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REtI Bz /e AEHE SRl HF ke
BIBUWETREND FEIhFRN

» N N2 N P T ~
mX AV #rE) EFD ARFVY FE®RY IatEY
1) (WE/RVEH LR B I RFA 220, IG/RIE 150080)
2) (MG /RVRFE TR %, TR A A FE R #0F ¥ RS I0 8, FA/RIE 150080)
3) (T REFEM LR 5 TR0, A 88 R M EHIN L & R seie =559k, BT 530004)
4) (P EREE KRR A A A S TEASME LREERR S, KF  130022)

(2017 4E 5 A 20 HYEI; 2017 4E 8 A 20 HIL BB )

JSEFH 23 TR v, ST T SR BRI % (polyimide, PT), £ 8805 MR I VAL  RIE I ReAb A SBIA B 3R AT
TR A S, SR AN D e A SR IR S A MO ) A PR R AN B B AL e AR TR (Ty). WAL
REH, RILEMI A SIS PLE A MR e R N 35, Hob IR AN 5T D) E 43 514 4.946 GPa Al
1.816 GPa. A[FE RePMEM I A SEIETIN PLIEM BN Ty A NFFE T REWRNARGS PIESGE,
H T, (559.30 K) 841 LI T, (663.57 K) FEMR R MREEMN A S5 PLE A S T,(601.61 K) iR R/
TR T P/ A B0 S A FORA R VAR IE S 50 LA B 5t R BRI U T 1 1) BT e R IR 3
M BRI /PT A A MR % N 1,396 g-em ™3 HRIE S 400 23.51 JV/2.cm /2, HoA T4 i B 15 47
P BEdOR, B RACR R R I A SR IE 5 PLA N Z SR AR &), tH RS RERW], BRILDIRe LA
ST LUK FE 4 i P11 ) 2 Ve RE, 9840 520 5 PL 2 8] AOAH BLAE FI AT LA /b B2 & R T, HIFRIRFREE. ik

SEAA TR ELAE B T R LAY B 2R S 0 AR RS MRS S TR RE AT 2 TR, AR s vt

5N R AL T

REIA: BN, 18806, 70 78l 1A, BB AR IR

PACS: 62.25.-g, 71.15.Pd, 81.07.Nb
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Je— MR IR T DL sp? AL BE SR I R TR A B8R, X
Tl b o Py o 25 M IR SR A S 1 0 L R
FL22 RO 22 S MR B, o IRBE L 820 1 TPa, Wi
F58 % 1A 130 GPa, Wi K22 25%, &840 58
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SRR R O R om0 P B A
CAUATE /=N TR ST L TR LR S S AR AV E
J#i (graphene oxide, GO) AJ AR BE 38 58 5 I IV fi
(polyimide, PT) FIMLIRIERE, [F] I Id ) DAAE FLAR XS
A L E 3.0 BRAK F 2.0 B Y 2K B fs i i 4
BT LOK PLIHL S TR % 6.6 x 1072 S/m, &
4L PIIY 10 £ 221 SR 76 A SRR B & 4 b 4% A
RAEERE S, BT S0 T A ISR TH 465 4 L S
25 (LR K] RESEHAFERR) K
SR, RIS e LG BT A8 I B s 1R AT AT EL A
B A, HE DU ST S5 4 5 AR B 2 TA] ) K &R,
M CLRA SE 520 A R BE B OCBE DR 3R, BRI 0 A4
BET R A BR.

Gy FAAUIE — M DURE RS & PR 2 (IR
JE R SRAE), TEIR A F O 25 K I fe 0 S5 i 3
RIEAT 5E W BT 7057 22T P RANY
I REIE I 21 A X O S A 1T, iE AT LA
MSE PN TE B AN A FEXT T 52 SRR 25 0 5 1
HE B 98 R HEAT MRS T ). AH L T 4% 42 1) iR
7%, TR AT LSRR B AR () IR IR 5, R i
il & G AN PIRSL FE AR AT 45 51 O, 1X AT B
NF DI ge MR BT A R EE R 4R 2. K
ATAERT I TAE R F 2 730 0 5 R0 1 A8 SR 1t
a2 AR AN RIS AR 1, B 90 R L3 2 ) 44
KRLF 1T DR 25 42 15 3R W) AR (R ALk e R 4
J1% B B8l Compton %5 291 K IR AT BRI 4K

