205

Ny Iab—ya Xk BEER O IoHERN
~IRFIVETIVORIDA D=

A DR~

Reaction Rate Analysis of Adhesive by Molecular Simulation
~The Reaction Mechanism of Epoxy /Amine~

K W Z
Katsuhiko SUZUKI

The reaction rate is quantitatively estimated by the activation energy and the frequency factor. In this study the

activation energy and the frequency factor were simulated by the molecular orbital method and the molecular

dynamics, respectively, using the case of amine-epoxy reaction. The reliability of the simulation has been discussed

with the experimental results.
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Fig. 2 Calculation results of the Potential energy change
due to the epoxy - amine reaction

Fig. 3 Relationship of activation energy by molecular
orbital method and cure time by experiment

Fig. 1 Reaction behavior schematic diagram

206



207

3. BT

31 RISETIVIRET
SEORIEY I 2L — 3 VIZHERED T T IHE
OIS LR T & Wi, BGEE 7V Ofb 36 1E
HERPFOIEFIET I VORUSIZOWTHE L
72, T, AT I UBIRF Y ERST AA, K
WMELTRT I UHERL, RICTOERL 20T
IVIROIARFERGLTIHET I VIR, HIZ
AR L7238 7 X Y ONBETFIE TR F 2 310 LR
WA LTIRF VEEZHARIET, HMOET 5.
COXZRFVEDPHBLCTCE T VIAF I TGV
DOFF-Ou— 2 R7 A5, BIZHOFZRIS L TWwWi
WIRF VIR E L CEARSA TS 5 .
L2 LAY 7 MEZ Ok BA T A5 BOG % RS
FHRETE 2V T, BERICDEIZRULTREZR 1R T 3
YEMRT I VDT, T I VTRHETL L L
L7z, FEBBEEOR, Y 7 a3 L awnwE )
CHIALIREE X 0 BSOS T2 IR L 7.
SENEHRIC, ARBEELCHLEIC & % B REA O H il
L B ORI OWT 7 O — T v T L7,
572DT, KeE&E25%, Kd 50 b
P F — AGHH U CTHISHR E RS OMEIR2 2
IRFTVETIVOMAEDLEEILETVITEA
7200, WYL ROV ¥ — AGTEME T KNI RR K
T 5.
SEOFHHICHWZZREF 2T I VORIBIZDO W
T, 7IVONETBIRF VI LR R B
LTI RFVIEZHRSELAMIIEE, TOIFRF
VEMFBRLCTE OB TOT— Y RTH, BT

OFEZFRIGLTOARVWIRY VIR RBEY T 5 E
B RIS AHEST T 5L UG K % Table 112773 ¢, 4
FOFETIETIVEIRFLVO5THES 45Tk
EL, IO OIGHE R L7,
FHEHBOSE FRICFHETE L VHEL L3R T
IVONETIZZAF VIS L CRBEREY LT
K AR SELMMLIE L, TOTKEF D
MBELTCTEX0EFoua— X7, HIZHoF
FOG L TWARWIRF VIIRBKEBEZ L CEAT S
PO E B 2 WG L 72,
FLTIZRFIET I VOIS ERI TR F
UHBERIST HDOT, FMINIEASE & B
12w, & TN TR ES UL & ARG # o
5 FEBEO FOLHE % FH L7,

Table 1 Chemical reaction model used for the calculation

JAgaiton rapticr Polmerpaticn reachan
o A . . . - ; -
u + Sy Ol e P - e N oS4 -
L T,
Tritudyinine Tehvoidy] phomd diar 2
. ey
W, By W ¥ B ':;- ..... -
Trishvimrirg Cheoioy] phaes sl U
=]
S T - oy
T * ol i = . d I:I,|—\. &
Cipitriraisi yrire Cheiepl phard sitar 0 ks
. Dme L
¥ b R — THEw —_— = P - ¥
O i reelvyis miver  bamesy wier -

