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Abstract

    Thermodynamic studies were carried out on biphenyl

and its related substances; biphenyl, biphenyl-dlo,
                              'p-terpheny1, p-terphenyl-dl4, p-quaterpheny1,
4,4'-difluorobiphenyl, p,p'--biphenol, p-phenylphenol,

perfiuorobiphenyl, and perchlorobiphenyl. The heat

capacities were measured by adiabatic calorimetry

between 4 and 300 K and some thermodynamic functions

were deterrnined. The special attention was paid to

correlating the intramolecular twisting degree(s) of

freedorn with the macroscopic properties.

     Thermodynarnic properties of the phase transitions

associated with rnolecular conformation change in
p-polyphenylenes (biphenyl,•biphenyl-dlo, p-terphenyl,

p-terphenyl-d14, and p-quaterphenyl) were determined.

The values of the transition temperatures and of the

entropies of transition were in the order of the

molecular size, i.e. biphenyl < p-terphenyl <
p-quaterphenyl. The entropies of transition of
biphenyl and p-terphenyl are unchanged by deuterationr

while the transition ternperatures shift to the lower

temperatures by deuteration except for the lock-in

transition of biphenyl.

     The properties of the phase transitions of
p-polyphenylenes were compared with one another and

discussed in relation to the internal flexibility. The

Ising type theory of the transition was developed for
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p-terphenyl and compared well with the experimental

results.

    As the ternperature decreased, the heat capacity of

biphenyl decreased less steeply than those of
p-terphenyl and p-quaterphenyl, and the crossover of

the heat capacities occured. The crossover was
attributed to the greater twisting flexibility of

phenyl rings in biphenyl frorn lattice dynamics
calculation. The role of the incommensurability in the

crossover phenomena was pointed out by cornparing the

low temperature heat capacities of biphenyl with
                                                .
those of 4,4'-difluorobiphenyl.

     No phase transition was detected by the heat
capacity measurements for 4,4'-difluorobiphenyl,
p,p'-biphenol and p-phenylphenol. The reason for the

absence of any phase transition was ascertained by

comparing their intrarnolecular potential curves with

that of biphenyl, and by calculating the static lattice

energles.

     The twisting flexibilities of perfluorobiphenyl

and perchlorobiphenyl molecules were cornpared through

analyzing their low ternperature heat capacities.

-2-



Chapter 1 lntroduction

    Properties of rnoleeular crystals have been
investigated extensively.1) There are two zirniting

types of crystalline phase of interest; plastic
crystal2) and liquid crystal.3) These two phases are

regarded as the extrerne cases in which melting of

crystal takes place in a step-wise manner. In plastic

crystals, which generally consist of a globular
molecule, the orientational order melts before the

translational one. On the other hand, the
translational order melts before the orientational in

liquid crystals, which generally consist of an
elongated rod-like molecule. The studies on the
thermodynarnic nature and the molecular dynamics of

these mesophases give us well-resolved informations on

the successive excitation of the two types of motional

modes in molecular crystals.

     In addition to the rotational and the
translational degrees of freedomt a molecuie has the

internal degree(s) of freedomt e.g. intramolecular

vibration, internal rotation, inversion, etc.
Genera21y, since internal degrees of freedom have

rather large excitation energy compared with lattice

modest they are hardly perturbed by the intermoiecular

interactions. However, they will be perturbed strongly

and cpupled with lattice modes, if their excitation

-3-



energies lie in the region of low energy comparable to

those of lattice modes. In such molecules as ethane

and as biphenyl, strong coupling is expected between

the intramoiecular twisting motion and lattice modes

because the intramolecular barrier hindering rotation
is of sorne kJ.mol-1 and the reduced moment of inertia
              '
for the twisting motion amounts to a quarter of that of

the whole rnolecule about the molecular figure axis. If

a phase is characterized by melting of only a kind of

internal degrees of freedom, it may be regarded as the

third phase specific to molecular crystals. rt is the

purpose of this research to study the therrnodynamic

property of a group of rnolecular crystals,
p-polyphenylenes and their derivatives, in connection

with their intramolecular degrees of freedom. The

effects of molecular symmetry and nature of
intramolecular potential on the crystal packing, on

molecular motion, and on heat capacity will be
discussed.

