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Carbon—-Enriched meso—Entropy Materials: from Theory to Cases

Feng, Boxu Zhuang, Xiaodong*

(The meso-Entropy Matter Lab, Frontiers Science Center for Transformative Molecules, School of Chemistry and Chemical
Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract Carbon-enriched materials, including carbon allotropes, polycyclic aromatic hydrocarbons, polymers, frame-
works, etc., are rising as stars in functional materials field. Large amount of reported work focused on development of new
structures with typical features for novel applications, and has long ignored the intrinsic relationship between similar struc-
tures. The superficial relationships of those carbon-enriched materials in textbook, e.g., isomers, allotropes and topological
defects, are no longer enough for fundamental understanding the structure-property relationship study due to more and more
carbon-enriched materials have been developed. Such disadvantage has long hindered development of new materials based
on well-established material systems. In this work, meso-entropy concept is proposed for understanding and development of
different kinds of carbon-enriched materials by comparing their relative entropy values. Based on theoretical models and
case-to-case discussion, meso-entropy concept has been found compatible with the concept of isomers, allotropes and topo-
logical defects in carbon-enriched materials. From now on, hopefully, the meso-entropy defined relationship for car-
bon-enriched materials will be no longer staying at the geometric level, and provide new thinking development of new car-

bon-enriched materials and other meso-entropy materials.
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Figure 1 Main types of carbon nanomaterials and their classification
according to dimensions!**!
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Figure 2 Examples of carbon allotropes
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Figure 3 Classification and examples of organic isomers
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Figure 4 Topological defects in graphene: (a) 5-7 dislocation; (b) 5-8-5
dislocation; (c) 55-77 clustered topological defect; (d) 555-777 clustered
topological defect; (e) closed loop flower topological defect; (f) aperiodic
grain boundary; (g) §=32.2° periodic grain boundary; (h) 6=0° periodic
translational grain boundary®™”
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Figure 5 (a) Lattice model of graphene; (b) phonon spectra of gra-
phene; (c) corresponding total density of states'”
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Figure 6 (a) Rotation modes of carbon dioxide molecule; (b) the princi-
ple moments of inertia for a molecule!®”
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Figure 7 (a) Theoretical model of conformational entropy; (b) confor-
mational entropy of monatomic crystal with lattice vacancies
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AT A ERIE N
S(A)=al-y+... (11)

Hrb A SRR — M EERR X, Hoid S gk i) i
N1, HPERE SRR [~ oo RBRATH R BT
T AR EAE, SR8 o 2RI, y & RIEHE
AP g M L vTRLEMNCN y=InD, D
MRS ET RS NTREA L A BREE(Finite
interval of length)F1 UV B&WT(UV cut-off) & 45 th (1) 2] [X
(B 9(c)Fr7w), hlalk&(Interval) )24 2845 A

c L
S, =—log—+C
173 g,; (12)

SR B @ Y, AU T 348 3 #1118 (Conformal
field theory, CFT)F Lo FiAif ¢, AL C A2l M,
W BT T TR A AR 0 TR A T S A2 S 5
(The entanglement entropy through topological interfac-
eS)[90]

A
SzglogL—Z:Trp[Alogp—’i'd (13)
G, i

Heeh, $R%((Indices) i A1 CGEH AN )23t A A%
{1 3 A T+ 358 3 19 A W] 2 d5¢ v B 2R 7R (Irreducible
highest weight representations of the two chiral parts of the
common subalgebra), EARATFEE i &7 ANAHAE) CFT
HORTAT 2 3RIR I — X 7245 e FA (A pair of leftright prod-
ucts of irreducible representations in the two adjacent
CFTs), i=(,1,;a,p), MiFE p R 0 B K K A4
W (Positive-semidefinite Hermitian matrix), p. /& CFT1
P[] — {4 R fE Xk R F#) 4347 (The distribution corresponding
to the identity defect in CFT1).

