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Phase Behavior and Intramolecular Motional Degrees

of Freedom in Crystals
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Phase behavior of crystals of rather simple and flexible molecules is described putting a
special emphasis on a role played by intramolecular motional degrees of freedom. Freezing of
intramolecular crankshaft motion of rrans-azobenzene and rrans-stilbene molecules results in a
glass transition around 110 and 170 K, respectively. Structural phase transitions of p-polyphenyl
crystals are closely related to the molecular twisting degrees of freedom. Their properties are
changed, by the modification of intramolecular potential curve responsible to the twisting
motion, from order-disorder to displacive type rather continuously and is described consistent-
ly in terms of a unified theory of structural phase transitions. Effects of impurity that is dif-
ferent in the relevant intramolecular degree of freedom are investigated using p-polyphenyls as
host crystals. The effect depends on the type of structural phase transition. The behavior of the
order-disorder phase transition in p-terphenyl mixed crystals is consistent with the percolation
theory while that of the displacive phase transition in biphenyl mixed crystals is much stronger
than that predicted by the theory. The remarkable impurity effect is explained in terms of
spatial localization of the soft mode.
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Fig. 1 Structures of molecules.
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Fig. 2 Heat capacity of trans-azobenzene in the region
of the glass transition. The data presented by
circles were obtained after normal cooling (—0.7
K min-1) down to 90 K, ard those by triangles
after rapid cooling(—~1.4K min-!) down to 70
K. - The data presented by squares were obtained
after annealing at 97 K for 14 h prior to cool-
ing down to 70 K.
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Fig.3 Temperature drift after the energy input for
trans-azobenzene. The symbols are the same as
in Fig. 2.
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Fig.4 Two trans-stilbene molecules related by a com-
posite motion suggested for explaining the ab-
normally short length of the central C=C bond
in crystal. The motion retains the inversion

symmetry and keeps the orientation of the two

benzene rings.
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Fig.5 Crystal structures at room temperature of DFTP
(a) and TP (b) viewed along the c-axis.
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Table 1 Properties of twist phase transition in p-

polyphenyls.
Tus / K AusS 7 J K- mol-!

DFBP None

BP 404 £0.2 0.129 £0.003
DFTP 127.05+£0.05 1.41 £0.15

TP 193.5 £0.1 1.63£0.10
DFQP 200.5+0.5 1.65+0.10

QP 233.0+0.5 1.82 £0.10
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Fig.7 Relation between the transition temperature and a parameter. Ber, that characterizes a one-particlie potential

for unsubstituted and fluorine substituted p-polyphenyls. The parameters were deduced from the barrier height

for the planar conformation in crystal for TP, DFTP and QP. The point of DFQP is put on a smooth inter-

polation, resulting in an equal shift in Ber on fluorine substitution between TP and DFTP and between QP

and DFQP. Application of the shift to BP on an extrapolation explains the absence of the twist transition

in DFBP.
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Fig.8 Measured molar heat capacities of the TP-DPTZ
2% and 5% mixed crystals, and pure TP. The
behaviors of the mixed crystals are consistent
with the percolation theory.
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Fig.9 Debye temperatures of mixed crystals between
BP and DFBP corresponding to the contribution
of the molecular translational, rotational and
twisting degrees of freedom to the heat capac-
ity. The anomaly due to the displacive phase
transition around 40 K is suppressed rapidly up-

on adding DFBP as an impurity.
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Fig.10 Schematic drawing of the region where BP mol-
ecules are prevented to participate in the dis-
placive phase transition by DFBP (a) and naph-

thalene (b) molecules.

bRB, —F, Y7rtu sz vidhUhoaBEr
BoTwbizw, 72 VORBEREEN 2T, 20
EELECERICB LS, Ol ERERMIIEDLLZO
A Fig.10 TH 5, RAWIZ L2 EOB LEFR (Hho
M) TiHAEBERE 53, hEOESCHERYE
Lae&EzRE, YIMFRET2oNEFTII L OB
WHHBTE 2, BREFORE SOBEKFE»ILH,LD
DEBHNICAL Y Tz VTR RDB EH80BE L5,
CORBERN IR ADKICHL LY 7 b E—-FOKEL
FREICLBY, 779 L OBAIIRBES YT ME
—FOEEL Y Hohd3nEER LN,

