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Structure and Thermal Properties of Silk
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Recent topics on the structure and thermal properties of silk fibroin and sericin, which
are two major components of silk filament, are reviewed. Emphasis has been placed to the
crystal modification and the conformational changes of silk fibroin as a function of tempera-
ture, as well as the phase transition behavior such as the glass transition and crystallization.

Three conformations, a form, & form and random coil have been found for domestic
silk fibroin. Specimens with these conformations are obtained from aqueous solution by
varying casting conditions such as the initial fibroin concentration and the temperatures of
casting and quenching. The & and 4 crystals are stable to heating. However, random coil
conformation is converted to the « and # forms by various treatments.

When the @ and @ crystals are heated, water is evaporated up to about 100°C and the
molecular motions in the crystal regions starts at about 175°C. The o —4# transition is
induced thermally at 270°C.

As amorphous silk fibroin with random coil conformation is heated, water is evaporated
up to about 100°C, and intra- and intermolecular hydrogen bonds are broken between 150
and 180°C. The glass transition of fibroin is observed at 173°C. The random coil — #-form
transition accompanied by reformation of hydrogen bonds takes place above 180°C, followed

by crystallization to the £ form crystals starting at about 190°C.
The glass transition of sericin occurs at 170°C and the crystallization takes place at 205°C.
The glass transition temperatures of wild silk fibroin are observed from 160 to 210°C

depending on the species of silkworms.
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Fig. 1 Silk glands of Bombyx mori.
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Fig. 2 X-ray diffraction patterns of silk fibroin of Bombyx mori.
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Fig. 5 Effects of the casting temperature and
initial concentration of fibroin in weight
percent, C, on the conformation of
Bombyx mori fibroin films.
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Table 1  Spherulites of Bombyx mori fibroin and sericin
as a function of drying temperature (T ).

T4/C Conformation Size Optical sign
Fibroin
—80 Random coil Very small -
=20 to 0 4 Form Small Positive
0 to 40 o Form Medium Negative or positive?
50 to 80 2 Form Small Positive
>80 £ Form Very small -
Sericin
=20 to O Z Form Small Positive
0 to 50 # Form Small Positive or negative
> 60 4 Form Very small -

a fel .
Positive when drying rate 1s low.

SEERD T R A = a v AT, Table 2 Conformation of Bombyx mori fibroin
WK 7 4 704 VICE T TICa BRI L, quenched d}ryed at room temperature as

5~30% kTR TIREROM, KOERICE - T, 7 4 functions of qu.enchmg temperature (T )
. s o and concentration (C).
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Fig. 7 DSC curves of liquid silk of (1) Bombyx
mori, (2) Dictyoploca japonica. (3)
Antheraea yamamai, (4) Antheraea
pernyi. Heating rate: 5K/min.
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Fig. 8 DTA (a) and TG (b) curves of unoriented
p-form fibroin of Bombyx mori.
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Fig. 9 Temperature dependence of E’ and tan §
for g-form Bombyx mori at different draw
ratios.
Draw ratio: (@): x1, (®); x2, (@); x4,
(@); x8, (O); x10.
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Fig. 10 Temperature dependence of spacing of x-ray diffraction patterns
of Bombyx mori fibroin. (a) well-oriented # form, (b)a form.
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Fig. 12 Temperature dependence of E' and tan 9
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Fig. 14 Thermal expansion of amorphous Bombyx
mori fibroin in the random-coil confor-
mation. Heating rate: 3K/min.
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Fig. 13 DSC curves of amorphous Bombyx mori
fibroin with random-coil conformation:
(a) untreated; (b) dried; {c) heat-treated
at 220°C. Heating rate: 8K/min.
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Fig. 15 Temperature dependence of x-ray diffrac-
tion pattern of Bombyx mori fibroin in
the random-coil conformation.
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Fig. 17 Temperature dependence of E’ (a) and

tan & (b) of Bombyx mori fibroin films
with various degrees of crystallinity.
Crystallinity: (@) 30; (@) 27; (©) 25;
(@) 10; (@) 5 (0) 0%-
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Fig. 16 Temperature dependence of infrared absorption, A, of random-coil Bombyx mori fibroin.
(a) The amide I, If and III bands of the random-coil conformation, (b) the amide I band
of the g form, (c) the 3270 cm™! band due to hydrogen bonded NH stretching vibrations
and 3450cm™! band due to free OH stretching ones.
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EIEMR £ (3 1T0C TAaBUCHA L, 200C Thvhi
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INETRD FEF B (Fig 177, $8E AT 2 &
E' D 220COBARDBIIIML, R 25% T3y
L= LD, 0% OELETIRE BBED LR
EEBICHBICHATE®, tand Do, DE— 2 b
ELESG R >N TERANCEIH L, 52 b
Th, L7zdi~T, 195C D tan § D& — 7 I3 EEHA
BADOSFEE, T12bb, 74 704 v55F0w %
Y EOEHGENRNT EHDTH B, T, 200CH o8
£ 5 E OMINEBEHEROMSMICE B 60TH 5,

