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Abstract

Polyoxamide (-NH-R-NH-CO-CO-) is a type of polyamide and have oxamide
groups composed by two amide bonds in the molecule. Therefore, aliphatic
polyoxamides are classified into nylon-x,2. Polyoxamides are semi-crystalline
polymers and have excellent properties such as high melting points, high modulus, and
low solubility in engineering plastics.

Some properties of the semi-crystalline polymer is affected by chemical
structure of the molecule, crystal structure, and higher order structures such as lamellar
structure, morphology, etc. Furthermore, the lower order structure affects the higher
order one. Therefore, understanding of the crystal structure is important for the
crystalline polymer. Although the crystal structure of nylons has been widely studied,
there are a few studies of the polyoxamide crystal. Most of them are on polyoxamides
with even methylenes.

In this study, first, the polymorphism of poly(nonamethyleneoxamide)
(nylon-9,2) has been investigated by using wide angle X-ray diffraction (WAXD). We
found that nylon-9,2 crystal has a new crystalline phase, which is different from the
phase already reported. The crystal structure of the polymorph of nylon-9,2 was
discussed. Secondly, the crystal structure of an aliphatic polyoxamide containing
methyl side-groups: poly(2-methyl-1,8-octamethyleneoxamide) (nylon-MOMD-2)
has been investigated. The chemical structure (configuration) of the molecules, the
molecular conformation in crystalline phase, and crystal structure were determined.
The influence of the side methyl groups on the crystal structure and the temperature
dependence of crystal structure were discussed. The major results are summarized as

follows.



(1) Polymorphism of poly(nonamethyleneoxamide) (nylon-9,2) crystal
(Chapter 2)

The crystal structures of the nylon-9,2 samples were investigated by WAXD
and differential scanning calorimetry (DSC). It was found that there are two different
polymorphs in nylon-9,2. One is form I, crystal structure of which has been already
determined and is similar to that of the a-form of conventional nylon crystals. The
other is a new polymorph, which we call form I', found in this study.

The solution-crystallized sample (SCS) and the melt-crystallized sample
(MCS) were prepared in this study. The crystalline phases appearing in the samples
were identified by using their WAXD patterns. It was revealed that a new crystalline
form (form 1') coexists with form I in the MCS, while the form I mainly exists in the
SCS.

The peak positions of the Bragg reflection in the WAXD pattern of the form I
are compared to those of the form I to investigate differences in crystal structure
between the two forms. The dyy, value in form 1" is larger than that in form 1. The
increase in unit cell parameter [ results in the large dyo, values in form I'. The
difference in relative molecular position along the chain axis between neighboring
chains arises the difference in  values, and is caused by the hydrogen bond geometry.
Therefore, we assumed here that the 3 value is different between two forms and
indexed the observed Bragg reflections of form I'. Finally, the lattice constant of form
I' was determined as a=4.83 A, b =8.97 A, c =30.64 A, and = 70.9°.

The temperature variation of the WAXD and the DSC heating curve show that
the melting temperature of form I is higher than that of form I'. Moreover, the
solid-solid phase transition between form I' and form I does not occur in the
temperature range below their melting points. In addition, form [ dominantly appears in
the SCS, in which the most stable phase tend to emerges. It is concluded that form I is
considered to be the most stable phase and form I’ is a metastable phase, and that the

crystal structure of form I’ is disordered compared to that of form I.
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(2) Chemical structure of poly(2-methyl-1,8-octamethyleneoxamide)
(nylon-MOMD-2) (Chapter 3)

The chemical structure of nylon-MOMD-2 was investigated by "*C nuclear
magnetic resonance ('"C NMR). The ’C NMR spectrum revealed that the methyl
groups distribute among the four B-sites of the oxamide bond with equal probability.

The most stable conformation of nylon-MOMD-2 molecule was predicted by
molecular mechanics (MM) calculations of the low-molecular-weight model
compounds. The results indicate that the two —CH,—NH- dihedral angles are 120°
(skew), where the direction of the torsion (+skew or -skew) depends on the position of
the methyl group. While, the aliphatic parts of molecules is considered to take all-trans
conformation. Thus, in the crystalline state, the nylon-MOMD-2 molecules are
expected to take the extended conformation, where the two —CH,—NH- dihedral angles

in the nylon-MOMD-2 molecules take +skew conformation.

(8) Crystal structure of nylon-MOMD-2 (Chapter 4)

The crystal structure was investigated by X-ray diffraction (XRD). The fiber
sample of nylon-MOMD-2 was prepared and used for XRD. It was found that the
nylon-MOMD-2 crystal has a monoclinic unit cell with a=6.26 A, h=8.80 A, c = 14.7
A, and = 50.7°. Space group is predicted to be C2/m. The molecular packing in
nylon-MOMD-2 crystal is looser than that in nylon-9,2 crystal. This loose packing is
considered to be originated from the methyl side-groups.

The crystal structure is predicted by packing the molecules taking the
conformation assumed at (2) in the unit cell. The nylon-MOMD-2 crystal is a statistical
structure in which the molecules have one of two conformations that are related by
mirror symmetry. As a result, the hydrogen bond in the ab projection of the
nylon-MOMD-2 crystal also forms statistically along either the [110] or [ITO]
direction.

The nylon-MOMD-2 crystal shows no phase transition upon heating, although
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conventional nylon crystals often show the Brill transition. Only thermal expansion of
the lattice was observed upon heating. This is caused by the statistically disordered

structure and the loose molecular packing of the nylon-MOMD-2.

(4) Summary

In this study, we obtained new information about the polymorphism of
polyoxamide and the crystal structure of aliphatic polyoxamide with methyl
side-groups. Polyoxamide with nine methylenes (nylon-9,2) shows polymorphism.
Metastable form I’ exists in addition to form I previously reported. The introduction of
the methyl side-groups statistically into the 3 positions of the oxamide bonds
(nylon-MOMD-2) results in disordering of the crystal structure. In this case, the
direction of the hydrogen bond between the neighboring chains is either the [110] or [1
TO] direction statistically. Thus, the crystal structure of polyoxamide is controlled by
the chemical structure of aliphatic part.

Knowledge of the crystal structure obtained in this study will be useful for
understanding of the relationship between the structure and the physical property of not

only homopolyoxamide but copolyoxamide.
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(a)

(b) ,
PAGT/MPMDT

PAOT/MOMDT

Branch segment/ mol%

Fig. 1-2. (a): Melting temperature vs. number of carbon m in aliphatic part of
semiaromatic polyamide (PAmT).>™® (b): Melting temperature vs. content of branch
segment of semiaromatic copolyamide (PA6T/MPMDT)( € ) derived from
1,6-hexamethylenediamine and 2-methyl-1,5-pentamethylenediamine, and that of
semiaromatic copolyamide (PAYT/MOMDT)Y W ) derived from

1,9-nonamethylenediamine and 2-methyl-1,8-octamethylenediamine.”
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Fig. 1-3. Schematic representation of the repeating units of (a) nylon-6, (b) nylon-5,7,
and (c) nylon-6,6. The arrows show the parallel and antiparallel dispositions of the

chains. “Chain direction” is not defined for nylon-5,7 and nylon-6,6.