3.2 HHERFOEHEAE

T ERAOBEMBIEORA T EERT. LY 3
2= 30V 7 MIEHPYRBIZEN CIER L7z
T rEHVEY ZoREY 7 FoRET VT XA

DOREE % Fig. 412717,

Fig. 4 Calculation method schematic diagram of a reaction simulation software
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Fig. 5 Relationship of the potential energy and distance
of epoxy and a tertiary amine (PM5)
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Fig. 7 Calculation results of contact cumulative progression
when five diethylmethylamine and 45g lycidyl phenyl
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average)



Fig. 8 Calculation results of contact cumulative progression
when five amine epoxy compound and 35 glycidyl
phenyl ether to polymerization reaction at 90°C (5
times calculated average)
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Fig. 9 Calculation results of contact cumulative progression
when five amine and 45 epoxy to addition reaction at
90°C (5 times calculated average)
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Fig. 10 Calculation results of contact cumulative progression
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Fig. 11 Calculation results of the reaction ratio progression
when five amine and 45 epoxy to polymerization
reaction at 90°C

4.3 FKERICKDRIER

VIFNAFNVTIV-T) IV T2 )V —F
VW, NJZFNVTIV-TIVIYINT = VT =T,
N)TFNVTIV-TY)IYINT VT =T, TV
IFNVAFNTIV-T)I IV, TR VT —TF
NVOZS R 'V D OTRAL, 90C TGS 72
Yty OR IR 2 UG O R 2 Fig. 121373, K
BB, FAZaTHN Lz Ry Vo ftEz R
HL7Z-.

GHNET7 IV EIRFIOMMKIRE T I v E TR
FTOABEWOTIVAF YT G VITHEIIHOZRF
BRI EMEY BT EERGE N A ZEEL, b

DFHRE R O SR HEE A & 2R JUG #H P % 5K,
SRS 74 1) ¥ 7 OXESE )@ byats
THRDIAED O PUSHE Z BN L 25, FEEEOE
W75 T O L - TR b0 & R4 % 28,
FBR & GHAE O BUG R IE DR TR CINE - 7-.

72 POBHEE DN b FHEA R & MARIC Y =50 2
FNTIVET)IINT 2oV IT—T IV LD
DL, RICMN)ZFATIVETY) VIV T ==
I—7 VT, RSB VEVDIZIZFVAF VT I
VETVIYINMAYVTUOE NI —TFIVOMAE DY
T, OGRS LA L EWwWI EEFT-HLTH
D, AWZEORHE L, EBRTPRICKBETE 5 LN
WIZHDH I LS5

=77, R R BOBERAERRME L ) b EHEAE O )7 23
o EE, 57 250ME, FFIZ7 I @35l L rnw
%, BREMEORBEEZFb0LEZONS.

1.4 anfmgmalybmeg G
wyl ailiE
LT
o
]
T 08
T . S
Fa a4 bulprmihg-Sycid pharl elhs
'-ﬂ !
=
o L
o
isthyimethyinmines-lsnpmprgd sther
{rd - !

] OO0 AOGOAD A0OGN0 SODCEH
Reaction timels)
Fig. 12 Experimental results of the reaction ratio progression