5+ A /A 2 98§ (Left/right entanglement entro-

[90]

py)

S :ElogL—Z|S A|2 logM
6 — S

i0

(14)

o Sy F1 Sy BERAL S HE R TR,

BT R4 K UR e, T DU REE R E AL A =
FEICAR R 73 R A DL S b Rk Fh S fa 1) (1) 96 &% 2010
4E, Louie KILAVEHPHM S — M EHEW & T4
8 M H AN B A 8 A S 1) e B o8 R (B 10). WA
10(a)~10(d) Ffr7s, A7 S 4 o R 57 £ R 5 6 g BT Xof 2
A K B e B AT UL Read-Shockley 7572

b b
ﬂ63=4;ﬂ_k)€ﬂ+mJJb—meﬁ (15)

TR Ry R IORE R, AN eV/A, b Ny
T T 7] 5 (Burgers vector), & 5 HRAEE 51 T ff 4 iy AR

Acta Chim. Sinica 2020, 78, 833—847



1z

4
%
&

HoniTit |

(@) ®) 2 qubit system: |1}]4)

1
1) =51IMa + 1Dl @ [IT)s + gl

. e
Sp=0
(© ‘ . Not entangled ‘ .
A B A B
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B9 (a)7 WA TR (A T B — 4l T4E; (b) AT L2 AN JE 2 4
¥ 2 f T HURHA R (02 WA TR R (A A B AL R T R0
Figure 9 (a) One-dimensional quantum chain divided into two subsys-
tems; (b) entangled and not entangled 2 qubit systems; (c)
two-dimensional quantum system divided into two subsystems (A and
B

PIR/NFI T M IR AN AN ', 1 BT J1BE% (Shear mod-
ulus), v N VA ¥ Eb (Poisson’s ratio), 8 A BX [\ ff
(Misorientation angle), ro /& HIAZ 0242, 11l 10(a)
FIT7R, Y & FE R0 55 (1,0) 7 4 23 77 A — 2 B 5 7
1, HAFE 952258 J7 #2(Frank’s equation)

B0

(1,0

H dy o RHA 2 MR BE 2 —. X T
10(b) (1, )7

0 =2arcsin

(16)

o . ‘b(l,l)‘
6 =60° —2arcsin 17)
a1,D
Read-Shockley 77 F% 1 ¥ 85 Sy 55 (o) T LAIE ik
U= E 18
20+1) (18)
RS, Hb E 9 IR & (Young’s modulus).
© 4
L (10
. 1'(1)+01 paired)
R T
- - finite dislocation e?\erg‘y (7.5eV)
~06 v .o,
. / ? uwma
.i%OA // N * 28
LAGBI  m i
02l /. LAGB Il
> , //,/
4 ol
0 10 20 30 40 50 60
r = 0/ deg

B 10 (a), (b)srHN(L0)F(, DAL R T4 (o), ()3l 0=
21.8° (LAGB DAl 9=32.2° (LAGB D)X FR IR A BE &b 10 i T 45 1)
()& TP [ (SO 55 ) AN il (25 0o 45 5 ) it SRS A B B A BE y 8
FAgR S 0 (116 R

Figure 10 (a), (b) Atomic structures of (1,0) and (1,1) dislocations,
respectively; (c), (d) atomic structures of the §=21.8° (LAGB I) and the
6=32.2° (LAGB II) symmetric large-angle grain boundaries, respective-
ly; (e) grain-boundary energy per unit length y as a function of misorien-
tation angle € for various flat (filled symbols) and buckled (open sym-
bols) grain-boundary structures™”!
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A7 B0 BCH L) Stone-Wales SR ¢ 7] DL £ i
Stone-Wales i 1) 2 Ui % A 11/ G Tn A E 4 dr ks A 1)
BB R — X} 5-7 ks, WK 1R, A Sk (hr i
10 P A Bk SR T TR ) B e R R 11(b) R
Stone-Wales #itfr, #5 K 11(b)H HI&7 kAT {0224
LRI R 11(c)H BIALES X 45 K (R RN 28 (A5 7).
Felth, B 11(c)H T Sk Birdi 08 A AR e e LA A 45 i
I BRI B 11(d) A2 . BRI AL AR
TP IREE R % R 0] DUB I TR BBk &4k, TERLRE )
A A