     The samples we have chosen are biphenyl and its

homologous and substituted molecules; biphenyl(C12Hlo)r

biphenyl-dlo (Cl2Dlo)t p-terphenyl (Cl.sHl4),
p-terphenyl-d14 (ClsD14), p-quaterphenyl (C24Hls),

4,4'-difluorobiphenyl {C12HsF2), p,p'-biphenol
(C12Hlo02)r P-phenylphenol {C12HloO), perfluorobiphenyl

                  'h
(Cl2Flo)t and perchlorobiphenyl (Cl2Cllo). They ali

have the internal twisting degree(s) of freedom with

- 4 --



rather low excitation energies. The first five
molecules belong to a family of compounds so-called

p-polyphenylene. They are twisted in the gaseous and

the liquid states, and of planar conformation in
crystal at room temperature. On eooling, however, they

resurne a twisted conformation below the phase
transition temperature. Although the crystals of the

other five compounds do not show any phase transitiont

studies on them are interesting frorn the point of view

of the relation between thermodynamic properties and

the internal twisting degree of freedom.

     This thesis is organized as follows. Chapter rr

describes a sirnple group theoretical consideration and

the classification of the intramolecular twisting rnodes

ot the rnolecules treated in this study. The
calculation of the intramoiecular potential curves for

each twisting motion is also described.

     Chapter I:I describes the results of heat capacity

measurements on p-polyphenylenes. The qualitative and

the semi-quantitative interpretations of their phase

transitiops are presented.

     Chapter rV describes the lattice dynarnics
calculation on biphenyl and p-terphenyl crystals. The

crossover between their low temperature heat capacities

is interpreted.

     Chapter V describes the experimentai results on

4,4'-difluorobiphenyl, p,p'-biphenol and p-phenyl-

phenol. The calcuiation of the static lattice energies

-5-



of two possible types of crystal structure throws light

on the reason why no phase transition occurs in
4,4'-diiluorobiphenyl and p,p'-biphenol crystals.

      Chapter V: describes the results of heat capacity

measurements on perfluorobiphenyl and perchloro--

biphenyl. The relative rnolecular stiffness for the

twisting motion is deduced from their low ternperature

heat capacities.

     The summary of this research is given in Chapter

vrr.

     The program for the heat capacity measurements is

given in Appendix.
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Chapter Ir Molecular symmetry and intramolecular

                     potential for twisting motion

rl-1 Molecular symrnetry and twisting rnotion

    On considering the intramolecular twisting motion,

we must pay sorne attention to molecular symrnetries

because a molecule has not only one but some degrees of

freedom with respect to twisting rnotion. rn biphenyl

and biphenyls substituted with structure-less
substituentst there exists only one twisting degree of

freedom. On the other hand, p-terphenyl has two
twisting degrees of freedom and p-quaterphenyl has

three such degrees of freedom.

     The classification of twisting motions in
p-polyphenylenes is given after group theoretical

consideration as follows. Suppose that phenyl rings

are rigid and the molecular symmetry is of planar
molecule, i.e. D2h, for simplicity. Characters of the

representations of symmetry D2h using twist angle of

each phenyl ring as basis are tabu!ated in Table r!-1.

They are reduced to the irreducible representations by

using a character table of irreducible representations

of D2h (Table !r-2). Modes of Au symmetry are
antisymmetric and 'those of Blg symrnetry are symmetric

with respect to the center of the molecule. They are

schematically shown in Figure ZI-1 for p-terphenyl and

.8-



Table rr-1. Representations of D2h by using the

twisting angles as a basis set.

E C2z C2y C2x :Uz
o
y

Ux

biphenyl

p-terphenyl

p-quaterphenyl

2

3

4

3 -1 -1

o

1

o

O -2 -2
1 -3 -3
O -4 -4

Au"Blg

Au'2Blg

2Au'2Blg

Table r:-2. Characters of irreducible representations of D2h.

E c 2z c 2y c 2x : U
z oy

ox

A
g

B lg
B 2g
B 3g
A
 u
B lu
B 2u
B 3u

1

1

1

1

1

1

1

1

 1

 1

-1

-1

 1

 1

-1

-1

 1

-1

 1

-1

 1

-1

 1

-1

 1

-1

•- 1

 1

 1

•-
1

-1

 1

1

 1

1

1

-1

-1

-1

-1

1

 1

-1

-1

-1

-1

 1

1

 1

-1

 1

-1

-1

 1

-1

 1

1

-1

-1

 1

-1

 1

 1

-1
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p-quaterphenyl; only one mode in biphenyl is obvious

and not shown there. rt is natural to expeet that a

mode with a small number of nodes has a less steep

intramolecular potential in the isolated moiecule; this

will be confirmed in Section 11-2 by a simple model

calculation. The upper Au mode of p-quaterphenyl in

Figure rr-1 should have rather small force Åëonstant.