B, TR R ERERMOBRERICTET LY
TNAOE T L VR R tbfmwoﬁféﬂn%L
HTBY, BEHEBEELRIILI 2 YR HES
PIZLIWEEZ T b,

5. EHWIC

FETRBEFOSTFONTESHBHE G ERITE
ROEBRCOWTHA LA, FTREOWHEL L TR
SEAEOFEIRRSND LY, SFRESEHED
EHELDTFEROMELEAT D 2 LW 5 T EHEFE
LR ERWTH L, T, 29 LSRR, 85 T%
EHTHEBENEOPEDO TR E 2 ABE~D, Hh
FFHoDT Tu—FE LTORELEOEEIONL,
AT LBORSHOBBICESTREHERELE
BTAZEANBELIEZONTED, 49 FTHNEEE
FELD AN D BN, SFEROYENRORRICN
T—D0HFETH B L) ITEBEbR A,

FRTHENLARREZ hhbo iR AEE LT
By, XEHREOFLOHBHEE TS, LLTEE
YEPOREZEDOLL SACBILEHL LT3,

Netsu Sokutei 25 (2) 1998

41

X #®

1) J. N. Sherwood f(ed.), "The Plastically Crystalline
State", John Wiley & Sons, Chichester (1979).

2) S. Chandrasekhar, "Liquid Crystals 2nd ed.", Cam-
bridge Univ. Press, Cambridge (1992).

3) K. Saito, Y. Yamamura, K. Kikuchi and I. Tkemo-
to, J. Phys. Chem. Solids 56, 849 (1995).

4) C. J. Finder, M. G. Newton and N. L. Allinger,

Sect. B 30, 41 (1974).

Sect. B 31,

Acta Crystallogr.,

5) J. Bernstein, Acta Crystallogr., 1268
(1975).

6) A. Hoekstra, P. Meertens and A. Vos, Acta Crys-
tallogr., Sect. B 31, 2813 (1975).

7) J. A. Bouwstra, A. Shouten and J. Kroon, Acta
Crystallogr., Sect. C 40, 428 (1984).

8) C. J. Brown, Acta Crystallogr. 21, 146 (1966) .

9) J. A. Bouwstra, A. Schouten and J. Kroon, Acta
Crystallogr., Sect. C 39, 1121 (1983).

10) J. Harada, K. Ogawa and S. Tomoda, Acta Crys-

rallogr., Sect. B 54, 662 (1997)

Y. Ueda, N. Nakamura and H. Chihara, J. Phys.

Soc. Jpn. 57, 4063 (1988).

12) 1. C. van Miltenberg and J. A. Bouwstra, J. Chem.
Thermodyn. 16, 61 (1984)

13) K. Ogawa, T. Sano, S. Yoshimura, Y. Takeuchi and
K. Toriumi, J. Am. Chem. Soc. 114, 1041 (1992) ,
and references therein.

14) K. Saito and I. Ikemoto, Bull. Chem. Soc. Jpn. 69,
909 (1996).

15) H. Cailleay, J. L. Baudour, J. Meinnel, A. Dworkin,
F. Moussa and C. M. E. Zeyen, Faraday Discuss.
Chem. Soc. 69, 7 (1980), and references therein.

16) H. Cailleau,
Part II, Materials", (R. Blinc and A. P. Levanyuk,
ed.), North-Holland, Amsterdam (1986), p.71, and
references therein.

17) N. M. Plakida, A. V. Belushkin, I. Natkaniec, and

Phys. Status Solidi b 118, 129

1)

"Incommensurate phases in dielectrics.

T. Wasiutynski,
(1983).

18) HEE—R, BIE 13, 200 (1986), and references
therein.

19) Y. Onodera, Prog. Theor. Phys. 44, 1477 (1970).

20) Y. Onodera, Prog. Theor. Phys. 45, 986 (1971);
ibid. 55, 987 (1967).

21) S. Aubry, J. Chem. Phys. 62, 3217 (1975).

22) S. Aubry, J. Chem. Phys. 64, 3392 (1976).



23) S. Stamenkovic, N. M. Plakida, V. L. Aksienov,
and T. Siklos, Phys. Rev. B 14, 5080 (1976).