(a) (b)

Fig. 1-4. (a): Projection along the b direction of the triclinic unit cell of the o form
crystal of nylon-6,6 with the lattice constants of a = 4.9 A, b=154 A, c=172 A
(fiber axis), a=48.5°, B="77°, and y= 63.5°. (b): Projection along the ¢ direction of
the monoclinic unit cell of the y form crystal of nylon-6 with the lattice constants of a
=9.99 A, b=16.88 A (fiber axis), c = 4.78 A, and #=121°. The hydrogen bonds are
indicated by dashed lines and the small empty circles without notations are carbon

atoms.
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Fig. 1-5. Scheme of the molecular arrangement in the a-like form of nylon-5,6'".
Consecutive amide planes rotate in the opposite directions from the plane defined by
the all-trans methylene segments. Neighboring chains (stick representation) should be
shifted along the chain axis direction (see arrows) with respect to the central chain

(ball and stick representation).
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Fig. 1-6. Scheme of structural change in the Brill transition (a), and

temperature variation of wide-angle X-ray diffraction patterns of nylon-6,6 (b).
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NHZEDICRZDEZEZLN TS P, CoEBRSIT, @% X BRE CH
BMEnb, FEBERTHFHEHONRR XU TITHY TS 2 DO Bragg KA D
BELADNEWICE-S &, Brill EEB AT 1 DO K B — 7 1272 5 (Fig. 1-6 (b))*”,
X, ERERSGDLIWVITERRR Th oo FHO Ny X 70, RIEKFE
HOa Ly 73— A= arPEND T EICIVEBEBRNFRERICELLT D2 L ER
LTW5h,

1.14 RIVFFHIF

AU AFH I REMOFT A 2 AN TRAKRENES, mEERELR L, MWt
HaELEmWA, TRETICTLEfLINTI RN, TOEEBE LT, T
BRBECERLALVOSFEOR) v —52BEET LI ENHRETH L Z &N
HFonbd, @E. A0y mn TTEMIE, PTIVEPHLRVEEED
WOKBREZMBAL TCEAINDID, PT7I0evavBlolEoRse, v a
VBBLIOR) =AML LIV, o TR TE WY, £/ Fig. 1-7
WRTEICTArY 6,6 6,1072EDFEEELTHERAINTNDAAFH AT
Ly PTIVERWERI ARSI FOBE, AU T CToOM@NEZ ., Al
HERICT DR D TEOR I~ —% B2 L TERNo7Y, IEBMBEN T
BNole D TLMER D -7, ZORBEICH LT, HEBEREBEREOR WY T
IURMEHERTARMEY T I ERACT, Bona R AV I REIED
Sz TP 2RAENREN TS, BICEE, REEVHEY 7 I v L AISHER
FEMIHE Y 7 R v EMAEDELFR I AT I RIZHONT, WSO DOED FE
fEARE R TEMRENER R S0 770 By T &IRICE T 5 e 0ok Y
PHREINTEY, EEINLTWD,

RUFFH I RCONTIEINETICH A 14,2, 6,27, 82 10,275
FO 220 0AF LV UOBEBEBROBEBHEBEY T I v E AV EEARY
XY I RPEEINTHENRENTEL, ATV UEBHFROBEHBIE
CTIVERWEFHERY AV I RIE, ey 92BN EREN TS,
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HEBEWEY 7 IV E2RAVWER)AXRH I FREZOY T I AW RE
BRIV AFY I NOBEICET HHEHITR <. TN OMIEIEIRTES - T

I/\fcﬁb\o

Number of carbon in aliphatic unit

Fig. 1-7. Melting (A) and degradation (4) temperature vs number of carbon in

aliphatic unit of polyoxamide.*”
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BERNVAFY I FORBREEET. B—EF A 0 LRE. aform & 252
ERBALMNCRSTND T Fig. 18I AF L UM 6705 12 DEEKRY F
XY I ROJEA X MEIPT(WAXD)Y N Y — > %md, TRTORYFFHI Ko
WAXD /X% — 2B W T, BELA 20088 L% 207 38 KOV 24° |Z Bragg K03 81

20/ ° (Cu-Ka)

Fig. 1-8. Wide angle X-ray diffraction patterns of nylon-m,2 with even m.*”
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Fig. 1-9. Crystal structure of nylon-6,2'®). The hydrogen bonds are indicated
by dashed lines and the small empty circles without notations are carbon

atoms.

BlEnb, Zhita-form O WAXD /X% — > CHIHE| & 5 Bragg KFOME & —
B9 5, BT, Fig. 1-9 12777 L 912, nylon-6,2 D i CToH+8HILEET 5
SFHE—FRACKREBET D EICL > Ty — MREBEEZERT 5.

—F . WEAVAFY I FOBRBECEHL UL, T2 92 03F—FEF A
Ry THDHCHEDLLT, aform CELULEEL LD ZLRRESNTND
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VoL, BT A v B REE L B X DT Dy-form DAL S 1
HZMEIMDIIALNIZEINTWARY, A r92F, MBEHIEWAT L U HE
Bowm— M7 AnrThbolent, MR L BB 5K EHEOBEMH
R EEICOWTHEMRET D Z LITFEMAIIC HEBREN., S5, fAIEERRY
FHFY I FOBEICHET 2RI R, MENEREE L CORELICE R
DEBLARARDL ZLEFRMEEE~ORENFIND,

1.2 R EB X ORI OHE K

fEmEEm T FICBWTIE, —REE, RaEERBLOBBEL T 1 Y —NR
MEMEICEEE RIET, EREEOEWVL, BXREEERICOEELYEXD
b, Ml REEHBA T ORMEOBELZEMBT LI LITEETH L,
A, R AXH I RO TEMRENELSR>OH Y, BY A X4 ROk
EAEIEICOWTHND Z L, MERREOH BRI L TaB Th D, K
TiE. BVAXHI RO L, FREODRNEFRR)AFFIRE, 2 E

WCHEFORVAIEER RV AT I FORBREBELS LOFIE TOREREE
DIBREZAZHAONITHZ L2 BT TEMEOKRREIZOWVWTE LD,
AFLUHN 9 OFEBEVAFVIROEY JFAF LU AFH I RORERE
BN, Mok SR EHBETOEREOBREZAL NI T S, MELZET D
BEAY Y I RELTE, BY 2-2FN-18-F 7 X AFLUF3HI K%
BY BT, 5FHOAFIVAIEO S B L O SEEZ RS, J8E g

WCRIETEEICOWTEET S, UTICEEDOHMELTL T,

FBI1ETIEZ,. RVAXYIREELARY T I R(FA 22Ok mtEdE & RS
WELTHOLNI SN TEHRZBMEIL. RV AFV I FOMEBEICET
LEEEOMERELZET . AMEOERNZRN, R XoOMELZTL L.

H2ECTIE, KY ) FAFLUAFHI R(FAmY 9)0RKEBEFICHONT
TR THNE TICHE STV D& E(form DOt IZ B O & % T (form 1)
NEETDHZ L ETT, 512, form 1 B X O form I'O i 5 O FE SN HEFET D
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RELO X REHF S — > OREEA) DB E ORMLEMER X OO EEE
BIZOWTCERT D, HREZIC form 'O X MREIHT N Z — > OIREEALD b & &
EEBET D,

BIETIE, ATFVAEEAEL, AFLUEN B THLMEEARY AFHIF
D FHEEIZONWTEMT Do RY2-AFN-18-F 7 X AFLUIT I (A
7Y MOMD-2)BXOZDETNMILEMOA XY I FEAGN T VR = VIRFED
PC NMR A7 hLzHBE L, %3 REGOIVR=VIRFEOr I Ly
ZhERBT D, SHIC, BT OBELOHENS, AFILVENRT A v
MOMD-2 HIZT v Z AZHFHELTNDHZ L E27RT, ZOBREREICATLVED
LB DRI D ET NG F O FNEFEEZITV, T4 1 MOMD-2 F1 D 4;
FTOar7r—A—varsEHET D,

B4 BT, 774 122 MOMD-2 O fatEiE & £ DIREZEICHONTIRRD,
ETHOIC X BRI N Z — > OB N ORFERZRET D, RICHELL
Tokg T EH A AW CEBIR S 1L7e Bragg U OIER ST 2170 THIERAI X YV 22/
HAWET 5, TLTE3IETHET S5 14 22 MOMD-2 O 4 Fi#iE % B IR
tL72F 4 72 MOMD-2 53 F 4 fEfa s FICEE L CRESEET T L EBET
Do WRFERALIC XV ER L 72 S He Bt O H R X REHT 2 — 2 &2 BT,
WELIEBEET VORYELZRIET D, &6, T4 72 MOMD-2 O i
WOREZLEZR, FHEAFAVAFVINEAHEERFR VAV I FOFET
DiEmEEDZEIC OV THE L, A FLVEAEIEREBEERL L2 ORELE
BICRIETEEICOVWTEET S,

RERICH S ETARRLOEERERET S,
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M2 RYIFAFLUFTIY I NiESEOESLSTE

2.1 %

AU A FH I R(-NH-R-NH-CO-COHNF o V=T VT T T AF v 7 OFET,

il

EEA, EEEROCEREREREOBENTHE A O, XY I NESITKE
BAWME LTHAMEEARVAXHF I RN RV —F A7 I ROANA—R
AV RMCHAENR TS Y, TOSFHEICER T L. AF I RS
29007 X RFEENINVA=NVECTEHEEEINTEBY, FAer m2 IZhES
No, BEYT7IVOAF UV EOBHFICS LT, BEBILOHFHRY x4
SKBFEL, b ofAEET, TRENT Ay ma ICBTHE—E)
Ao BLOHF-—EBFAn L bHBT L ENTE D,

Fig. 2-1. Chemical structure of nylon-m,n. The case of n = 2 corresponds to

polyoxamide.
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Fig. 2-2. Typical hydrogen bonded sheet in nylon-6,2. Hydrogen bonds are indicated

by dashed lines.