On the other hand, the two modes of p-terphenyl rnust

oscillate in a steeper potentiai because of a large

number of pairs of interacting ortho-hydrogens and
change in '"-conjugation with the twist angle.

     The consideration described above is easily

extended to the other p-polyphenylenes.
p-Polyphenylene consists of an even number of phenyl

rings has the Au mode with only one node; its force

constant is small. On the other hand, p-polyphenylene

with odd number of phenyl rings does not have such a

soft rnode.

ZI-2 Intramolecular potential

     It is now in order that we examine the
intramolecular potential for each twisting mode. The

potential for the twisting rnode of the isolated
moiecuie is a resultant of two opposite effects; the

ir-conjugation favors the planar molecular conformation

and the repulsion between ortho atoms prefers the

- 11 -



twisted one. These two effects were treated separately

and the overall potential was obtained as the sum of

them.

     For the calcuiation of the contribution frorn

tr-conjugation, the simple HU'ckel moiecular orbital

method was used. Ali the resonance integrals between

two adjacent carbon atoms was the same as B, but it was

assumed to change as Pcosel) between the central c-c

bond, where e is the twisting angle between the
adjacent two phenyl rings. The effects of substituents

(F or OH) were taken into account by using the
following parameters; the Coulomb integral, ct +3B (F),

or+2B (O) where ct is the Coulomb integral of carbon

atom, and the resonance integral O.7B (C-F)and O.8B
(c-o).2} By comparing the result of Htickel method with

those of experiments of benzenet the rnagnitude of P was

deduced to be -sg kJ•rnol-1.3}

     In calculation of the contribution from the ortho

atom repulsion, the molecular geometry was fixed: The

phenyl rings were assumed as a normal hexagon with the

C-C bond length of O.140 nm. The bond length of the

central C-C combining the two phenyl rings was O.150 nm

and the length of C-H bond was O.110 nrn. The atom-atom

potential of Buckingham type was summed over all atom

pairs within the molecule except for the pairs whose

interatomic distances do not depend on the twisting
angle. The atom-atom pararneters of williams4) were

used for the calculation. [rhey are tabulated in Table

                      -12-



Table Z:-3.

calculation.

     E = -A /r

Atom-atom parameters

6 + B.exp(-c.r).

used for

A/          o6      -1kJ'mol        •A Bl       -1kJ.moi c / X-1

c-c

C-H

H-H

2.3so•io3

s.23o•io2

i.i4o•io2

3

3

1

.

.

.

499•1O

668•1O

110•10

5

4

4

3

3

3

.

.

.

60

67

74
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!:-3.

    The intramolecuiar potential curves calculated as

a function of the twist angle about the central C-C

bond are shown in Figure Ir-2 for the p-polyphenylenes.

For biphenyl, the location of the minirnum at about 40'

and the potential barrier height of order 1O kJ•mol'1

at e = O' are in good agreement with the results of
experiments.5'8) Two twisting modes of p-terphenyl

degenerate in this treatment, but both the modes show

steeper gradient than for biphenyZ. The upper Au mode

of p-quaterphenyl in Figure :!-2, which is the upper Au

mode shown in Figure II-1, shows a potential curve

quite similar to that of biphenyl. This similarity

comes frorn the fact that there are the same number of

nodes for the two modes. On the other hand, the
potential curve of the lower Au mode of p-quaterphenyl

is the steepest in the three substances. Thust the

consideration in Section II-1 is now clarified; the

harder rnode appears in larger rnolecules as the number
of phenyl rings within a molecule increases. However,

there still exists the "soft" rnode similar to that of

biphenyl if the number of phenyl rings is even..

     Figure II-3 shows the calculated potential curves

for biphenyl, 4,4'-difluorobiphenyl, and p,p'-biphenol.

The location of.. the minimum at about 400 for
4,4'-difluorobiphenyl is also in good agreement with
the experiment.9) in spite of the difference in

-14-
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              -rt/2

Figure r:-2. Caiculated
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biphenyt

4,4eediftuorobiphenyt

p.p'-biphenot

10 kJ
    MOl't

                    e/rad

Figure rr-3. Calculated intrarnolecular potential

curves of biphenyl, 4,4'-difluorobiphenyl and

p,p'-biphenQl.
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substitutents, potential curves for 4,4'-difluoro-

biphenyl and p,p'-biphenol are sirnilar to each other;

the barrier height at e= Obis sornewhat lower by about

3 kJ•mol-1 than biphenyl, and the barrier at e= go' is

enhanced by about 8 kJ•rnoi'1. Therefore, the

difference in the properties between 4,4'-difluoro-

biphenyi and p,p'-biphenol crystals shouid corne frorn

the difference in the intermolecular interaction.