Eg [N =)= E [N =n]=(N =n)u,, (19)

Horr N2 R 64 8203 A (Unit cell) FAR R FHIEEL, »
NTENH, Eo[N—n] Nk A S20d b 82 N—n K
SR B BE B, o NI IR S AG RN R T I REE. )
FH % [ 72 o P (Density functional theory, DFT)F Jm
22 B i fLl(Local-density approximation), Kirkland & H &
PEFPTELT Stone-Wales S T A4 25 B Fp AN [R] G e 5
MR REE. W 11(gFR, B 11OFTR R 5-7 Aok
X I i fe LE I 11(e) Bkt B2 1) Stone-Wales R 1T A%
A2 13 eV, I HokfaiE i 12 hdg — 2 B8 RE L
M—2HEmRZ it 5.4 V).

B’ 11 (a)~(d)H— %% Stone-Wales B e T ol 47 880 v A 45
(e), (O A—AFYA™ Stone-Wales £ e #4515 ) DFT Ji TR (P
B 1R 4); () BT R AEL

Figure 11 (a)~(d) Dislocations in graphene formed by rotations of a
series of Stone-Wales bond; (e), (f) atomistic models obtained within
DFT for one and four Stone-Wales bond rotations (steps 1 and 4); (g)
Formation energy at each step”

1.4 RS EHBRMBIRIANFNE
PRAEEEZRIE( SO )ZRREIRZS T 1 mol 5 L 72 4.
MR 258 = RE T, AU R EE RIS AE 0 K IR 0
Jemol "K', HIHRRMEVER T “TERMEA” T
AR PR 85 A R o T 7 A AR L R SR AR R SE TR
AR, P RAAE b A I A A XE DL S ). iR
FE2H 0 K ) 1 mol )5l id S HIL £ 298 K, I BB 7R
WONET N A THEM BTk 2107, RR

http://sioc-journal.cn 839



Hositit |
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d
S° ZZIASk =2J.%dT (20)
k=1 =1

HrP dgyT FRoRTEIRE T A/ NHRRERS e, ROBE R
SRR I 2 AN B BN B B A, s AN B
A DA AT IR AR, H A5 C AR AR bR v BE R 0
g 1 Pron.

B TR BT FE AR 10798 100-102]

Table 1 The standard molar entropy of some typical carbon materi-
algl9798.100-102]

Standard Standard

Enthalpy of Gibbs Energy ]SE:tIE;;‘j Molar
Formation/ of Formation/ T
(emol sKY)  (Jemol ek Yy LKD)

Diamond +1.895 +2.900 2.377

Impurity-free

nanocrystalline  — — 3.08

diamond

Nanocrystallme . 183

diamond

Graphite 0 0 5.740

Multi-walled

carbon nano- — — 6.439

tube

Fullerene-Cg — — 273

Gaseous carbon ~ +716.68 +671.26 158.10

S RIA di R AR AN B SR #8551 Ak A 1 g A
FoAhRR SR TN B G, X PO T A o S P RS
TCBRIACEL T IR Cbe) i = 4EM 4%, 1E 2 KA 4 NI &
R BR T 1 R A TP HES, 45 WA R AR v B R A
A& H AT S A9 R K A9(2.377 Jemol 'eK TP g {E
(R KN IR R e PR AR R, R — B DA SR A
FEFRE IG5 2614273 51 298 K, 1.013X 10° Pa) F ik
N BB HR R 25 ST, (H SRl f — T S 3R
B FEFAE 4 R (T=0, P=0), &RIA MR
BAK 1.1 kJemol ' {H & R4 S Ak b 10 B G FE IR
JRFHEA Y — B R RATH S, PR AR AR B R it 2
T, AR4E Duda RIELAMEHOUGHIT, 2015 I9K 5
4= Wi f1 (Nanocrystalline diamond) ] ¥ 1 B /R4 3.08
Jemol oK, EAT AT AN K dih 42 I RSV JRE R 6 A
3.83 Jemol oK. R SR £ E A BRI Yu e )
SEATMRR, A HBR R T 104 7 HEB 4 R PR AE — 4k 1
P, FE NI A L B O AR v BE R 45,74 Temol e
K—l)[loO].