A DEKE, T AR T LR E e
YRI5 s Sheng S5 8. T R 40 /418045 (PE/G)
BEMEER, KIFEE Z 64 R DA SET
HIE, EA MRS 2 8 ) van der Waals 1
bE IR 58, FEPE/G EEMEHR BRI LA R
(Ty) FRAR BOL 55 7 MR 2 48 185 L5 95 &
A R R st Re R e HAE R s (2
200 °C) IRefRIEM BIA R — KBS, ZE
BRE R RO 28], AR S R 48 4 A TR I WP f
VERIAR, EHAFRIE e (B 5 AR, &) 18
T B0) A S M A D M s A B 22 ROBE B R A 40
TR T VT AS [B] B B A2 1 A 58 05 58 56 1k
e (/) A7 PR ASE 2 | BY )5S 5 R B A 2 A I B ) 5
Wi, DASBOA S 00 G A BH 25 40 5 1t RS2 it BE A0

b Bl
BT

2 MAMESEN T E
2.1 {REE

FENLPI Oy THEAAT SRR . A8 0 SR 3R i
BE AL U R 2k . FRHE AN a 2k B e [, AR 2 Hon
R SN PLo T HE A S50 e A sl — e A
A AERNE K FIIE LA I T AR Y. SR J iz As T
BAT UL, R R R B AR, BRJREAT 7 T
BN 1A, (LR T AR, DA S A A 2k
RERRA A

1 PIRHEAMEHER AR

Table 1. Cell components of PI and composite models.

R HatkaT

AR HH

PIRGE oTE A1 S0 E AR
RERY TR A SRR RIAR C H N 0]
PI — 15 990 456 90 225 17196 —

PG G 15 1200 456 90 225 23076 —
PGOH GOH 15 1200 466 90 235 23246 74k (—OH)
PGCOOH GCooH 15 1210 466 90 245 23686 FHk (—COOH)
PGNH, GNHy 15 1200 476 100 225 23236 2K (—NH»)

2.2 HFRINSH

FRELIE AL AT AE GO Wk b, FR AL
Bt AL 23 AT 72 GO [ 2% BY g B mT BUE i GO
SRAG 52380 AR SRl E IR BE AL A E G %%, W
K1 P,

A SCH| H Material Studio ¥4, 18 id Forcite

BEHAT 7> R, U J13% 8 COM-
PASS, 347 JUAARAL J7 1 smart 7772, #4790 T
NI FNACKS, R AE — Mr R L. R
SR F Andersen #5377 72: - Berendsen 4% £ 77 %,
REERIRA DK B ] 2224 500 ps, van der Waals Fil
# A H H Group based 7%, J137 R # B 242
12 A, WS KA fs. BT T Jsetitk, &
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St NVT(J5 5818 € AR BVEE I E ) R4
, TR R 298 K, (AR oy e kaih. 2R)5
FE NPT (J5 7 A8 € 518 € i FEE A2 ) 76 R,
FE LAMFR R AR R BEAT R R 18R R4, 2 &
JE S INHGE T LB g L. 5 FEATIR K AL PR,
TMHERBAT T A G B AV MR R a3
BRI E SR, ild 2 fros.
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Fig. 1. (color online) Models of functional graphene:
(a) G model; (b) GOH model; (¢) GCOOH model;
(d) GNH2 model.
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Fig. 2. (color online) PI/G composite model: (a) The
model of whole composite; (b) the repeat unit and con-

stituent atoms of PI monomer.