     Calculation was not carried out for p-phenylphenol

because the effects of the OH substitution could be

deduced from the calculated potential curve for
p,p'-biphenol: The OH substitution lowers the barrier
at e = o" by a few kJ•mol'1 and it softens the twisting

force constant of the isolated rnolecule.

     No such calculation was made either for perfluoro-

biphenyl and for perchlorobiphenyl. The substitutions

not only at para and rneta positions but also at ortho

positions make the intramolecular potential very steep

and the barrier hindering the rotation very high
because the interatomic distance between ortho atoms is

much shorter compared with the van der Waals radii at

all twisting angles (Figure rr-4). CPhe motion of

phenyl ringst therefore, must be strictly confined

within the vicinity of the potentiai minimum below roorn

temperature. These make it irksome to examine the

intramolecular potential curves in the whole range of

the twisting angle. The feature of the potential curve

in the vicinity of the bottom will be deduced in

-17-
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Chapter rrl Phase transitions in p-polyphenylenes

Irr-1 Survey of previous studies

    All the crystals of biphenyl, p-terphenyl and

p-quaterphenyl at room temperature belong to the space
group P21/a (C52h), in which two rnolecules are in the

unit celll-12) (Figure nl-1). The symmetry eiements

of this space group are identity {EiO>, inversion
{rto>, two-fold screw axis {cBIE12+'b12} and glide plane

{oaC("a12+"b/2}, and the point group is 21rn. Molecules

occupy inversion sites, which fact irnplies a
statistically planar molecular conformationt in
contrast to the twisted conformation in the gaseous and
the liquid states.13'20)

     Baudour et al.11} refined the structure for

p-terphenyl at room ternperature under the assumption

that the room temperature phase was a disordered one.

They obtained a double peaked probability function for

the central phenyl ring. This strongly suggests an

order-disorder nature of the transition. For biphenyl

and p-quaterphenyl, such kind of analysis has not been

made so far.

     The structures of low temperature phases of these

compounds are not exactly the sarne but similar to each

other; the rnolecules are twisted. rn the case of

biphenyl, the structure of the low ternperature phase

                     - 21 -
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between about 17 and 40 K is incomrnensurate in the
directions of both the a and b axes21) and is

classified to the five dimensional Bravais iattice of
pPgfkl .22) The mean, approxirnate structure was obtained

neglecting satellite reflections and was classified to
pa.23) An incommensurate-cornmensurate transition

(so-called lock-in transition) in the direction of the
a axis occurs at about 17 K.21) Howevert the crystal

is still incomrnensurate along the b axis below the

lock-in transition for the a axis. The structure of

this phase was determined to be of the super-space
group pP21<424,25) by using the neutron diffraction

technique.26) The essential aspect of the
incomrnensurate modulation within a sinusoidal
approxirnation was a torsion around the long molecuiar

axis with an arnplitude of 5.5' for each phenyl ring,
                       .                                   "the maximum deformation angle being 11 .

     On the other hand, the structures of the low

temperature phase of both p-terphenyl and
p-quaterphenyl belong to the space group Pl and the

adjacent phenyl rings in the rnolecule are twisted
alternately27,28) (Figure rl!-2}. xn this structure,

the symmetry elements except identity and inversion are

lost due to twisting of moleculest it is considered as

the super structure with the cell constants 2a, 2b and

c in terms of those of the room temperature phase.

Howevert reflecting the molecular symmetry, the

-23-
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rnolecules of p-terphenyl are at the inversion site but

this is not the case in p-quaterphenyl.

     Concerning the phase transitions in bipheny!, it

is irnportant to note that the soft modes have been
found in optical29-3i) and neutron32) experimentsr
   '
which fact is eompatible with displacive nature of the

transition. The softening occurs at the generaZ point
(x*, y* , O) near the B(O, 1/2, O) point in the

reciprocal space and the new phase is of two
dimensionally incommensurate structure.
     Dworkin and caineau33) reported the results of

heat capacity measurernents of biphenyl from 10 K to

50 K, in which they could not detect any anomaly in the

heat capacity curve. On the other hand, Culliek and
Gerkin34) found the temperature halt in the cooling and

the heating curves at 42 K, which strongly suggested

that the transition is of the first-order. Howevert
other authors29-32,35-40) have reported by using other

experimental techniques that the transition at about 40

K is of higher order.