AU AFH I FoREEL. e 122110102 141292
FAr 820 A rr 62 9B LT A v 42" o0 T, X BEIFE AT
FROENTWDH, FA 2102, FAEU82, FARY 62 BLONF A 142
DR X BREPT N2 — 100X, 2 DO FR Bragg KHE N R O, £ 1o m i
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PBIEKI 45 A BLO3TA O FREBICHEYT 5, T 1229047292
BRI 412620 20 THE X BRBHEEIITIC L - TRESBESRE ST
%, Fig. 2-1 I2BWT, m W™MBEEOR Y AXH I RoOERT CIX. &0 F8I3H
RE SR EH Y IV I7Oary7r—A—varkboTWb, [110]5FRAIZE S

Lico FHIIMET 20 F#HE D TRKEKGEZEXRL TR, »2EOHT
W — MEFRKL TV D (Fig. 2-2). TNENOBEVES> > — NI, TA4r2D
a-form L FEEIC ¥, AFY I RECTKFBHEEBEREIND L5 ICE WIS T8
FE~Y7 L TW5D,

mBEFEHEOR) AXH I RTE, FArr 92 0f@REENRE—REINLT
%50, R TIE. ZoBiEEZ b OfM@EMHEE forml & EET 5. form I O HBALHE
FITEBBRTHY . ZEMBE C 2/, #FERK a=545A, b =87 A, c(ifhiih) =
318AB LN f=479°Th 5, Fig. 2-3 2T A 1> 9.2 & form | O FELHEE %~
T, GFHEHOI T+ — A — 3 Ui all-trans TH Y . C(O)-N(H)-C(H,)-C(H,)
ORUNAIT 155°TH D, TS & o CTHEBEY T8 CKFRE S O T HE
Lo T, Fig. 2-3@IlmT X921 ODOSFH#AOERET LA 43I N
DEFEORTNARFTHME THDL, TOD, T4 1292 OfERHERIL, [110]
L1100 2 DD Rip 5 FEICKEREE DR SN D SIS B 5 (Fig. 2-3(c)).
ZOREMBET F-BIA L 0EABELEZ LN TV Dy-form L B D
FCIERICHBRE N,

AR L7 K2 T A 921 3&— @A THHTHLEDL T a-form &
L7 fE SR AE AL+ 5 2 &A% Franco HIZ X - THE SR TWD ¥, Franco 5
ITHEAE RN X ORI S S LB T form I AT 52 2R LTWS, L
L2l s, Rt e THREITL2ERBIEH STy, LR
> T, VAR BAE O SRR E Ty-form NHBT 2 AREEN H D, AEO HAIT.
FTABI2DEMEFBICONTOMEE/LZETHD, 22Tk, FAry»
9,2 OREHEREL, WO BB B L OVEBAS BB 2 ER Lz, 2 550k
OfE B ELY WAXD B L OREEENESHT(DSOIZ L - T~ ETBEI
Franco H NG L TV A kM Z — o O FBRMEA MR L. R 12 form 1
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(b) (©)

Fig. 2-3. Crystal structure of form I of nylon-9,2 reported by Franco, et al’ viewed
along the (a): c-direction, (b): b-direction, and (c): a-direction. Solids lines indicate
the unit cell, and the dashed lines indicate hydrogen bonds. Orthorhombic molecular

chain packing in the ab-plane can be found in (a).
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DHBIFET D 2 & &FRT. RIS, T4 12 9.2 1% OEHHERLR S LR
WAL RE O &5 5 oREHFICE form T (a-like form) & 1X R 5, Hi- kG st
WHBEST L L2RT, TA0 Y 92ERICHET L 2 >OfEMEOMEE L L
b ORERFELHERT D,

22 £ B
22.1 ARBLIUOHEHER

FABRY 921X 1,9-/ FAF LTIV LEBERY7FALERANT, BH
RV 2 EBEECTARMR LIz, BEEY 7F L 1,9-/ T AF LU YT I L, T
NFHEEGRASTRB L0 7 USSR/ E AW, BohlF A mr 9.2
D25+ 0.1°C COEAMEZMBEL IOV Ne —FHEGFEZHNTHELEL L
ZA, 123dLIg Thoto, T DK, 110°C T R EMESEGIEEZITo72b D% W)
e E L,

280°C DBV L AT LV ESA Imm O — hEER L, ki TAHB L
Too DT — K% 200°C T 200% HHIEH L 721 . 200°C T 1 B BVLEL L Ttk
HER B 2 & 7= . I AL b 3R K (solution-crystallized sample, SCS) % & FE
0.05%(wt/vol)D 1,4-7 & > A — L DR EER P HFERAL S THL, A ~—
% 200°C T 1,4-7 X VA — VIZEMR S H7-1%. 150°C T 2 Fpffffk & ¥ 7,
R S AL 3B (melt-crystallized sample, MCS)iZ. E&EMN 5 mm O/5A L v 7 A

DA T 2B H T 235°C T 24 BEEfEfafb & & CTERIL L 7=,

222 JRA X HBREIY

ThAME R O TR M X AR EIFT(WAXD) /S Z — 0%, IR T 12 FFREIE R L CHE 7
AV AIZERER LT, 35 kV, 20 mA T X #RFEAEEE(RIGAKU RAD 1A)) b FAE X
NI 7 4V Z—TCTHEN| L Cu—Kaft(A =152 A2 FEH Lz, 7 A 7R
=35.01 mm)iE Si ¥y R D Bragg & % FWCHIE L 7=,
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SCS B LN MCS @ WAXD /R¥ — 203 2 WtBHes(A A—Y 771 — 1)
ZHEE L7 X BRI AR Bulker AXS DIP220 2 W T 5 oy MiEsk L=, X #RiX
777574 FE/) 70 A =X THEEI LT Cu—KofR(40 kV, 250 mA)% 7z,
REZRBOY > TRV L —C5ED, RUAI R T7 oV A TREVZE- T2,
AEFOEE L, BN EM ST BE S TRIE L. PID 2 b2 —F—T£0.1C
OFGFICHIE L7z, FTEDIRE TS oM X METEH L T WAXD N F — & A R
— V77— NMIFEEE LT, 2 RIED WAXD RHE — U NG EE—200 7 1 7

AN EHBT,

223 REEERESNK

MCS OHERBZEE LY 7 RURZEEBFEF DSC8320 & AWV TFFli L 7=, ¥
Y152 mg HEBEL, T = AREENCEE D, DSC EENICHRE
%, EHRH AFHER T 10°C/min T DSC FIRBAFEZHE Lo, EBEOREILA