3 #£R 51tk
3.1 EAMREN

HH T OO 45 4 B R AR R R, IR T
PRI B A AT SRR 6T PT 724 M BE RN T, (R RE MR, 75
TEX SR U / Th e AT 52005 52 6 M B S5 M0 1A T
Fr. MR IS, Y N KR LR RS
FE 77T ¥4 2 BT AT 89 43 14 88 B o BRAZE A BT 7R
Re R, SR RE SRR AR I A T R, TR
SR T AR AR R IR 5 ss, EH A R
e B (T U7 3k BSL SE G &M RMA R, 1 aa ik
5 B AR TR AR ELAE B DR /0N A0 2 1 b R B 1 A v
2, P AR RTRGE, AR ) A e
T, SEm R, I o TR AL J5 1) PT S &
AEMEHER SR T 2, PLS A SR EAEH
FITES.

Ucoh = (Uinter) = (Usotal) = (Uintra), (1)
CED = Ueon/V, (2)
6 = CED'Y?, (3)
Uinteraction = Up1 + Ucx — Up1/ax, (4)

KA, Ucon W RIINIERE, Uinter HFTHE 7 FIHH)
RAEE, Usotal AR RERE R, Uiner N T W)
RER, () NIRRITHMHE, CED NN ERERE,
V iR R AR, 6 NIBRIES L, Uinteraction N5
P 5 38 5 R R AH ELVE FH BE, Upr N PTIMRER, Ucx
NASRIEF D e A SRIE IR &, Uprjax M
T /1 ) 2 A MR B &

&2 W, PIM % B 1.312 gem ™3 fl %
fift F 2 $21.84 JV/2.em=3/2, 5 SCHR[28]) H (1
1.30—1.40 g-cm 3 F121.17 JY/2.con—3/2 B2, 151
PR AR PLAE R 5 SEBRA T, Sh s b PT &
HAM B % E RS AR S5, KA S84 5 PI
BEE, MBS E SERESHB R ER S,
H PGCOOH #& Ft i A 8%, 435l 9 1.391 grem ™3
123.42 J1/2.cm—3/2.

MR, RUBAUNAEHSPIES
Ji, PG H A8 A B AE F B8 9 380.99 keal-mol !,
GCOOH 5 PLAH HAE e £ U M R ey,
484.81 kecal-mol~1. il % FE . ¥ 5 S H0R AR B
1E R BE R TH BT b v] BUR B PGCOOH 5 46 PLAN
HAL=F ik 2L, YWEAREEE. BRES
¥, Ui GCOOH 5 PI AR SE & AN E 25,
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2 PIREHEEMRBI R ITIR T 3B AR R S 4

Table 2. Cell size, density and solubility parameters of PI and composite materials.

TEMLR
k%R p/g-em™3 §/(J-cm=3)1/2
a/ A b/ A ¢/ A
PI 27.83+0.05 27.83+0.05 27.83+0.05 1.312+0.007 21.844+0.10
PG 28.844-0.06 28.8440.06 28.84+0.06 1.365+0.006 21.794+0.08
PGOH 28.831+0.06 28.83+0.06 28.83+0.06 1.384+0.007 23.10+0.15
PGCOOH 28.93+0.06 28.93+0.06 28.93+0.06 1.396+0.007 23.511+0.16
PGNH, 28.7240.06 28.7240.06 28.724+0.06 1.391+0.007 23.4240.18

%3 WBILIE /A0S AR PTSA0 S0% AR AR D g

Table 3. Interactional energy of PI and graphene in polyimide/graphene composites.

SHW AR Ugx /kcal-mol—1 Upr/kcal-mol —1 UpI/GX/kcaLmol_l Usnteraction/kcal-mol 1
PG —3820.75+£12.64 —3629.444+13.04 189.68+1.47 380.99+5.84
PGOH —3912.43£17.86 —3673.73£16.76 156.87£3.11 395.56+5.60
PGCOOH —4189.844-20.61 —3628.094+9.67 —76.94+3.67 484.81+11.90
PGNH> —3913.07£14.85 —3682.274+14.58 203.49+2.28 434.29+£3.59