     The lock•-in transition at about 17 K has been

revealed to be of the first-order transition by
optieal36) and neutron21) techniques. More conclusive

evidence of first-order nature of the transition is the

co-existence of two phases observed in neutron
experiments.21) Theoreticai considerations41-43)

within the Landau's phenomenology support the first-

order nature of the transition. However, no abrupt
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change was observed in the Briilouin scattering
experiments,39} and in the electronic spectra of the

molecule.38) The iock-in transition in the direction

of the b axis has not been observed so far down to
1•4 Ke44)

     plakida et al.45) proposed an internal-soft-mode

mechanism for the twist transition at about 40 K based

on the self--consistent phonon calculations, in which

renormalized phonon frequencies were calcula.ted in the

lowest order self-consistent approximation. The phonon

frequency of the twisting-acoustic coupled mode near
                            V2the B point showed (T-Tc)                                behavior, which is
compatible with the experimental observation.32) The

approach rnade by Busing46) is essentially static;

lattice energies were calcuiated using the ternperature-

dependent atom-atom potentials. The instability of the

planar molecular conforrnation was found at about 94 Kt

which is much higher than the actual transition
temperature. The group theoretical considerations made
by lshibashi,41) and Toledano and Toledano43) showed
                   '
that the phase transition at about 40 K (normal-

incommensurate) is of higher-order, and that the
lock-in transition is of the first-order.

     Dynamics in the incommensurate phases of biphenyl

were investigated by using some experimental
                  M
techniques. The dispersion of the phason and the
amplitudon branches were deterntned by neutron32,47)
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and Brinouin39) scattering experiments. The damping

of the phason branch near the zone center was
relatively small compared with other incommensurate
substanees. NMR results by Liu and conradi48) showed

the existence of the slow process ('tr . 1o3 s at 4.2 K)

in the incommensurate phase. They proposed the
termt "incommensurate glass", in biphenyl in the lowest

temperature region from their experimental result.

     !t is worthwhile to note that the pressure

dependence of the transition temperature is
negative.40) This clearly shows that the transition is

connected with a subtle balance between intra-- and

intermolecular interaction. While the intermolecular

interaction, which prefers a planar conformationt is

enhanced by the compression, the intramolecular
interaction is not. This causes the fact that the

transition temperature decreases as pressure increases.

     In contrast to the case of biphenyl, no soft rnode

has been observed in p-terpheny149'51) and
p-quaterphenyl.51) cailleau and Dworkin52) and
chang53) measured heat capacities of p-terphenyl and

found the X-shaped anomaly at about 194 K with the
entropy of transition Atrss = 1.so J•K'1•mol-1.53)

Many experimental results by using opticai,40r49'51)

EpR54) and the other techniques55-60} showed this

transition being continuous. Critical exponents of

p-terphenyl for some physical quantities have been
reported as follows; ct= o.o4g,52) B= o.ls,61) and
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v= o.12.62) These values correspond to the two

dimensionai rsing model. The two dimensionality of the
interaction was supported by neutron63t64) and NMR65)

experiments. Dynarnicai aspects of the transition were

investigated by using neutron,32,63,64,66)
NMR,65,67-70) and other71) techniques and the critical

phenomenon, the critical slowing down of the order
parameter fluctuation, was found,32,65'69) which

implies order-disorder nature of the transition. The
pressure dependence40) of the transition temperature is

negative as in biphenyl. The theoretical work on the
phase transition was reported by Rarndas and Thomas.72)

They interpreted the transition by calculating static

lattiee energies and predicted the existence of the

other unknown phase.

     Only a few reports have been published on the

phase transition of p-quaterphenyX. Bolton and
prasad51) reported from their Raman study that there

was a transition at about 230 K and that it was
continuous. Toudic et al.69) found the behavior of

critical slowing down by NMR, which is very similar to
p-terpheny1.65t67-69}
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II:-2 Heat capacities of p-polyphenylenes

rlr-2-1 Biphenyl and biphenyl-dlo

Experimentai

    Commercially available biphenyl (Nakarai
Chemicals, Ltd.) and biphenyl-dlo (Merck Sharp & Dohrne

Canada Ltd., nominal isotope purity of 99 per cent)

were purified by fractional sublimation in vacuum at

room temperature. !n order to avoid the possible
formation of metastable phases andlor the less-
crystallinity, the sublimed specimens were melted under
the heliurn atmosphere (105 pa) and cooled gradually

down to roorn temperature for recrystallization.
Chemical purity of both the specirnens were better than

99.9 moles per cent as confirrned by gas-chrornatography,

and the isotope purity of the bipheny-dlo specirnen was

99 per cent as determined by the high resolution NMR

spectra of the CC14 solutions.