FNGER) BE, BBERRGKE AT LUK A S
BEAT BY U1 VR 35 7S T @k 1 — AN A bz 3E s % =
(Bravais lattice vectors)i& M ¥ B 20 BT AR, i T
TR T E 4~ T B P B R - A, 2
BEE IR 40 K A 2H R ) 22 B B 490 K 1 s oA B R g5 1O Ay
6.439 Jemol 'K ', MIEL TS R Cgo HIARIEEE R
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JEPTN 27.3 Jemol oK, T ZEERRGUKE, XN
Coo H1 60 /MBI T-F (G A2 BR—FE R 32 THIfA, L3S 20
ANILIEFN 12 AT, 16 B 4 1E 0 28 it
A7 Tt I A AT B 1R SRS B 0 bR A BE R O 15801
Jemol 'eK ', B SR H FLARBR AL R (BRI EE KA. AR
HREE SR, T DR 1 4 NI A v 95 1SS R 2 il
TE ORISR SR R, FRitk BE R AL T — 2 2 W] 1)
SE SCNA BT RL DR, 38 5 S s 4 18 (58 mT DA
TEAS FIRBAA R A X 23R H95 R 1 008 LA B A Wi i i
1.5 KEHEIEREAH & & TR BT

FBRAT RN AT Do i OB R R AR R DUE )
] 5% AR A (A 12 BiR), 7 e BB B I A
P A S SRR, TR RS, g AR M
FIRE P IR, (HE M SESIIEAARERR B, SN
AT RS G, B S AR E 4 A T BT
ﬁ;)%%”ﬁ, @?ﬁ%@]ﬁ(ﬁ Céo, ';E-;EJ}% C70, Wéﬂ*%*u—%
R 0B ZE M 52 TR IR 3E . Coo MR UEBE RPN
27.3 Jemol 'K, A7 BRI AR A bR A BE R 0 2
(B, B FRiE, AT LA SR T B BT A SR B () B
St 1o 2 2% A A AR B T BB FAAIG, 4 4 mT DAAE S 4%
FIRSE 1 BB A B (S° =5.740 Jemol <K "iEAL N4
NI (S° =2.377 Jemol 'K "). R, BT HAEA
TRAT RS AR RAEF AR BT IR, X PG BOB B A R
KT RAF R AR, (EREE 45RAE BRI A
J&, I FH cS AR BRAA R AR 1R T 1 38 2 R IR S R ik
g

§°=2.377 J-mol K" 59=5.740 J-mol - K"

New meso-entropy
carbons
5.74<2<27.3<?<158.1 J'mol*-K"!

Low entropy

Bl 12 S5t Ias e il 4% AR IR A o ko)
Figure 12 Discovery and preparation of new carbons via entropy in-
creasing and entropy decreasing!'®”!

2 hiMFRMBEE

FR 4 Mermin-Wagner BRi, —4E SR g K2 A
J7 P T i 2 DRI I8 K U8 3 T e A SR 041930 5 b g
B ROR B AREXTRE (RN >0 K) FRILH A
FasE PE(BIan s fintes. Tk, KILCR AT —E N
TEIEF R AL A A ERPA 7 4 ik, X
LR E LS v BT S B A7 CE R AR BT B R A 22 B
H AR BRI AR B R, R, BLSEAEAE )
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2.1 BEAEKPIRINERE