VU LD/ R TRIE LTz,

23 RREBE
2.3.1 MEHEREI D WAXD R — v
F A m 9.2 OfEHERE O WAXD /X ¥ — > % Fig. 2-4 |27 7, RER LI M
fE2s 421 A & 3.63A(ENENE—27 3BILW6)D 2 DD HU Bragg K % &1
Lz, TN OmEMBEIZ, B—1E)F A n 2 do-form (A2 EERE T
%, &b, EEME 11.46 A(E—27 1258\ Bragg KN ZBRIL7-, Znbd 3
DO T Franco 512 X 2 #EREL O WAXD I E THBENATWD D, T742b
b, AWFZE TR L - MHERUBHT X, Franco B IC X - TIERL & hu 7= ik R &
[FERIC form [ fEFEL TW5, Bl 7z Bragg K4 O wiHIME dops % Table 2-1
CEEDD, KOS ITIL, Franco b VMR E L7 AL R OK T EHE H
WTAT 27, £ D% doy T AV THEFER LB L, a=529A,0=856A,c=
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2954 AB XL UB=509%17-, ZhbDOfEIX, Franco 512 K D HiTHFZE THiE
SNTNHIRTERLEBBELE B LI, dp TRELTEETFEENOEH L
EREIWE dew & L < B LTS, & 512 Franco HIZ K-> THRE S W= ZEREE C2/c
DA OWEBAIZHER Lz, L EOERFEEN G AN CTHER L i+
(213 form 1 DR BFET D & fam DT 1o,

fiber axis

Fig. 2-4. WAXD pattern of the oriented fiber of nylon-9,2. Eight major Bragg

reflections numbered 1-8 are observed and listed in Table 2-1.
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Table 2-1. Observed and calculated d-spacings of the nylon-9,2 oriented fiber.

Abbreviations denote intensities as s: strong, and m: medium.

reflection dyvs [A] dea [A] index
1 11.46 s 11.46 002
2 5.76 m 5.73 004
3 421 s 4.28 020
4 4.05m 4.05 116
5 3.85m 3.73 023
6 3.63s 3.70 110
7 330m 3.38 118
8 3.14m 3.13 025

2.3.2 BERAERBEREH(SCS)EB L OERA AEREMCS)D WAXD %
-

SCS ® WAXD /%% —> % Fig. 2-5(a)lZR7, 3 DD Bragg K E— 727 %
20=17.92°(S1), 20.85° (S2)3 L T 24.66° (SHICEB L=, “hbHDORKHE—27 D
mElE dITEN T 1116 A, 426 AB LTV 3.61A TH Y | form 1 @ 002, 020 & L
110 @ Bragg R OHEME d BB LZF %75, ZOERLIY SCSFoE
RAERABIL form I TH D Z LN DND, Z D D Bragg K& O 7 — 4 % Table 2-2
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\ZF L7z, Fig. 2-5(a)F TlE. form 1 OfERAEE CTITIEEN ST RV S
E—7 S'N1,82 B8NS3 bBBM SN D, Francob Vi, KEHE—7 1
TEWI A ZERBEAPICIZ/NMNABEEY —27 TH Y | Bragg KHFHE—7 Tliden
Exnb.forml DR0KHFE—7FEICR NI E—2 S28 LTS3,

“BCHRTAOLIIC, FEREA B LIZRERDERIHD Bragg K TH D &
Exbhb,

Intensity / a.u.

5 10 15 20 25 30
26/° (Cu-Kov)

Fig. 2-5. WAXD patterns of (a): the SCS and (b): the MCS of nylon-9,2 at 25°C.



Table 2-2. Observed d-spacings for the solution-crystallized sample (SCS) and

melt-crystallized sample (MCS) of nylon-9,2.

SCS MCS
reflection dybs crystalline reflection dybs crystalline
hkl hkl

No. [A] phase No. [A] phase
Ml 14.47 form I’

S1 1116 002 form 1 M2 11.60 002 form |
M3 7.22 form I’
M4 4.49 form I’

S2 426 020 form I M5 428 020 form I
M6 4.19 form I’
M7 4.07 form I’
M3 3.91 form I’

S3 3.61 110 form 1 M9 370 110 form |

MCS ® WAXD /8% — > % Fig. 2-5(b)IZR"F, MCS ® WAXD /X% — % SCS
DENEITALNICE R > TS, Bl N7 Bragg K4 B — 2 % Table 2-2 I
FLw5H, MR JdIZ. WAXD X% — 2 2 ZNZF N0 Bragg I ' — 7 1245 B
LCELEY—IAMEAEAWTER L7z, Fig. 2-5(b)iIcB W\ T, K v¥—727 M2, M5
BLOMYIZZNEI form 1 D 002,020 BE IO KHTH D, LnLaens,
T3 OORNE—7 DSOS E— 71X, form | DIEFEHZ AW TIHERE
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DFDHZENTERY, ZOFERIL, MCS H T form I LLA D B 0 #E S HH 235 di
ELTWD ZEERBRTIHIEDOTH L, TNEDO R, 234 TRTIR
EEAOZEBNRIELBEBL TWDD, TXTHRUEREORT EHBLE, 20
b9 1 OOREEEEZ R TIL form 'L EET 5,

2.33 SCSHOREREEDIEERL

HAEBFEIZEBIT D SCS D WAXD /¥ — > OREEFEM % Fig. 2-6 12577, form
1D 002 KDY — 7 LEITEMEST 2 ETCELLENo7z, —JF, form 10 020
BLO N0 KFAE—ZIZZENENERABIEAS 7 ML, SCS @ 020 5 &
CHORSFE—7 O —27 (LB SHEM L7z doo 3 & OV dho OIRE 7%
% Fig. 2-7 2R T, BIETDIZON T dpo 1 ZBA L, diolZ8EmL-, Z omiE
@ d DZEAIX, form I O4 FEHO /Ny F U FPREIRCTITEARARATHY | mIET
TR FERICESS ZEEZRLTWVD,

FROGFHO NNy X T OERIT, O T A mTH LA S, Brill
BRIV BEWEERTEZ S, BWET A v Tid, FiETIS Brill I58 & i
ENDERHEOBEBHRENEB SN D >, #kx )4 o Brill BEIZ SN

Z<OMERENTVS, X REFNZOEBREL2BAT 502K AH
BRHEETHD, HEFEIAABLO3TAICEBINDHRD 2 DORKKE—7 M
Brill IS T 1 DOV — 27122 %, ZOEBTIE, BET 55 F#EMOKERE
BB INEEETIREEGOMO AT L UMy OESHEIEML, =27
F—A—va IZEHANELD P ZoER, HTFHEHO Sy XN =4
FH LTEBRERNOBAFTHRICENRT D5, TAr2 92088, 0208 X
T 110 K —271%, BMEEc 1 DO =212 bR, 202 :hbrAn
9.2 @ form 1IE Brill EsB 2 = S W MmO, ZOEBRFEEIT T TIC
Franco HIZ Lo THME SN TWVD Y, ToHEICLNIE, 741292 T4
PIRED 2 DOKBRFEICL - CTHET LI FRCTHEERAL TS Z LT
Bril EE N A U LT 5,
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K E—27 S2BLOSB3IIRETHICONTIEMAT 7 b L. 250°C THEL
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Fig. 2-6. The temperature dependence of WAXD pattern of the SCS of nylon-9,2 on

heating process. The reflection peak (*) is scattering from the polyimide film.
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Fig. 2-7. Temperature variations of d-spacings of the SCS of nylon-9,2 during the

heating process.
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Fig. 2-8. The temperature dependence of XRD pattern of the MCS of nylon-9,2 on

the heating process. The reflection peak (*) is scattering from the polyimide film.
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Fig. 2-9. Temperature variations of d-spacings of the MCS of nylon-9,2 during the

heating process.