3.2 EEMBHIIFMRE

F15E A 5 R BRI A7 A
I — A EEERE, 7650 TR, A A RHS R
[ 32 P RS 20 0 25 125 1 5 WT U AL I 28
B ST A R () 3 o,
SR J5 M| Parrinello-Rahman ¥ 3h 77 VE3R 15 N 1)
FIRIAE T 5049 2 (R 30 R B RE C e 2,

N
Zmi(vi ®v;) + Zrij ® fij
=1

; i<j

= — 5
o 7 , (5)
0ij = Cijki€u, (6)
Cijii = KT - (6e;;6e1) " /(V), (7)

Hrp, IR RoRRT AR5 (i =1,2,3,-- ,N); my,
v, iy i PRI i ASRLT IR BT R AL B AN
TERAER BT @ RPN &R IERIBE; vy
TR T2 R F R B R E; fi B
JEFAE AL @ J5 7 B 05 Vo Rk R RS TE I 1
R KONURE S8 TR, (V) 2
B AR )~ 2 1H.

WHEGOUT, #E RET LRI RN T4 )
() —Fh B SERE 77, T EHLA R g 2 v RE 2 AT DL
F6 x 6 B3 TE RBOERE RS, 5 AR & 7

A, BREWREES DD KE SN e
ZER), T A A [, Wi Ciy = Cyi. Ch,
Coa, C33 Fl Clys, Cs5, Cgs H‘]jﬁ?%@’]‘, Tt B A4 Rtk
PR & W R, T E A MRS, 385 A R
FROAR 28 TG, AR ELAE R S5 Y MR R AR 2
JIPRAS TN S35 NAR I AR, SRAEM LS FE A T 1E
T IRAR I HME 2 R . BREBR, (A R AR (1)
DR, BIAPEHET IR B K. 2% 4 F13R 5 43 5l 51 H
T PI RIS A ARAE 298 K I3 R 8 M FC A
& (F) fEYIiiE (Q).

WK AP H], PII) C11, Caa, Cs3 M Cuy, Css,
Ces 7724 71790.789, 0.596, ¥t PIHI Cyq, Cao,
Cs3 M1 Cyy, Css, Co M ZEA K, AT LLFEVE S 19 [F
Tk MPIS GEAE, WA ZZ N 3.068 Al
1.289, B ZEFtwE, U PG KRR, B PIE G
AR M fE it E. B QT RIEIEI R, &
MR )G, WA ZRPGIRR N, ¥ PG-
COOH e N, 4354 0.672 F10.488. Ui FHAE A
SR I R THAS M R FE W] DU R 3R =y PTRIA 52445
PIFHEAEH, 2 RPR N R SE I8 214k, fE4 530% b
B BRSO B R A 2 i

Wik 5 Fr A, 75298 K i PG {4 KA & E
BT B G 4 ) N 3.625 GPa 1 1.296 GPa, MLt
T PIf)3.174 GPafl1.139 GPaf kT, #HA
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BB P15 ] LA RO BTAN I EH R AR,
NPIHHEZ FIANIER. 75A SR8 E GE
J&, EER AN SRR RS, PGCOOH [
BN, 3N 4.946 GPafi11.816 GPa. 454
MEGE R TR, SRR A =2
SdiERE, UABIREE AR RN K E B
BIPIELE G.

EREYFBEEINKR TG, BT RS
VIR G KL (A ELAE 2 43 R A Y BE B
T S 22 G, M) 1oy T REMTE S, A
Pem AU NE. TEAZ 4 7 AH TAE (28 van
der Waals F1#f FLAE FH55) 1, O—H A N—H %555
SAEE V29 2.20—3.20 A B st kbRHERE R
W E . RN T 3 — PR T A R 43 R
715855, X PL KIS A MBS AE T T
ERITHE. 75 PLRILE SR, S BEFH =2
N-—H AT O—H P& 4 2Rk, i 4% 1] 43415 26 %] BA
FACA RO 45 F e 01 o Ul

padTr?gap(r) = dNag, (8)

W IE1E
/ PABYAB (r)41'(7"2 dr
0

N
_ / dNag = Nag, )
0

A, Nap AMERF A, BIETHIAE; r AR B
JE¥- 22 8] E B TR R 5 s pap MR R L. I
(9) BRI AT SR 1944 & B N(O) 77 & B H 7 1 4
B, M SRAFR RN SR, K6