24) H. Cailleau, J. L. Baudour, A. Girard, and W. B.
Yelon, Solid State Commun. 20, 577 (1976).

25) R. E. Lechner, B. Toudic and H. Cailleau, J. Phys.
C 17, 405 (1984).

26) B. Toudic and R. E. Lechner, J. Phys. C 17, 5503
(1984).

27) T. Gullion, M. S. Conradi and A. Rigamonti, Phys.
Rev. B 31, 4388 (1985).

28) K. Saito, T. Atake and H. Chihara, Bull. Chem. Soc.
Jpn. 61, 2327 (1988).

29) H. Cailleau, J. L. Baudour, W. B. Yelon, A. Gi-
rard, Y. Delugeard and J. Desuche, J. Phys.
(Paris) , Collog. 37, C1-233 (1976).

30) K. Saito, T. Atake, and H. Chihara, J. Chem. Ther-
modyn. 18, 407 (1986).

31) H. Saitoh, K. Saito, Y. Yamamura, H. Matsuyama,
K. Kikuchi, M. Iyoda and 1. Ikemoto, Bull. Chem.
Soc. Jpn. 66, 2847 (1993).

32) K. Saito, Y. Yamamura, H. Saitoh, H. Matsuyama,
K. Kikuchi and 1. Ikemoto, Solid State Commun.
87, 903 (1993).

33) H. Saitoh, K. Saito, Y. Yamamura, H. Matsuyama,
K. Kikuchi and 1. Ikemoto, Solid State Commun.
91, 89 (1994).

34) K. Saito, Y. Yamamura, H. Saitoh, H. Matsuyama,
K. Kikuchi and 1. Ikemoto, Solid State Commun.
92, 495 (1994).

35) T. Wasiutynski and H. Cailleau, J. Phys.: Condensed
Mart. 4, 6241 (1992).

36) R. B. Stinchcombe, "Phase Transitions and Critical
Phenomena”, Vol. 7, (C. Domb and J. L. Lebowitz,
ed.) , Academic Press, London (1983), p.151.

37) L. I. de Jongh, "Magnetic Phase Transitions", M.
Ausloos and R. J. Elliott, ed.) , Springer-Verlag,

42

Berlin (1983}, p.172; A. Coniglio, ibid., p.195.

38) Y. Yamamura, K. Saito, I. Ikemoto and M. Sorai,
J. Phys.. Condensed Matter, 18, 3359 (1998).

39) J. Wasicki, A. V. Bielushkin, V. G. Khomenko, I.
Natkaniek, Yu. V. Telezhenko and T. Wasiutynski,
Phys. Status Solidi b 145, 445 (1981).

40) Y. Yamamura, K. Saito, M. Sorai and I. Ikemoto,
J. Phys. Soc. Jpn., 67(5), in press (1998).

41) K. Saito, T. Atake and H. Chihara, Bull. Chem. Soc.
Jpn. 61, 679 (1988).

42) J. M. Ziman, "Principles of the Theory of Solids
2nd ed.”, Cambridge Univ. Press, Cambridge
(1972), p.71.

43) H. B. Rosenstock and C. C. Klick, Phys. Rev. 119,
1198 (1960).

44) H. B. Rosenstock and R. E. McGill, Phys. Rev. 176,
176 (1968).

45) {HBER, FE 28, 235 (1990).

46) EHRTF, BREZ, BEAA, B, HkEx,
E3nEBMEHRAREESE, 381000 (AL,
1997); T, Bt (KERFRFREEANE
#, 1998).

® K

FERPOSTFONELESEHEAT I Z R TERL 2
BIZOWTHENT B, trans- AF VRV Etrans- T/ N
YrofFRERBTrI 2y 7 MEBERIToTEY,
FOBBOFEEI L BT T AEBIHRE b, p- KU 7=
VEFREEEELVIIOTFVRCNWIHAERRD, £
RIS AREEHER T (LEBHIZL V3 TAET
DU NETLEEAI LI LT, HEBOMERHE
ElLEE 5 LHTE, HEREROK LB ATE
PEHZTH L, REBT EEHEBOEHIILOM
MEBEEIIRE CKEL, BNETR Y7 M E- FORE
12 BRE LAFRFEIBY SN D,

Netsu Sokutei 25 (2) 1998