33



MCS TERI SN E—27 O — 7 A& &R L7 b R o R E K7 %
% Fig. 2-9 (2T, form 1 D dpy B LV dy THLIRKFE—27 M5 BLT M9 ©
R DR EARFMEIL SCS D ENH LR LU TH D, form 1 O FEHD /Ny F
T RNEBHR RN DA T RICET DAL, MCS IZBWT HHERE S L7,
MCS @ form 1 O MG dopyo BE R diglx, SCSOZNL LV HEREVR, ZD
BHIIRHATHD, £/, form 'O T X ToOmEEREM4, M6, M7 5 X O M8)IZi&E
ERERTLICoNTHEMT 5, ZHEBEEIRICE T form 'O4 F#HO /Ny
FUTPRELSRD ZEEBERL TS,

IlmW
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A
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Fig. 2-10. DSC heating curve of the MCS of nylon-9,2. The peaks a and b is

expected to correspond to the melting of form I' and form I, respectively.
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WS OMDOREMEFT A vy TIEEBHOGFEENH LN T b, il 21X,
Puiggali 58 F A 12 5,6 DEBHOFEEZREL CT0D 'Y F 412 56I1%,
BN ORERIELTEBAE. T A r 920 form T & RERIC 2 FEICKFERKEZF
BRLZEMRROEREEL LD, COMBIIAET I LHIEETEAT R
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D, ZOTEHEMR NS E, BRI E L7 form I'D 9~ T D Bragg KK OS5 1F
WAREL 2%, IS N X ToOmMERd 2NN TZ o FER LR L., &
I T ESZ a=483 A, b =897 A, c =306 ABLOB=709°LIRT LT,
Table 2-3 127”9 & 9B S 7z IR dops & K6 T EB G EHE L 72 i M RR dea 23
FE—HT D xR LT,

Table 2-3. Observed and calculated d-spacings for form I’ of nylon-9,2.

index deal [A] dobs [A]
002 14.48 14.47
004 7.24 7.22
020 4.49 4.49
111 4.20 4.19
110 4.07 4.07
111 3.88 3.91

form 'O 7 E 4 % £ form 'L form IO B FNO D FEREZ EE LT,
Fig. 2-11 |C form I’ form T O BN F D bk L 7= X % 773, form 1'1% form T (Z bk
RCKETEELNP2°KEL 72->TEY, form I'PF D5 F8#1X., formI FDOH D &
ERT, FETmo T 7 hEN/NE W EHEE & D (Fig. 2-11(a)). Fig. 2-11(b)
25 form 1'0 002 [ O R dogs 13X, form T O ZFUIZHE_RTHER L TV D Z &M
TND, X HIZ, Fig. 2-11()IZBWT, form I'® 100 . 020 m35 LN 110 HE D
I digo, dopo B L K dyg b form I DZHH LV HRE WV, £z, form 'l L O
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digy =4.04 A

form | form I
47.90 oo = 11.79 A

(a) (b) (c)

Fig. 2-11. The unit cells of form I' and form I of nylon-9,2 viewed along the (a):

b-direction, (b): a-direction, and (c): c-direction.

form 1 O BALKEFOEBIZ, 2HFN 1254 A3 B L1119 A3 TH S, oz
&b, form I'iE form I & B~ THALK F OEEN R E < | 40 F8HH O R -
RLTWD EHB SN D, form 'L form 1 LV & ¥EZLE T, FIRIBE CIIERE
DHFEFRT, TOZ LMD form I'DFERMEEIZELN TIH Y | form 'H D43 FI2 1%
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—Ya ko T formI FLITRRL5FHO N F 0 FROR 5 KB RHEHK

Kl -oTWABHBEEZ NS,
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R, o)

Fig. 3-1. Model compounds of nylon-MOMD-2 for *C NMR.
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Chemical shift / ppm

Fig. 3-2. ’C NMR spectrum of nylon-MOMD-2; (a) the overall spectrum from 15
ppm to 170 ppm; (b) the expanded spectrum from 15 ppm to 55 ppm. Peaks a—i are

assigned to the signals from the carbon atoms represented by a—i in (b).
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F A 1 MOMD-2 D /LR = )LD "C NMR A <27 kL% Fig. 3-3(a)lZR
T, BFETET LA A, BBLUC D "C NMR 27 kL ZZRAZFN Fig.
3-3(b), ()B L OMIZTT, &bz, ETMEEMA B, C XN 1:1:2 DF
JVHTIRA LIZRE o PC NMR 2 X7 kL% Fig. 3-3(e)lZR"7 . Fig. 3-3(a)D )
A @Y MOMD-2 ® A ~27 kL Tld, 159 2ppm(E—72 a’). 158.4ppm(E—7 ¢’)
BLO158.6ppm(E— 727 bHIZ 3 DD B LR LRFEHFOE— 7 RERIS 5,
74 mr MOMD-2 B L OETILEHD NMR ZA~7 RLDOHENE | 158.2,

158.6 B LN 1584ppm O E— 7 [ ZENENET MEEM A BB LU COA*H

(b) a
(c) b
(d) c, ],
(e)
ISbO 15%5 15%0 15%5
Chemical shift / ppm

Fig. 3-3. ’C NMR spectra of carbonyl carbon atoms in (a) nylon-MOMD-2, (b)
model compound A, (c) model compound B, (d) model compound C, and (e) a mixture

of model compounds A, B, and C with the molar ratio of 1:1:2.
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0 . o 0, ' Ry Rs 0 "
0 RiR, 02"t 0
D R1, R2, R3, R4 'H
E R1 . CH3, R2, R3, R4 . H,

FR1:CH3, R2:H, R3:CH3, R4:H
G R1 . CH3, R2, R3 H, R4 . CH3

Fig. 3-4. Four types of model compounds (D—G) of nylon-MOMD-2 used for the

molecular mechanics calculations.

Table 3-1. Torsion angles and potential energies obtained from the molecular

mechanics calculations of model compounds (D-G).

torsion angle ( °) potential energy ( kcal/mol )

@, ol oA s D" Euwie”  Egen” E®

D 180.0 180.0 180.0 180.0 180.0 36.0 35.9 -0.1
E -117.5 -1794 1799 180.0 180.0 38.8 41.3 2.5
F -117.5 -179.4 180.0 179.4 117.6 41.0 41.0 0.0
G -117.8 -179.6 177.9 -177.6 -166.4 42.0 44.7 2.7

a) The energy of each model molecule with the torsion angles exhibited.
b) The energy of each model molecule with @, = -@,"=120°.

C) Estable _Eskew-



DODRENFA(0, o, BLERo) L trans D 7 3 —A—arzd b, WTROB
A MO ATFAENMFML T2 WEEIX, 2 DO-CH,-NH-—HA(D, B LW
ONEBLZ 180°THLDIZX L, B A FD 1 DIZAFIVERFIML TWDHE
B, O BLXOO L., ETN G OO ERWTE LZE 120°(skew) ThH 5, Alemén
DI, BBES T IO ATFALABENRARY 7 I RREORY 2 F Lo Eaoa
VI — A=V a B 2REEE | FEHE VIC XN, 2D
ELPBYA MCAFALEEETLIET LV SFD 2 DO-CH,-NH-_H AL skew O
AT F— A= arEEDIERBEINTVWD,ET VST FBEOGFig.
3-HDO/E, AXV I REOHHFOBYA DI b nTFhp—FHIZ 1 2O 2 F L
ENRMIMLTWS, Z0 2 SOFETFTASFIIVLEKEEOE TRER>TWVD, X
ST, FET AT FBIOGORNMZIVF—Thdar7+r—A—a g
B0 %, Table3-1 IR L7 MM ERRTIZ, ET A0 FFDO 250 2 HAD
BLO@ XN EIH-1200(skew-)EB L HI+120%(skew+) TH D, —FH., ET IV
TF G ODNE-166.4°THY | trans DA T — A — a3 W, BEOE
. EEOR) v —#HEBET D L. DFHEMITLEN>TLEI LD, b
B AT 522 ENTERVWEEZBND, T4 172 MOMD-2 R W5y 78
THDHZEEBETLE, RMEPTHOFRIFEROEsTear T r—RA—v
AVEESTVHIEETTHD, 720, 2 DO-CH-NH-ZH A M 180°D 54,
FFHEIIFTFDICHRary 7y — A —va iR o TS, LoLans, =
DHE. BMOVRLEMORIPRECTRET 2ETER ¢ IV bREI Y,
B FICE DR RD,

R L7z X5 ISR PO FHITERMNICITERELROLERD L, T2
DH, HFETNVICBNWT, 2200 2HAOBLUOO RO, = — o OFEKTRIT
NEZoen, LrLens, EET AL TRNOZRLF =% OFE TIEL
FTLbO= —dOERKRICRY, 22T, EETNMIZBNT, &= =& LD
BEOT R NLX—HEE2To7, ET/LD-GDOO = —& =60 ,90° ,120° ,
150° BLU180° OBEOZ R NF—Z KB LT, ZOK, & B LU0@ LSt D
RUNAITT T80 & L7z, Fig. 3-5 IZE 2 HAOKO#EED = L ¥ — L
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Dihedral Angle / degrees

Fig. 3-5. Rotational profiles of relative energy for the dihedral angle (@&, = -@;’) of

the model D-G. The potential energy of dihedral angle of 120° is reference.

