶2𝐷

𝑘𝐵𝑇𝑚 ∗
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                                                       (6)
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where  is the Boltzmann constant and  is the temperature (300 K).  is the 𝑘𝐵 𝑇 𝑚 ∗
𝑒

effective mass of electrons or holes along the transport direction.  is the average 𝑚𝑑

effective mass defined using the expression  where  and  are 𝑚𝑑 = 𝑚 ∗
𝑥 𝑚 ∗

𝑦 𝑚 ∗
𝑥 𝑚 ∗

𝑦

along the x and y directions, respectively.  represents the deformation potential 𝐸𝑑

constant, which is defined as  where  represents the shift of the band 
𝐸𝑑 =

∂𝐸𝑒𝑑𝑔𝑒

∂𝛿 𝐸𝑒𝑑𝑔𝑒

edge position with respect to the uniaxial strain .  is the elastic modulus, which 𝛿 𝐶2𝐷

can be determined by , where  is the total energy of monolayer after 
𝐶2𝐷 =

1
𝑆0

∂2𝐸

∂𝛿2 𝐸

deformation and  is the lattice area of monolayer under equilibrium. 𝑆0
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Table S1 Calculated lattice parameters for Penta-CnX6-n: a is lattice constant, d is the 
thickness in vertical direction, dC-X is the bond length of C-X, ΔH is the formation 
enthalpy of Penta-CnX6-n.

Materials (Penta-) a (Å) d (Å) dC-X (Å) ΔH (eV/atom)

C5B 3.771 1.109 1.606 1.014
C4B2 4.004 0.807 1.643 1.074
C2B4 3.934 1.073 1.582 0.610
CB5 4.106 0.894 1.559 0.884
C5N 3.534 1.356 1.541 1.194
C4N2 3.415 1.509 1.514 1.485
C2N4 3.313 1.529 1.468 0.610
CN5 3.250 1.814 1.430 1.375
C5Al 4.063 1.353 1.921 1.298
C4Al2 4.668 1.444 2.061 0.743
C2Al4 5.110 1.189 1.975 0.595
CAl5 5.648 1.491 1.961 0.792
C5Si 4.022 1.272 1.817 0.988
C4Si2 4.409 1.326 1.908 0.605
C2Si4 4.217 2.253 1.883 0.741
CSi5 4.727 2.401 1.904 0.719
C5P 3.891 1.331 1.758 0.925
C4P2 4.141 1.409 1.794 0.672
C2P4 4.092 2.319 1.879 0.174
CP5 4.479 2.622 1.948 0.229

C5Ga 4.096 1.349 1.929 1.458
C4Ga2 4.721 1.434 2.086 0.952
C2Ga4 5.010 1.568 2.010 0.797
CGa5 5.570 1.634 2.005 0.654
C5Ge 4.105 1.294 1.877 1.257
C4Ge2 4.575 1.365 1.993 0.915
C2Ge4 4.575 2.337 2.012 0.854
CGe5 5.098 2.518 2.003 0.728
C5As 4.024 1.386 1.869 1.339
C4As2 4.423 1.520 1.944 1.280
C2As4 4.362 2.541 2.015 0.522
CAs5 4.730 2.891 2.043 0.535



S6

Figure S1 Phonon spectra of Penta-CnX6-n. G (green) and P (blue) represent the good 
and poor dynamic stability, respectively. The dashed line indicates zero frequency, 
below which the structure is dynamically unstable.
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Figure S2 Evolutions of total potential energy of Penta-CnX6-n with respect to 
simulation time at the temperature of 300 K, and the top and side views of snapshots 
after 5000 fs.
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Figure S3 Elastic energies of Penta-CnX6-n under uniaxial, biaxial and shear in-plane 
strains, respectively.
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Figure S4 Formation enthalpies of stable Penta-CnX6-n compared with their allotropes 
in other works. Therein, the red marks are our Penta-CnX6-n and the black ones are 
others. References are as follows: B13C2 bulk, C3N4 bulk, Al4C3 bulk, GaC bulk, As4C3 
bulk [6]; B2C, BC, BC2, BC3, BC5, BC7 [7-11]; g-C3N4, g-CN, g-C4N3, C2N, C4N [12-
16]; Al3C, Al2C, AlC, AlC3 [17]; h-SiC, th-SiC, t-SiC, g-SiC2, pt-SiC2 [18-20]; CP3, 
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CP2, C2P3, CP, h-CP, C3P2, C3P [21-23]; h-CGa [23]; g-GeC, th-GeC, t-GeC, th-GeC2 
[18,24,25]; h-CAs, As2C3 [23,26].
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Figure S5 Stress-strain relationships of uniaxial (x and y directions) and biaxial (xy 
direction) in-plane strains for Penta-C2B4.
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Figure S6 Evolutions of the local skeleton configurations of (a) Penta-C4P2 (NPR), (b) 
Penta-C2Al4 (H-NPR) and (c) Penta-C2Ga4 (PRR) under the uniaxial strain along x 
direction. The pink and cyan arrows indicate the applied and driven uniaxial strains.
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Figure S7 Evolution of the total energy of Penta-C4Si2 and Penta-C2P4 (3×3 supercells) 
obtained from 5000 fs AIMD simulations in a 300 K water environment. And the final 
configuration at t = 5000 fs is shown in the inset for comparison.
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Figure S8 Possible adsorption sites on (a) Penta-C4P2 and (b) Penta-C5P. Therein, A1 
(on the bridge site of the lower C atoms), A2 (on the top site of the P atoms) and A3 
(on the bridge site of the upper C atoms) are stable adsorption sites for Penta-C4P2; B1 
(on the top site of the lower C atoms), B2 (on the top site of the middle C atoms), B3 
(on the top site of the P atoms) and B4 (on the bridge site of the upper C atoms) are 
stable adsorption sites for Penta-C5P. The blue stars represent the unstable adsorption 
sites (the Na atoms at these sites would move to the stable sites after structural 
optimization).