     The powdered specirnens were loaded into the

calorimeter vessel and sealed off after addition of a

srnall amount of helium gas for heat exchange (3 kPa and

7 kPa at room temperature, respectively). The
contribution of helium gas to the total heat capacity

was negligibly small. The weights of sarnples of
biphenyl and biphenyl-dlo used for calorimetry were

17.950 g (O.11640 mol) and 14.9825 g (O.091206 mol),

respectively, after buoyancy correction. The
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contribution of the samples to the total heat capacity

ineluding that of the calorimeter vesseZ was larger

than 70 per cent below 20 K. rt decreased to 46 per

cent in biphenyl (41 per cent in biphenyl-dlo) at 100 K

as the temperature increasedt however, it increased

again to 59 per cent (57 per cent) at 300 K.

    The apparatus for calorimetry was the same as
described elsewhere.73} The operation was autornated

by the rnicro cornputer (model PC-9801, NEC Corp.); the

prograrn coded in BASTC language is given in Appendix.

A platinum resistance thermometer (model 8164, Leeds &

Northrup Co.) and a germanium resistance thermometer

(model CR-1000, CryoCal Inc.) were used. Their
temperature scaies are based on IPTS-68t helium gas
therrnometry, and the lgss 4He scale.74,75)

     The measurements using the ordinary calorirneter

vessel rnissed the lock-in transition in biphenyl at

16.8 K because of iack of sensitivity of a platinurn

resistance thermometer (O.Ol seIK at 17 K), small amount

of the powdered sarnple in the vessel and less precise

adiabatic control. To search for lock-in transitions
of biphenyl, therefore, a new calorimeter vessbl was

constructed. The following aspects were considered;

(1) the sensitivity of the thermometer, (2) arnount of
                 tithe sample and its packing in the vessel, (3) the

utiZity of the therrnometer through the entire
temperature region (3 - 20 K>r,(4) the attainment of
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the true adiabatic condition, and (5) the unknown

behavior of the helium gas for heat exchange in the

vessel below 4 K.

     The sectional plan of the new calorimeter vessel

is shown in Figure !rr-3. !n order to load a sufficient

amount of the sample and to avoid the introduction of

helium gas for heat exchange into the vessel, the

purified biphenyi specimen was ioaded and melted under
the helium atmosphere (105 pa) in the vessel. The

vessel was then evacuated and sealed off without any

addition of helium gas. The sample thus loaded weighed

24.957 g (O.16184 rnoZ} in vacuum.

     A germanium resistance thermorneter (rnodel N2D, Sr

lnc.) with commercial calibration was used. The
calibration were based on the 1962 3He vapor pressure

scale below 3.2 K and on the 1965 Provisional Helium

Acoustic Scale between 2 and 20 K. The accuracy of the

calibration was stated to be better than O.O05 K below

5K and better than O.Ol K between 5 and 20 K. The 35

calibration points were fitted to the equation,

      1tht ( ,`?1S)) = ,29:., Ai{ Jv. (7/ K)}i-2

using the sALs systern.76) The residuals of the fit are

shown in Figure rrl-4. Since the main purpose of the

measurements using this vessel is not a determination

of absolute values of heat capacities but a search for

lock-in transitions, it is not serious that the
residuals show rather large deviations from the
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equation.

    The Au+O.07gFe vs chromel thermocoupie (O.1 mm in

diameter) was used for a detection of the ternperature

difference between the vessel and the adiabatic shield

wall in order to irnprove an adiabatic condition. The

sensitivity of this thermocouple in the temperature

region between 3 and 20 K is as iarge as ten times of

that of chromei vs constantan therrnocouple which has

been attached to the ordinary vessel.

     The new vessel thus constructed has a weight of

39.72 g excluding the sample and has a capacity of
2s.o6 cm3. Apparatus except the vessel and operation

of experiments were the sarne as described above. The

sarnple contributed by more than 85 per cent to the

total heat capacity through the entire temperature

region and sufficiently accurate data were obtained.

Results and Discussion

     The molar heat capacities measured with the
ordinary vessel are shown in Figure III-5 and tabulated

in 1?ables rrr-1 and rlr-2 in chronological order. The

heat capacities of biphenyl obtained with the new

vessel are not shown there because they are compatible

with data obtained using the ordinary vessel except for

the Zock-in tran' sition region. The temperature
increment of each measurernent can be deduced from the

adjacent mean temperatures, which is small enough to
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Tabie r:r-1. Measured molar heat eapacities of biphenyi.