KEZTER 2 HAOHOEED TR LY —LDEELTRT, TXTOET LT =
—@=120° DEEETCHST . 2O NS FHEHIEHRELEBET L0112
T2 EADKE EN 120° (skew)D AL T H—RA—2 a2 L LERHDHLEE

25D,
EBIT, BETNVORZEREEE D= —@’=1200 OBEOZRXNLX —EF%L
b8 U 7= (Table 3-1), ET VD BLOF X, BRELEREEL O = — @ = 120°

DIEE L T2 R NX—FIERPolc, LENR-T, IFH I REO@MAIZ AT
NWEEZFRTRVWE LA I FEOWMANZAFIVELS T 2Fo, AFH IR
FEEIS K L TR T WIS L TW D E 3 I1E. KfhH T skew O3 7 o — A —
VarvERBIZLELIENARTHD EEZXOND, ETNVEBLOGORK
EREEE O = —@=120° OFELOT R LF—EFTENEN25BLU2T
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keal/mol Th o7, XY I FEDORANZ A FIVER =2 L TWDEGOA
FHIREOWANZAFALER—2>FT D FFH I FE@ITH L TRE—FMIC
ML TWDEETIE, skew DAL T —A—Ta kb DI RLF—RIC
TR THD, LLBRL, P CIIBEES FRITKIEEZEL TWD,
—RIZKFEFEAS T R X —1F 2.4~7.1 keal/mol TH D, LN ->T, ETNVEB
FOGCORBEEBEL skew 2 T+ —A—Ta DT x)F—ET, KFERE
AR NLXF—LRERBENZINLLIVNED, LEOZ NS, ¥ TOLFH 3
RiEGOE S DR Cskew DAL T4 —A—2 a2 D ENARTHD
LEZLND,

34 ¥ E

RETIL, 74 12 MOMD-2 D{b¥#iE#EH "CNMR IC L W BRFET L. & B ICK
DEFETNLVERAWESFAOFEHBECLVEREYO S FOa T — A — 3
CEFELE, A4y MOMD-2 OA4 X% I REFOHLAR= VRFED PC
NMR A7 R LBALIATIM LT A F L EO Sz EEICHEM L -, BE
END 3 DOBRRHICEREICHRK T2 —7 OMEIT, HHFESIN DR
I L, ATFNVEETSFHOBMICEKRFICOMLTND, A2y
MOMD-2 D#E VR LENL 2 ONORDET A FERWTGFO AL 7 4 — A
—varEREE, TORE. 2 OO-CH,-NH-"HAITE L2 120°0 skew O =
VI —A—=Tark bl ERN ol ZTORENIT, XY I NEDOF
HeEATNVELONKBEELZERHT 57O THY, A FILEOMMLEIZ L -
TR HmBRxt&nsd, LoT, 74 7 MOMD-2 {2 A F /L B s R
FRIZHmLTWD Z EEFBET H L. Mt THFIEL, 2 2D-CH,-NH-"H A 7
tskew DAL T F—A—TarkboTnhETFRLE, 20D a 74— 4
—>arORE, EREBRTOIZEDREETCHL LD, skew DT
—A—varklo THBEBRICHAAEND N, a7+ —RXA—Ta URE

L FICIERBEIICHER SN D LB 615,
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FA4E RY2-AFNANB-F T HZAFLUAFHI RO
At L S

41 & B

FBIETIE A 2-AF N8 A7 X AF LA FXH I R A 12 MOMD-2)
D FOEBEZHALNIL, ETORFOIAL T+ — A= a v EBEF
L7z, #4FETIE, 74 122 MOMD-2 O ftEiE (57 TELF) & £ OiREZ{IC
DWNTIHAND,

FAT 92 ORERBEIT, B2 ETRARZ LI, RELER form | & HERTE
72 form I'D 2 DOFEGETENFIET D, TA B 92D5FIE, AFLUHEMN9
DRILKFE LA X3 I FEGTHEKRINLD, HBRHEVRILKEHEZ AT
L7200, MIBTIEZOS TEBORETYTOary7+—A—varyBnElL
RKFTV, 2ok, SiETOERMBERETIE. FHO Ny X 7KL H+
G MOR S NRERDERMBICHERIETOIREENS D EELE L,

T4 mr MOMD-2 (%, A F% I FEMORKRFEIL 8 T, BALIZ A T /LEINT
MLTWB, EIETIE, ATNLVERXGFEFOLTXY I NEOBRLEZ 7 ¥ A
WEBALTWLZL2MRB LT, 0. B FNFHEICLY, 2 X VFXF =D&
BORFOar7r—A—varzmal Lo AF¥ I NENH & RIEKFESEH CH,
DT, RN (skew)D AL T —A—arzbbEFRLE, EORKR
Mo, FTA 1 MOMD-2 D43 Fid, 1 DO FHNOEY &I A x5 I NED
AUHDFEICHBIER 2 < ARFAB101E[110]10 2 FED &b bk
End EHFEEND, TOXIRGFNREDOLIICHESEEFRICERE L., &
S A2 R T 2 0 IEEICHREY, S0, MREEORELSLERSL
X, MEHEEAERET S ETEETHLIEEBEZOND, AETIE, FAr Y
MOMD-2 O #E g & DIREZ{LE X MEFEB L O REEEAESITICL -
TEEMICEAR D,
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42 E B
421 #® #

F A4 v MOMD-2 (X 2-A2A F)L-1,8-F 7 X AF L U7 I /(MOMD) L EfE
TFNERANT, BB IV 2 BB CTA R LT, BREY 7 T L E MOMD I
FREN, FHEEHKRSARNB L0 7 UEREHE-E AW, o w
J~—0 25+ 0.1°C COEFHELMBEL IOV N —THEH % BV THlE
Lice &R L72F A 7 MOMD-2 OEFREIL 1.40dL/g TH > 7=, 110°C T 12
WP E R AT - o, B S L ORRIEICA W,

422 JRA XHREH

F 4 12 MOMD-2 Off#EsE 2 R L C X BEIFICER L, 807 L 2
WEVESA ITmm oy — hE2ERL, KiIgFHTRaH L, O — k% 200C
T 200% —BHIEMR L=, 200°CC 1 RERIZVLEE L CRRMERUEL 2 1572, X #R ik
NE = X BAEEIRT 12 FFRERAE L CHE 7 « L A L7, 35 kY, 20
mA T X #R R A E(RIGAKU RAD TA) 2> 5 384 L 72 Cu-KafR (A = 1.542 A)Z AW
oo XBIEINI 74V Z—FRHWCHENLLTE, 7 AT7EM®R=3501 mm)iL Si
KO Bragg KO — 7 (L& % AW THIE L,

B S 72 BRI TR Bragg SUR OFE R 2 BV CHEALE TN O 4 FELE
% RE LTo, Bragg RO O 5RE 1L, BEL M O % FREL OB R X MREHT 2 —
V% Bragg KINE— 7 \ZHBET 5 2 L TR, BEMOZEFREHI, ER 5mm
OHRBREN T 2I5CORE T 17 FEE@FE R ST TER L, bR X BRE
Br A A=V 77— N EHEH L X BIEAEERE Bulker AXS DIP220 %
T30MBE Lz, V9774 ME/ 70 A—% CTHAEA L Cu-KafR4o kV,
250 mA)Z W2, 2 IRoED X MREHT R 2 B L L, RE200 707 7 A )L %
Bl BONTEHMER X REFT 707 7 A V% Bragg K E—7 Ed m—5
XN 7 770 RIZpBiLT, ZOF Bragg K E—271Fa—1v Y EHK