s e — MO B ) YR e A5 R AL RL, R
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RESZMAAR K. ANR) R Y f R e 7T DA e A ¥ b it 42, ik
(&Y Y A R (NE 2§ - R NS N |
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RHUPIHIBERE . S RGER S Y, R, XA 2B
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YK TRELLKIF B BRI RL. Charlier &4 E#T
PSR-l St Z:¥ 5 o i U N I VE 7 NN Wi ve2 P s LA vE 2 879 155
(B 13(a)~13(c)i# AT T )il % R it A5, &
I 157 AL P F R B A% 7 AR B M R A 8 TE A
SRS, AT S8 i S 05 (A 2 S R ) 8 ST oA
(Local-density approximations, LDA)TH5 3 I 7L =Fhk
PEGRRE 1517 Y I Bk B B A R E OB ie N 0.171
eVeatom '), 585 Fl d5d7 &7 [IEREE I BE 2 B N
0.258 1 0.264 eVeatom ', DKILZRIESH HMERFA I 41 5245
ST FRARA SR 1) m R, e PR R Y 6567 BUGREE A
SR e PRARCR SR RN L 585 2R MBI 1) A SR 0 2 TR 1)
I REYIFh.

N TR A SR ) A AR R T, RN RITR T
— RN BAT AN ST G A SRR R R R RAR. SR,
G5 K W 1) A 2B () 3% R T AR 11 & BROHE P BELRS: 1 40
PR R . BRI, Gottfried S H A1 P HRiHE
7 Phagraphene(5-6-7) Al DL 1 & R W & MK
(2,6-polyazulene % HIBLE C-C B ER) 1 5 %6 & (E
13(d)). fESEERE R, V& RKILATE B Phagraphene
AUy B 4ERa e, JF H Phagraphene H )3 (Azulene) .
TCR N ZERITRES. BT R Y] Phagraphene
BT 2 AN ZE TR LB TR 1.62 eV,
X REAEME LA ), Phagraphene ATEIRIE. ik, AT
PR F /eI S5 /) Phagraphene B 1 /& 41 5 /i i1
L
2.2 WK EPBIRINFEERPE

H MM R IR, SRR ETT TR 5] T A
VFZ B SN BT IR AT T, BRAVKEEGK B 1 2%
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(a)

sHafst

B 13 (a)~(c)5 A d5d7, 585 Al t5t7 47 JE 5l e (¥ AT 4441 2
BB, (A& 5/7 JLIAH Phagraphene F1 Phagraphene [1J1E 5 )5 T 71
s E G

Figure 13 Simulated STM images for the (a) d5d7, (b) 585, and (c) t5t7
extended defects; (d) phagraphene with seVeral 5/7-membered rings and
constant-height atomic force microscopy image of phagraphene!''>!®!

PRI S AAAEU, 3 S A B A A A )
SHARN AP RRHERE. WE 14(a), HEERRYIK
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TR 8RR E B T T, BRGOKE S TE S5 M TP A7 Bk
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T A K H SR 3 1140 2 S %o 38 A R B 10 T2 o DA 2%
BRra T R VR AR L B e E . Yang KA EHT
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7 UL R TR R A, SRR AR 15 nm
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HOA ] 53 S AR ) 23 1 A5 A WAL 52 400 N B O
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Bl14 (a) A SmaRaERIRERE; (b) 5-77-5 BE; (©F(b)
R DA 5-77-5 GREE R SRR AT AR L TR OG R ()
5-77-5 RIA T RE 15 A i TR S R 192 1)

Figure 14 (a) Schematic diagram of graphene undergoing curling to
form carbon nanotubes; (b) 5-77-5 defect; (c) The formation energy of
5-77-5 defect vs. radius for the four groups as shown in (b); (d) Formation
energy of the off-axis 5-77-5 defect in tubes vs. different chiralities!'**'**!

S5 P 25 F 0 S - b 2 R BT R S RO TRLE R LB
JCIR B A s T 25 . DR, f/-Boc IR B
T HLIR) o3 SRR ZE 1) v R A Aol

W 150) R, 53— % AL [] 3 S b A ot o R
(Coronene, X #4: /NI, )Ml DCBTP (Dicyclobu-
ta[def,pqgr]tetraphenylene). R HEA AL T 5 FPEEIS,
AXCEH 7N 76 75 B H 2H R 2 2% I EE Bl A DY e ER A — A
J\TCHAH B DCBTP B AR E. i A4 — & (1) 2 -1
2B 15(b)) I DCBTP (1565 b i 2 7t
MG, fER IR EJEE N DCBTP HIM A2 s T %
RIE, RFFZRMEEHILE DCBTP Ehnfae. X2&H
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OB\ TCIEIR, MIITESRF € I T E DCBTP A
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Qé;
3 [