MEL 7 « 704 V7 4 W ADEEBWORED S b
180T fLiC a B SEIE & L, ZOEMALT 3 03—
22736Kk] /mol TH -7, F7, 10C & —80CK
B EBLUr WsBIbN b, —7, K18 NMR OgiEo
WRERAFIEIC &, 170C AN SEIg A B L, 3
BEDOI 70T 59 BN ITOC U ETERICE AT
EARL TR,

6.4 DFEHOEEKRGMH

random coil WA Y F 4~ 5 v 52 ETAMERT
4704 YT 4 NBITDNT, BaOBRIENSEBLNT
B A7 AMSRE, random coil — £ BB,
ERLRER E A & % L Table 30 % 310 3,

CNSOEERSS random coil MOMER 7 4+ 7 a
1 VRBRELEZ LTS, H100CETIREThTH
TOKDER L, 150~180C DREHM THFHRBLY
DFEKERBOOBER S 2 & & S DT EHIETRICTT
D, 1713CTH 7 XEBHHRY, 180CLIEThEZS
DFFELAE#L, random coil S FENC T vk 2 —
V3 YOSAUGENNCEAL L, #190C TR~ Dk
RO E 2,

7. BE 71704 0 OEAIEE

FEBR 7 « 704 7 5060 DSC #isRiCI3 160°C 4

Table 3 Crystallization temperature, T, Random-coil »§-form transition
temperature, Tg .z, glass transition temperature, Ty, and «,
dispersion temperature, Ta,, of amorphous random-coil silk
fibroin at given heating rate { ¢/Kmin~!).

T./C Tr 5 7,/C Ta,/C ¢/Kmin™
X-~ray diffraction 190—200 5
DSC 193 173 5
Thermal expansion 200 175 3
Infrared spectrum
random-coil bands
1235cm™! 180
1535 ¢m™! 180
1660 ¢cm™! 180 5
F-form bands
700 cm™! 180 5
1265 ¢m™ 180
1630 cm™! 190 5
Dynamic mechanical
(110Hz)
Dynamic modulus 200 3
Dynamic loss tangest 195 3
Dielectric
e 200 2
¢’ 180 2
Broad-line NMR 200 170 -
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Fig. 19 DSC curves of Bombyx mori sericin. (a);

air-dried film, (b); powdered specimen.
Heating rate: 20K/min.

BT HULHEDS

80)
[e]

5 NMR OIE 5 < 150, TMAHIER
e AT EDOREE l@%%ﬁﬁb@%ﬁ%%Tb’C(ﬂé
KBTI 4T 04V EHET 4 704 Y EARORNIES
ART o

8. &Y DB

v AéBo DTA digicid, WIitd 100CH
¥, 230C & 260~270CIKEE C — 7 p38ibi 5, 100
CABED E— 7 [3KDERIC L D DT, 260~270CHf
FEOE- 7320 yBOADRA LD 10T M
Mbite, 260~270COWEH &= 7 & )~ v OESY
BICLBEDTH L™,

2 1} v v BogKI Lakio DSC di#Ricid, 2056
CickERibick 28— 2 058ibh, 1T0CHHEI L
o vdH T AEBMEEINS (Fig 19,

9. % & &

WMWK vy A THbIT 4704 ey sD
Hars EBWIEENIC DT, MR, SHARE LT O/
Bk, # 7 RER, fEEETNG, SOEDERRICD
TS, FRREEOBESE O, Kb X UE
BT 4704 v, )y OBREGHOBICEHLA
DBOD, KIRMTH 21D FERESEETH O, B
FIBEE) S ALERE OB DT E TN D
HIZONT 4RO ARZRETE S8,

pa B

1) WkER, “EHREL¥ 557 (ORE,
p. 352, iR (1957)

2) J. Magoshi, Y. Magoshi, S. Nakamura, Proc.
7th Int. Wool Text. Res. Conf. 1, 329 (1985)

K ESHD

Netsu Sokutei 14(2) 1987



3)
4)

5)
6)
7
8)
9
10)
12)
13)
14)

15)
16

17

18)

19)

200

21

22)

23)

24)
25)

26)

27
28)

29)
300

3D
32)

Netsu Sokutei 14(2) 1987

MO & B E

Mkt 28R, A 17, 447 (1969)

F. Lucas, J.T.B. Shaw, S. G. Smith, J Mol
Biol. 2, 339 (1964).

T. Sasaki, H. Noda, Biochim. Biophys. Acta
310, 76 (1973).

D. J. Strydom, T. Haylett, R, H. Steed, Bio-
chem. Biophys. Res. Commun. 79, 932 (1977)
IEE—, A 26, 135 (1975)

SHHE, BBME T, 1104 (1931)