F 65 T 298 KE PI K E &M EME RN
N-H 1 O-H [P S % . 7] LURBL2E PI 1A &
W AU S O (2.840 £ 0.009) x 10 em ™3, 7£ PI
I 7S A SR I S A AR B A B G N, PG
(3.154+£0.009) x 104 em =3, PGCOOH A (3.175+
0.010) x 10 em~3, PGOH 4 (3.161 + 0.013) x
10" em =3, PGNH, A (3.171£0.011) x 10 cm 3.
KA PIE G, R RS A FriE 2, WAH A
FHELAE R BaE, PT 75 Bz s /5 22 1 RE SR
e, ARG K.

®4 PLEEEEMRIHE R A

Table 4. Elastic coefficient of PI and composite materials.

011 022 C'44 C455
HE&1K&R C;1,GPa Coy/GPa (C33/GPa T Cy,GPa Cs5/GPa Cgg/GPa 0
- 1/ / / M Ca3 T 7 44/ 5/ / M Cop J7 %
PI 6.109 7.659 7.137 0.789 2.098 1.066 1.064 0.596
PG 11.546 5.850 6.721 3.068 2.485 4.083 1.532 1.289
PGOH 9.697 10.088 8.947 0.580 1.568 1.634 1.047 0.322
PGCOOH 9.052 8.127 9.434 0.672 1.932 1.046 1.843 0.488
PGNHjy 12.945 10.157 7.186 2.880 1.300 1.482 2.025 0.377
F5 PIRMESMERGRER (B) MEYISE (Q)
Table 5. Young modulus and shear modulus of PI and composite materials.
PI PG PGOH PGCOOH PGNHy
E/ GPa 3.1744+0.136 3.6251+0.213 4.326+0.464 4.946+1.074 4.569+0.724
G/ GPa 1.13940.050 1.29640.088 1.5434+0.193 1.81640.384 1.688+0.343
*6 PIRHEGME A% E
Table 6. The average density of hydrogen bonds in PI and composite materials.
AEEE PI PG PGCOOH PGOH PGNH;,
N—H % /10 cm—3 1.167+0.008 1.060+0.007 1.049+0.009 1.084+0.010 1.0154+0.002
O—H %% /10 cm—3 1.673£0.004 2.09440.004 2.126+0.001 2.07740.009 2.157+0.001
S REE /1014 cm—3 2.84040.009  3.15440.009  3.1754+0.010  3.1614+0.013  3.17140.011
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3.3 EEHERWNT, N

PR AR R RSV — N HEY S
, R THEBRE GBS Ik S, R IR
BB IR TSR, H TR
Z BARN HHEAT R, B AR AR EER e Yt Flory
A Fox # i, 1ZHE Ay B K B AR R 2 Hi B oA
JE o ROST 1 i B B e 3 B3 S R U HE A i 7 A 1
22 7RORT L e A AL B it RO TR P o 908 £ A B ) ke

f. X R TR o TS S R R AR
BURIR R (BOEE), REWRIRIZE B Ie U
31 b R0 3 7 A TR A ) /)l R A
e, SRR B T, IR, REMREEBRA T2
g Re R, W AT g, BB B ik
FABESRIG N, PRIkt 38 o AP RFEEAT AN [R R BE  #Y
ECARRI 52, PT DL i B - AR B I {5 3 3 A e 4k
LX), BIA B AR B PLE A&
MORHR BB AR, Wk 3 Fos.