Naphthalene

Temperature/K. T K

B 15 () ZS MBS FERALL I 28 (b) N IF 50 DCBTP #J-ifi
R, i 2513

Figure 15 Simulated entropy-temperature curves of (a) naphthalene and
azulene, (b) coronene and DCBTP!'**!
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XL LR IE 1) TAE, S5 SRR A r o R LR
WEFE, AR RRE T, EIX A0 AT X 4 % 451 Y
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W6 2 R0 R 2 5 2E 2 i S U, Dias! 4 hE i
FS TR SETE p BB 445 1,3-F12,6- R H L 4,8-F15,7-
RHRMHE = S EE. 55— M7 2,612,6"- =B
(2,6':2',6"-terazulene), T HHAK A & FHFLE LB 2
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TLAE 3% R s A5 RO m AT oz 141 149) Fasel
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2,6- T2 B, R FH 51 40 HE R S 40 4 AU AN AR Ak T
JTRAE AT T S5 HRIE(E 16(b)), TEA BRI~
e AR T R oL TR (A
kA EIEIHRE BT BT A A R L
TEIR (G S AL). DFT BASTHHE R (B 16(d), B R
AR 2,6-F B ) HOMO—2 Al LUMOA 1 #LiE A%}
M, MMETFMHSER THIERS, 26-KEW
HOMO—1 #1 LUMO #IB{ERE R Sk, @ik Xt e
Bl 16(e) =P R AW R BB 5T 2 8] (AN [R) 82 77 =X
FACXT RSP T B AR B R, X =,
R H B 24 9(0.94 +0.03) eV, FFE A ML RE A
g

B 16 (ZMENIREERGY); (b) 2,6-REMAERAIE T /) BB
% (M TR T (d) 2,6-FHEINEEH M, (HA R
TERA 1 TR B (1) BT A AT

Figure 16 (a) Polyazulene polymers in a linear conformation; (b)
nc-AFM image of a 2,6-polyazulene chain; (c) the shape of frontier orbit-
als of an azulene molecule; (d) band structure of 2,6-polyazulene; (e)
Band structures of polyazulenes with different connectivity patterns''**'*
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Figure 17 (a) Structures of P-Az-1 and P-Az-2; (b) positions of the
valence bands and conduction bands; (c) photocatalytic reduction of Cr""
to Cr'" by using P-Az-1h or P-Az-2h, Fe''or Cu" as co-catalyst in a cas-
cade catalytic cycle, and formic acid as an extra electron donor in water;
(d) structure, HOMO and LUMO band positions of P-Az-B!'*!5
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B 18 (a) CID-13: [Zn(azdc)(bpy)],, azdc=1,6-3 — HIEZig; bpy=4,4'-
IBIEERE; (b) CID-3: [Zn(ndc)(bpy)]., nde=2,7-25 — I & 1§; (c) MOF650:
Zn,0(2,6-azd)s; (d) IRMOF-8: Zn,O(ndc);!*2134158]

Figure 18 (a) CID-13: [Zn(azdc)(bpy)],, azdc= 1,6-azulenedicarbo-
xylate; bpy = 4,4"-bipyridyl; (b) CID-3: [Zn(ndc)(bpy)],, ndc = 2,7-
naphthalenedicarboxylate; (c) MOF650: ZnsO(2,6-azd);; (d) IRMOF-8:
Zn4O(ndc)3“52’154’158]
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Figure 19 (a) Schematic fabrication of BCCF-based molecular diode.
Fowler-Nordheim plots for /-V curves of junctions based on (b) PDIBA-5
and (c) DIBA; (d) stack capacitance of the MSCs at different scan rates;
(e) simulated band structure and density of states (DOS); (f) charge den-
sity of the lower band crossing the Fermi level!'¢*!¢"
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