H. H. Mosher, Am. Dys. Rept. 21, 341 (1932)
NG —, BB, H A 44, 105 (1975)
BB, &%, p.51, BIIEE (1950)
T. Morimoto, S. Matsuura, S. Nagata, Y.
Tashiro, J. Cell Biol, 38, 604 (1968)

T. Gamo, T. Inokuchi, H. Lanfer, Insect.
Biochem. 7, 285 (1977)

HTERORRR, AR 7, 5(1925)

AEE—, LR, BAES, H4M 38, 219
(1969)

M 8, K- MRS T, JHESTERE, o
137, {EMARSEEMEAH, M (1980)
OB, “RAROME T PRI DR,
Talige s, B (1957)

M. Bergmann, C. Niemann, J. Biol, Chem.
122, 577 (1938)

F. Lucus, J. T.B. Shaw, S. G. Smith, Narure
178, 861 (1951)

D.J. Strydom, T. Haylett, R. H. Steed, Bio-
chem. Biophys. Res. Commun. 79, 932 (1977)
ERER, FRBAN, “# - R0ME” s
EFiM, p. 335, {EMAZREMEYER, FHI(1980)
K. H. Mayer, M, Fuld, C. Klemm, Hel.
Chim. Acta 23, 1441 (1940)

WEKIERE, FAM 20, 155 (1951)

O. Kratky, E. Schauenstein, Discuss. Faraday
Soc. 11, 171 {1951)

R.E. Marsh, R.B. Corey, L. Pauling, Biochim.
Biophys. Acta 16, 1 (1955)

NG, RJUEF, HAEAE 24, 550 (1968)
B. Lotz, H. D. Keith, J. Mol Biol 61, 195
(1971)

J. Magoshi, B. Lotz, C.LE.S. Rap. Men. St.
No. 7 (1978).

HRERE, &l 10, 441 (1941)

O. Warwicker, J. Mol. Biol. 2, 350 (1960)
lizuka, Biochem. Biophys. Acta 160, 454
(1968)

p. 361,

33)
34)
35)
36)
37)

38)

39)
40)
41)
42)

43)
44)

45)

46)
47)
48)
49)
50)

51)

52)

53)
54)
55)
56)
57)

58)

RSN S, ERRAFFLHE 1, 1(1929)
BE (7, HEHE P A0E 8, 119 (1942)

R. F. Schwenker, J. H. Dusenburg, Text. Res.
J. 30, 800 (1961)

Al 1, R 8, BISE, #2537
(1969)
(1973)
J. Magoshi, N. Kasai, Rep. Prog. Polym. Phy.
Jpn. 16, 653 (1973)

J. Magoshi, Polymer 18, 643 (1977)

J. Magoshi, Rep. Prog. Polym. Phys. Jpn. 24,
657 (1976)

J. Magoshi, Y. Magoshi, S. Nakamura, J. Appl.
Polym. Sci. Appl. Polym. Symp. 41, 187
(1985)

B &, &1k 30, 582 (1973)

J. Magoshi, Y. Magoshi, S. Nakamura, Rep.
Prog. Polym. Phys. Jpn. 23, 755 (1980)

VLR, AFERXR, &t 30, 649

BE iF, M 22, 499 (1973)
KPEE, RENC, )1 18, &% 34, 389

(1977)

J. Magoshi, Y. Magoshi, S. Nakamura, N.
Kasai, M. Kakudo, J. Polym. Sci. Polym.
Phys. Ed. 15, 1675 (1977)

J. Magoshi, S. Nakamura, J. Appl Polym. Sci.
19, 1013 (1975)

B %, vAov-gHiE 1, 22 (1973)

Bl 7E, @3 31, 456 (1974)

B IF, DL, SRR RESES 27, 14
(1977)

J- Magoshi, Y. Magoshi, S. Nakamura, J. Appl.
Polym. Sci. 19, 1013 (1975)

S. Nakamura, Y. Saegusa, Y. Yamaguchi, J.
Magoshi, S. Kamiyama, J. Appl. Polym. Sci.
30, 955 (1986)

&ZEEE, BERSE, AN E, &% 35, 81
(1975)

HA—Z, A&M 41, 429 (1972)

HR—=, &% 42, 53 (1973)

BA -2, RARSE, #¥:E 27, 486 (1971)

EHGER, Bl 2, 51 2, 4% 34,7101977)
M. Nagura, H. Ishikawa, Polymer J. 12, 201
(1980), Fig. 10b (/& -#ET iL

J. Magoshi, S. Nakamura, J. Polym. Sci.
Polym. Phys. Ed. 23, 227 (1985)