T4 T 47 Lic, dEdam—DO7a 7741 LTHA 122 MOMD-2 @

53



BWMT7 AN XHEE T T s A NVEFER L,

F A v 2 MOMD-2 O i i & OIR EZEAL 2~ 5 72D I miR o X #REr -~ %
— L EPIE LI, REHIAROY > TR A F —(EREOE S 1 mm)ciEd iz,
A OIRE L, BN M S 2B VES CTRIEL., PID 2 fr—F —T+0.1°C
OGP IHIE L7z, X B3 AR E 1T Bulker AXS DIP220 % AW 7=, FTE DIRE T

S X MAEBE LT XBREIGEZA A -V 77 L — MR L%, 7k
ZWROBIEREETMA L, ZOBRIEY A 7V ERE PR T 5% THRY K
Lic, REIQEAREL 2%, mABRLFERICHELHEVIELE, FRED X #
[E P14 % B LFR L, SRE-200 X REHT 70 7 7 4 LV EET-,

42.3 TREEBEBREST

RS2 IR EEEAEH ST (DSOW L - Tl L7, 1.5 -2 mg Ok %
TN NRAZED TRIEICH W2, DSC BifRIIN\—F vz~ — R EEER
B & F Diamond DSC Z W T, ~ VU U AKR T, EEEE 10C/4 THRIE L 72,
REOBEEIZA YU AORETHIE LT,

43 FRLEBE
43.1 FEREE

F A4 1 MOMD-2 O f#HEFEL O TR T X REHT /& — > % Fig. 4-1 1ZR T,
BRI S 4v7c Bragg AT ONLE Z XIS T 2 548 T A OEZICEHR LT, T3TO
Bragg It O3 22 M EAR 3k 1 0 — BT 2 X O IS EAR RO R s F 4%
RU7z. BEIENT Brage REOMENOHETEHROMMELEH L, K/
FIEICLV EREL LT, BONTETEREL Table 4-1 [ZRT, K/ _FIEDR
K+ %
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fiber axis

Fig. 4-1. X-ray diffraction pattern of the oriented fiber of nylon-MOMD-2. Twenty

one major Bragg reflections are observed and numbered beginning at the reflection at

the lowest scattering angle.
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R=———— (4-1)

CERLE KR REATIL0.012 L7 o7z, RA-DF DO LD O 1%
nZin., HELADOHEMELS LOERAETH L.

BR S A7 Bragg KK O Fa %, H R O 3 B AE dea 3 £ OVSERIE doys % Table 4-2
WZRT . bkl KEHZEBNWT, h & k OB BERORKFOALPBE Sz, Z ok
RiT, BWmEFN CELORHELAL TSI EEZRLTWDS, Ko T, %
MBEILC2, CmBLOC2Im THLFRESENRH D, BTHEMTLOELIIC. TA
> MOMD-2 Oy FELER L UOHMEEELZR L. ZREEIL C2/m Th D Lk
ST,

Table 4-1. Unit cell parameters of the nylon-MOMD-2 crystal

determined from X-ray fiber diffraction pattern.

a[A] b [A] c [A] Bl

6.26+0.06 8.80+0.08 14.74+0.15 50.7+0.5
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Table 4-2. Observed and calculated d-spacings of the nylon-MOMD-2 crystal.
Abbreviations denote intensities: vs: very strong, s: strong, m: medium, w: weak, and

vw: very weak.

no index dea [A] dovs [A]
1 001 11.51 11.64vs
2 002 5.76 585w
3 020 4.48 4.49 vs
4 110 4.24 4.26 vs
5 021 4.17 4.14 w
6 003 3.84 3.86 s
7 022 3.54 3.54s
8 111 3.42 344w
9 114 3.41 3.41 vw
10 203 3.09 3.11 vw
11 204 2.98 3.09 s
12 023 2.91 2.87 vw
13 205 2.72 2.73 m
14 222 2.48 2.47s
15 024 2.42 2.41 vw
16 200 2.41 243 s
17 116 2.28 2.21s
18 220 2.12 2.13 vw
19 316 1.94 1.97 vw
20 136 1.85 1.84 w

21 240 1.64 1.60 w




EIBETEANZL)ICHERTTOFT A 2 MOMD-2 53 FD 22 7 F— A —3
g 03, Fig 42 IR END LI 2 OD—CH-NH-O 2 HAG B Lo RN EN
ZH—120° (—skew)}s L ON+120° (+skew) TH Y, X% I FED 3 2O Uil
o1, 0, BE Py T T 180° (trans) ThHH & LTc, AFNVENTFH I REDB
MLZ T X BN L TV D MEHIEEZ KRBT 272010, TRXTOBLIZ AT
WEEMMEETBY, ZOEFHRIL 1/4 THDH, Fig 43 IR FOTRTO
F A4 2 MOMD-2 5 FA2BHE L BRLBEMEEZ R L 2 DOHEENE D

BB % R

Fig. 4-2. Conformation of the nylon-MOMD-2 molecule in the crystalline state.
Methyl groups are added at the four 3-sites representing the statistical structure of the
nylon-MOMD-2 crystal. Two —CH,—NH- dihedral angles are skew— (s ) and skew+

s") and three torsion angles in the oxamide group are trans (7).
g group
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Fig. 4-3. Two Different views of the nylon-MOMD-2 molecule in the crystalline state

(a): without methyl groups at the B-sites, (b): with one methyl group at one of the four
B-sites, (c): with two methyl groups at opposite side of the oxamide plane, and (d):

with two methyl groups at same side of the oxamide plane.

FT A4 7 MOMD-2 5313, BN CHET I FLEREREEXY VY- %
T 5, B FRNICEE L2y 74— A —2arOnFrKEBEREE XY
N =2 % T 5 LI HRELILHERESEL Fig. 4-4 12”7, 72, Fig. 4-2

R LT A 22 MOMD-2 OfEdE OEXNFREN THDHRFE, EF. BLUOBE
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(b) (c)

Fig. 4-4. Schematic diagrams of the crystal structure of MOMD-2 viewed along (a)
the c-direction, (b) the b-direction, and (c) the a-direction. Note that two types of
molecules are drawn at the center of (a) and (c) to describe the statistical structure.

Solids lines show the unit cell and hydrogen bonds are indicated by dashed line.
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J7F D JFF EAE Z Table 4-3 IZRT, BFIIEWVICI T —HHETHDLH2 oD
THA— A= arDOEL LN DEREICE D, EDORR, 7 A 12 MOMD-2
SO ab WHREEIZBWT, (110157, b LIEN101FmO LS 52 1 FHic
KE/BEDERIND  MEHEEDOTZD .4 22 MOMD-2 O ¢ HFHOEHA(14.7
AT FA e 92 0EBGLIS AHAYBLER:RFICHEL LTS, 2FE0, T4 nm
Y92 OFER ¢ TRV IRLEN 2 DHIZHET 50K L., 7422
MOMD-2 O FEE c 1T VIR LB 1| DPICHEYT 5, ek oicFanm
> MOMD-2 OfEREE LT A 72 9.2 OF NI TERFENERW,

Table 4-3. Atomic coordinates of the asymmetric structural unit of the
nylon-MOMD-2 crystal. C,, and C,,” are the carbon atoms of the methyl groups at the
[B-sites. The occupation factors f; are selected by taking into account the statistical

structure in the nylon-MOMD-2 crystal.

coordinates of the atoms

atom 1!
X y z
C 0.0356 0.0035 0.4367 0.5
C, -0.1674 -0.0139 0.4130 0.5
C; -0.0090 -0.0483 0.2829 0.5
C, -0.2132 -0.0649 0.2600 0.5
Cn 0.1798 0.0806 0.2022 0.25
Cn' 0.1490 -0.1956 0.2510 0.25
N -0.0630 -0.0986 0.0959 0.5
C -0.0789 0.0163 0.0639 0.5
) -0.2505 0.1636 0.1180 0.5