when amine (10mol%) and epoxy (90mol%) to reaction
at90C



5. #R

AN
=

ey

, HRBA OB & PUGHE & OBIfR % B
) LT AT ENTEL. FEMBEE, B
REFER L OMSHI X 5 VARREEOREIC XL > TIRT L,
FOGHEENEL b LEZ TV, LI2ART) VY
VT 22V E—FIVIRT I VISH L, EREIEOH il
BEDEC, KBPHEART VDI L, 7)Y
AV 7N I — T IVIEEREOBEMBEAMR, &
HERIRBEE R, ZYV VI NT 22V T—T NS
VY INMAYTREVI—FVIZED S kRS
7 D HEEE L, FEHEOMEDGE D 721 TH 5.
ZITTIVOHTIHLTINSGDZRF T D5
THENGA T L DODPERT 55, 7TIVOERRLE
TARF D OFEREHERHAKHB T O 51 [ HLEE o 53 % T
N7z, Fig 13V FVAFUT I LI T) I VA
V7 a YNNI —F VA INEOE L7 o 7w a &
VT FET) VIV TN T —TIVDERE
MO D5, Fig. 143 TF IV AF VT I VI
TV YTNT 2 2V — T IOVHAIBUG U 72 A
ThVAFYTZF LTI INT VI —FIVD
ERIEMOBBEO M TH A, WEDKE HODST 2
VEIRFIVOEFEMOT N AF T T A Y, CoiiL
RETOERE, CITKTORFTHS. Fig. 13%
B2 E00ECDIEED 534 DY — 7 34 9ATO & CoD
DGO — 2 37725 5. ZHhZERYO 7
Naxy 7= LTINS,y TuE LT
—TNVOZRF VDM E R, FHigikREL
MO EHNZ L ZIRT. —JFig. 14% "5 L 0k C,
DYREED 5345 D ¥ — 27 736.1ATOy & Co? FHEED 5345 D
Y— 2 243A12H 5. Zh3EEWoOT7TVaFy T =
T LTI YN T2 VT —F VDI EF Y
EPEDEGHNC L EIRT.
SRR L7 DI A 3 5 HRIE, 55F
OO BIRE VT, £ THTPEY: (Hartree-
Focki:) TZU Y I NA Y TRENT—FIVOERE
RFHEMK L TCWBETL, 3T IVET) TN
AVTBENVNZ—=TIVOEEWOT VIAFI T =% v
DOJET OB & 51 L -4 R 2 Fig. 1512, 7V ¥ Y
VT 2 Z)VE—TIVOEREREEEZRBE L T3
TE, ITIVETYTINT 2N —F VDR
WOTNIFL T OO T OBEMEZEE LK
WAFig. 1612/R"7. Fig. 152 A5 &, Egpo 7 v a
F T = Y DOJETF DEA K —0.66, TV IN

E E

-

—

TUI—=T7=ANLb¥a— Vol20 2015

AVFOENI—FLVDIEF IIHEDC,DEM A —
0051, FHEMOC,OEFA0.035TH5D. ORI S
<A FADEE D OO T LTT I XD %
FOoFROCEFIEGIINE A, A4 FADEM %
FEOERRIEDCIRIIAME) < D THERRHEAD A J71H) %
MEZL, QD&MW &A% 5. —JiFig. 16%
Ral, HEEYMOT VX T =F ¥ DODEM I
—071, 7V Y INT 2NV IT—TIVOIRF VD
CoDBATAI—0.072, ‘BHEMDOC, DEATAH—0.065TH 5.
CDRRN O A F ADERZ H D0 IR LT
VYU N T 2V IZ—FVIEBEKOC, D ERRIEDCD
XA FAERTHLOTH S &SR 25, Ol
LTI N T oo VI —FNVIET vy ARAE
THT b4, BRIEOCHED MRS T) I A
VI7OUENI—TVDOEL ) S ELS R E05.
DFNFIIINT VI —FNETY VIS
V77U NI =T VORINERED I, BMICLLE
e LORDDEETH 5 72 HBW Lo 7.

5 ompd
3
25 z 5 : Ca
r . :-; ht
FA-] o J - - 1
-F-"
1.5l f drcticral group distarce

Framewnrk dsfancs.
gramd g
1.6}
Contact ses distance,

(13 i

e —. -l
z

iy

Fig. 13 Distance(r) distribution between each atoms of 25
glycidyl isopropy! ether and 25 tertiary amine-epoxy
compound (Molecular dynamics calculations)

Fig. 14 Distance(r) distribution between each atoms of 25
glycidyl phenyl ether and 25 tertiary amine-epoxy
compound (Molecular dynamics calculations)
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Fig. 16 Charge distribution of glycidyl phenyl ether and
epoxy-tertiary amine compound (Molecular orbital
method calculation)
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