0.84
079+ o PG (@) ° PI y O
T om T, 082}
g 0.78F g
3 o
50 s 80
S gy | Y= 6:300x1077240.7225 = = 112310~z
| R? = 0.9483 y=1.684x10—4z £ 0801 +0.7195
3 +0.6636 S R2=0.9849
” 076 L R2 =0.9483 > y=2.633x10"4z
2 2 onslh +0.6193
g 5 0 R2 =0.9849
2 0.75 + 2,
7 559.30 K ” 663.57 K
0.76 -
0‘74 1 1 1 1 1 1 1 1
400 500 600 700 800 400 500 600 700 800
Temperature/K Temperature/K
© 0.79 @
d
. 078 opgoH Y ¢
2 ? ogrsk e PGCOOH
g &
3 3
S 0.77F N Xeds
g X g
£ y=6.465x10 5z y=1.646x10""z E y=1.023x10"4z
E 0.76 | +0.7131 , +0.6564 E 0.76 +0.6903
g R2=0.9471 R2=0.9823 5 R?=0.9809 y=2.263x10~4z
b= E 075 +0.6157
3} | (3]
g 07 g R2=0.9857
A @ o074r
0.74 567,98 K 601.61 K
: 0.73
1 1 1 1 1 1 1 1
400 500 600 700 800 400 500 600 700 800
Temperature/K Temperature/K
(e)
o7gl © PGNH,
7
= 077F
o
20
> y="7.114x10"5z
£ 076  +0.7117
3 R? =0.9996
g y=1.677x10~%z
o +0.6558
EREA R2=0.9822
o
w0
0.74 - 578.91 K
1 1 1 1
400 500 600 700 800
Temperature/K

B3 PIAHGEMERRE -ERE () PL; (b) PG; (c) PGOH; (d) PGCOOH; (e) PGNH2
Fig. 3. The temperature and specific volume of PI and composite materials: (a) PI; (b) PG; (c) PGOH; (d) PG-

COOH; (e) PGNH.
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Abstract

Polyimide (PI) and the functional graphene modified with nano-composite models of hydroxyl, carboxyl and amino
groups are realized by a multi-scale modeling method. The influences of the functional graphenes with different functional
groups on the microstructure, mechanical and thermodynamic performances of polyimide-based composite models are
investigated by the molecular dynamics simulation. The cell parameters, solubility parameters, elastic coefficients,
Young’s moduli, shear moduli, and the values of glass-transition temperature (T) of polyimide-based composite models
are calculated with the COMPASS force field. Moreover, the interaction energies and hydrogen bonds of composites
are analyzed to explore the internal mechanisms for improving mechanical and thermodynamic properties. The results
demonstrate that the density of PI matrix is 1.312 g-cm™> and the solubility parameter of PI matrix is 21.84 J'/2.cm™%/2,
which are in accord with the actual PI parameters. The Young’s moduli of the composites increase obviously with the

increase of the interaction energy between the PI matrix and the functional graphenes with hydroxyl, carboxyl and
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amino groups at 298 K and 1 atm. The Young’s moduli of PI and PI/graphene with carboxyl groups are respectively
3.174 GPa and 4.946 GPa and the shear moduli are respectively 1.139 GPa and 1.816 GPa. Comparing with pure
PI/graphene composite, the average hydrogen bonds increase obviously after graphene has been functionalized. Because
the interaction between the functional graphene and PI matrix increases, the movement of PI molecular chain needs
more energy, and the rigidity of the composite is enhanced. The Ty of the composite also relates to the interaction
energy. It is also found that the Ty of the nano-composite effectively decreases by the hybrid functional graphene. The
T, of pure PI is 663.57 K, while the T, values of PI/graphene and PI/graphene with carboxyl groups nanocomposites are
559.30 K and 601.61 K, respectively. Moreover, the density and interaction energy of hydrogen bonds of the PGCOOH
are 784.81 kcal/mol and 1.396 g/cm37 respectively, which are the largest among their counterparts of the composite
systems. The elastic coefficients show that the PGCOOH is more uniform than that other composites. All of these
indicate that the graphene with carboxyl group can greatly enhance the interaction between graphene and PI, improve
the mechanical properties and adjust the Ty value of the PI matrix. The chemical modification of interaction energy in
matrix is deemed to be of benefit to the improvement in composite performance, and the interaction energy calculation

is considered to be an effective method of predicting the structures and performances of new composites.

Keywords: polyimide, graphene, molecular dynamics, glass transition temperature
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