T

K

     Cp
   -1         -1J.K     .tuol

T

K

Cp

J-K -1 .mol -1

T

x

     Cp
        -1   .1     .moiJ.X

Series

22.893

24.316

25.736

27.178

28.647

30.247

31.9S4

33.668

35.376

37.060

38.80S

40.600

42.342

44.038

45.727

47.417

49.116

22

24

2S

27

28

30

31

33

35

36

37

39

40

.

.

.

.

.

.

.

.

.

.

.

.

.

Series

785

241

688

155

656

21B

8S9

493

048

532

987

447

897

1

18.498

20.354

22.177

24.002

25.811

27.775

29.863

31.832

33.756

35.623

37.448

39.223

40.689

41.926

43.163

44.462

45.762

2

18.352

20.261

22.112

23.970

25.823

27.742

29.728

31.639

33.404

35.041

36.602

3B.091

39.493

42.337

43.774

45.209

46.657

48.132

49.761

Sl.634

53.566

S5 . 4,31

57.249

59.027

60.796

53.

55.

57.

58.

Series

638

4Sl

233

994

Series

32.858

34.022

35.130

36.1B6

37.201

38.188

39.152

40.094

41.031

41.9S8

42.883

43.819

  Series
60.493

40.691

41.726

42.?96

43.873

45.001

46.248

47.623

49.046

50.339

51.595

52.793

S3.955

3

49.090

50.339

51.572

52.774

4

30.907

32.239

33.482

34.659

35.775

36.823

37.BOO

38.742

39.619

40.392

41.11O

41.768

5

S3.726

62.242

63.980

65.786

67.6S9

69.539

71.436

73.337

75.222

77.09S

79.014

81.032

81.

83.

85.

B7.

eg.

91.

Series

OS8

133

160

174

17S

166

Series

 90.405

 92.S70

 94.766

 96.977

 99.242

1Ol.587

103.975

106.377

108.758

109.

111.

113.

Series

1S8

493

761

54.872

S5.960

57.054

58.173

59.296

60.404

61.494

62.533

63.584

64.643

65.744

6

65.822

66.814

67.87S

68.926

70.030

71.037

7

70.6S2

71.807

72.905

74.063

7S.199

76.333

77.585

79.00

80.24

8

80.23

81.49

82.67
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T

K

Cp

J.K -1 .moi -1

116

118

120

123

125

.

.

.

.

.

069

417

787

163

545

Series

125.967

128.403

130.793

133.193

135.581

137.9S6

140.338

142.722

145.104

Senes
145.258

147.664

150.066

1S2.484

154.930

157.365

IS9.778

162.177

   Series

164.S85

167.013

169.462.

171.923

   Series

172.821

17S.305

83.81

e5.02

86.27

87.46

S8.S7

9

88.S3

 90.1O

 91.31

 92.61

 93.89

 95.12

 96.38

 97.65

 98.95

 10

 98.98

100.27

101.53

102.87

104.28

105.64

106.99

108.36

 11

109.71

111.11

112.48

113.92

 12

114.S2

116.04



Tabie :r:-1. {continued).

T

K

Cp T

x

Cp r

K

Cp

J-K .1    -1.moi    -1J.K    -1.mel         -1   -1     .moiJ.K

177

180
,b2

185

187

190

193

195

198

200

203

205

208

211

213

216

219

221

224

227

229

232

235

238

.

.

.

.

.

•

.

.

.

.

'

.

.

.

.

•

.

.

.

.

.

.

.

802

3Sl

902

448

977

S05

048

S82

1S7

Series

711

324

969

606

190

768

395

046

726

437

180

946

738

561

41S

   Series
241.166

244.021

246.985

250.014

253.076

256.170

117.47

119.03

120.59

122.04

123.48

125.01

126.59

128.11

129.76

 13

131.29

132.93

134.57

136.40

137.97

139.64

141.29

143.00

144.89

146.63

148.49

150.29

152.46

154.13

1S6.46

 14

157.68

159.79

161.76

163.80

165.93

168.01

259.302

262.477

265.702

26B.951

272.209

275.491

278.789

282.116

285.481

288.B79

292.304

29S.734

299.1S2

14.

14.

15.

18.

19.

20.

22.

23.