“Occupation factor.
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HE L7mF A 1 MOMD-2 O iSO Z U %42 FHE T 2 72 01c, &b
EF LD Bragg R OMEZFE L, ERORKKRE L iz L, @F, X R
Efr 8% — 26 Bragg RINOBEDHREZEHT 255, e RMEENLEL
i85, AHEFE GRS MM IO L2 SR T B E R D D ISR
WTHRIRERMNSLFAREELNS D, TO LI RGE,. 5 Bragg KIHFOED
MELELI O, ZOBRBREMEZBELCERERMMEL LR2TAIERL2
W L7ed o T, REFR CTIEEF BB O X BRET N2 — 2 5 5 ERI O Bragg
P FE 5y 3R & SR oD 7,

hkl B O 58 1%

I(hkl) = C|F (hkl)|” exp(-2M) (4-2)
TRIND, TZT, Fhk)IIHEER T, ClIn—LV > YR, BRAERTFB IV

Bragg R OLEBEE OB TH D, £1-. exp(2MIET A -U T —KHFTHY . M
I

. 2 . 2
A1=8ﬂ2<u2>($n9) :B(mng), (4-3)
A A

TRk aNnsd, 22T, 4, 0B8L0<u>FZnEh, X ROEE, BELA 200 ¥
EBLIOEFOEE - REMNTH D, B=8r'<u’>TEHERFThH 5, Fig. 4-51C
XRD 7m 7 7 A )V EENEND Bragge RFE— 27 ICHBE LR Z T, ERoO
TR I(hkD)i, iEAL L7- Bragg KT E— 7 OGS HE & L THELZ, BELA

w=%ﬂwxiwﬂﬁwwBmgﬁ%5~&@ﬁ%%§m%M%hmmmxuf
1), I(11A)DFE L 1,(222), 1,(024), 1,(200)DFa L L CTH Y - 7=,
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1: 001
2:020
3:110
4: 021
5:022+111+114
6: 222+024+200

e essssaasagras

I
\\“““““““

ST

)

2227

22277

(@
W

A

Intensity / a.u.

20/° (Cu-Kav)

Fig. 4-5. Peak separation process of the X-ray diffraction profiles of the isotropic
specimen of the nylon-MOMD-2 crystal. Obtained and convoluted profile is shown as
empty circle and solid line, respectively. Separated Bragg peaks are shown as solid

lines and numbered. Amorphous peaks are shown as dashed lines.
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o mEOFEMEITRE-HNLET,
L(hkl) = C| Frosa(hkD)|” exp(~2M) (4-4)
T 2T, Fpoga VX Fig. 43 IR LR EETT VOEER T THY . Table 4-3

R LR FREELZAWCEHE L, RU-3DFTORERF BOEIZ30A*TH D
L7,

Table 4-4. Observed and calculated Bragg intensities of nylon-MOMD-2 crystal.

peak No. 20/° index 1, 1,
1 7.90 001 57.9 47.9
2 20.10 020 58.6 40.6
3 21.20 110 100 100
4 23.00 021 4.65 4.90
022 0.57

5 25.70 111 5.57 1.90
114 1.08

222 0.06

6 37.64 024 1.16 0.01
200 0.01
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FE 7 3R O FRE I(hkl) 8 KO FH5HAE I(hkl) % Table 4-4 [2F &5, T2
TiENREN L,(110) BELY L(O)THEEALIZEZRL TWD, 222,024 B X
O 200 R ZBRWVCEHEE & EREIT -T2, AFRTIIEE ST 2 —4 —
OEIZKkE L CEBEITE D Bragg KON Vool HEEET V& Kid
kT2 EnTEhhole, I TCHEFNRRBERTFEZHEEL WD, Lo
LR, EEOSFIZEFHICRF L DL EEXx0N5, ZNUHOHEEBET
222,024 B L V200 XK H OFESREOFHEME L ERETENELLLEEZLTWVD,
ko enn, #HELEELREEET VIR LTRETHD EHWT 5.

432 fEREBEOEEZLRL

F 4 1> MOMD-2 @ DSC Hi#f % Fig. 4-6 'x 9, A&k & 72112 200C
TEAE U230 2 I ERE & Lo, FIRER T 214°C (12.5 J/g), 226°C (13.6
J/g)¥k LUV 235°C (33.9 2 3 SOWBE — 7 2B L 7= (Fig. 4-6(a)), FHiET
BRI SN 231°C OB E — 7 [T — 27 TH L EERXDLN D, 214°C B X
W 226°C OV IR B Y — 7 BAE (3. 231°C O 2 — 27 OBEBEO TN 37%
BELR 40%ThHholz, A2 MOMD-2 & AF L /7 I RV A 2
6,6 @ Brill IERRFOBMEIT, BMMAREOLLZ 16%THDL Z ERAHESIL T
% Y, 214°C B KO 226°C O el FA Y — 7 BABIZH] & 20T Brill 8812 X 5
BLIIEARD, BEERY =BT, FEBCH N EROMELF
MRS LIZLIER S Y, 202 205 214°C B LT 226°C O 72 Bt
— 73 BELIINRROBMBICE b LEEX BNL, R EE 203°C, 222°C
BELW228°C ETCHIELEHA., < mABREBECEAL -7 IR I N R)ro
72 (2 Fig. 4-6 (2°), (b*), (¢’)). Fig. 4-6 (b*), (¢?), (d°) BT, WHBRMBE
BN BRBEBAE = DX REONRAELNLN. T b0V — 7 3 HERIC
EoaboTERY, ZABEBELFREGANT Y EDO-H%ICDSC D7
7R ANRENTHHROBRBEICLDILOTH S, WAL onHNE
FETIE, 209°C BE N 177°C 22 DD — 7 28 L 7 (Fig. 4-6 (2°)), Z 4L
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Fig. 4-6. DSC thermograms of nylon-MOMD-2. Upper and lower thermograms

correspond to the heating and successive cooling processes, respectively.
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SOE =7 3EREICE D LD TH Y 209°C ICHBPI SN ZFVER Y — 7 13F
T —WAESRALIZ L 2 b0, 177°C FHEICBR S @RV B — 7 13, kA
fkickstoeEBE265,

T4 12 MOMD-2 @ 020 3 X O 110 i O M B & (dore 1 & O dio) DR E AR IF %
Z Fig. 4-7 (¥, FIEIBUEHIMIE 2 b safb S &, 5l &t & 200°C THEULE L
oo 2D OEMBILAES L ORBRIEBRICB W THHFIZZEL LT, dpe B &
Odpo 3 IBEN ER TN TEWRICI - THERLE, 205 F#HOY A
KXy v 7O biE, Brill EEBER & IXBA O NICER S, Franco HiX, 71 =
> 9.2 OFEEEE (form DOREZ(LZREL T1D Y, Thickd &, BRICE
WCH MG 434 AB X UN3.68A D 020 B8 KN 110 D 2 DDF8EV Bragg K& » &1
B END, dopo lFIRENEFLTHEEMLARVDICK L, ding (TIRED EF L &
B L., 215°C(RRERIEE LV B X% 30°C IRWVEE)TH 4.05 A ICET 5,
Franco HlE, BBl SN2 FEROREZLIZ, FICHETATF L U #HOES
DL 2o ENRRTHDEEZ TS, ZORBRIZ, HFHO Ny F
VU BNEER RN L ARNFRBRICIESNTND Z EERL TS, Brill BB,
DFEOTA KRR X TOBEBRBRDOEBANTEASOELEZLED Z &N
BILTWD, LER-T, ZOGF#HOY A RNy 0 70 kX, Brill /%
OB ZRBRETHLEEZOND, LNLARRL, A ry 92 [@fEE T
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Fig. 4-7. Temperature variations of d-spacings of nylon-MOMD-2 during the heating

(full square) and cooling (open square) processes.
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