Series

181

921

769

Series

738

S28

927

eog

106

Series

14.089

14.847

1S.635

16.467

17.331

18.232

19.183

20.109

170.31

172.48

174.70

177.13

179.02

181.90

184.r2

186.40

188.86

191.59

193.93

196.43

198.94

 15

  7.S06

  8.365

  9.3 51

 16

 12.984

 14.495

 15.903

 17.314

 18.750

 17

  7.394

  8.290

  9.197

 10.202

11

12

13

14

.308

.4S2

.661

.847

20.

21.

22.

23.

4.

4.

4.

5.

6.

6.

7.

975

823

662

496

Series

051

487

969

491

04S

592

122

Series

3.8S5

4.224

4.605

5.004

5.447

5.93S

6.461

7.003

Series

4.443

4.884

5.331

5.788

6.263

6.737

7.243

7.805

8.434

9.146

15.890

16.994

18.114

19.233

18

 O.300

 O.403

 O.S30

 o.7e3

 O.907

 1.148

 1.388

19

 O.243

 O.332

 O.422

 O.538

 O.678

 O.857

 1.078

 1.334

20

 O.382

 O.503

 O.640

 O.801

 O.984

 1.199

 1.453

 1.77S

 2.174

 2.676
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T

K

    Cp
3:";E:'i':;li;;IIK'i.mo'i

 9.952

10.817

11.679

12.517

13.353

  Series
 9.882

10.642

11.384

12.110

12.836

13.S76

   Series

14.132

14.838

15.648
   '
16.532

17.451

18.406

19.370

20.302

21.189

22.041

22.865

23.667

3.

3.

4.

4.

4.

5.

Series

594

907

164

520

909

312

 3.318

 4.063

 4.866

 5.664

 6.568

21

 3.267

 3.917

 4.585

 5.269

 6.012

 6.779

22

 7.486

 8.318

 9.264

10.340

11.490

12.691

13.942

15.111

16.245

17.365

18.432

19.481

23

 O.222

 O.288

 O.327

 O.401

 O.503

 O.631



Table lr:-1. tcentinued).

T

K

     Cp
:-::M-1     .molJ.K

T

K

cp T

K

cp r

K

cp
   -1J•K .moi -1 J.K -1 .moi -1 J.K .1 .mol -1

s

6

6

7

7

8

8

.

.

.

.

.

.

.

5.

719

131

556

oos

477

Ol3

621

Series

S91

 o.

 o.

 1.

 1.

 1.

 1.

 2.

24

 o.

774

938

154

323

S70

899

295

723

 5.940

 6.311

 6.709

 7.137

 7.610

 8.IS4

 B.781

 9.479

10.256

O.851

1.005

1.183

1.396

1.6se

1.992

2.414

2.935

3.S82

11

12

13

13

15

16

17

17

.

.

.

.

.

.

•

.

114

057

030

963

Series

546

272

O08

765

4

5

6

7

25

 9

9

10

11

.

.

.

.

.

.

.

.

319

234

186

228

121

99S

912

850

18

19

20

21

22

22

23

.

.

.

.

.

.

.

551

372

239

130

Ol9

906

783

12

13

15

16

17

18

19

•

.

.

.

.

.

.

850

893

Ol 2

142

289

441

592
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Tabie rr:-2. Measured molar heat capacities of biphenyl-dio.

T

K

Cp T

K

ep 7

x

Cp

J•X      -1.1  .moi J.X      .1-1  .moi    -1,7 `K .mol -1

14

16

17

IB

19

20

21

22

23

25

26

14

15

16

17

18

20

21

22

23

2S

26

27

2B

29

30

32

33

34

36

37

39

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

-

Series

941

085

257

406

Sl2

594

667

7Sl

9S7

248

sos

Series

300

427

614

80S

978

Series

115

346

651

905

115

297

458

609

757

907

159

511

873

2S2

656

047

1

9

10

12

13

15

17

18

20

21

23

25

2

 8

 9

11

13

14

3

16

18

19

21

23

24

26

28

29

30

32

33

3S

37

38

39

.33B

.829

.386

.966

.S41

.066

.525

.O09

.672

.413

.110

.S17

.965

.SIO

.134

.766

.388

.081

.8S9

.S83

.255

.818

.366

.837

.309

.770

.349

.996

.S96

.204

.S89

.713

40.

41.

43.

'45.

46.

5:.

53.

426

923

S22

131

755

Series

S81

B45

Series

14.030

1S.059

16.099

17.13S

18.151

19.163

20.201

21.280

24.

26.

27.

28.

30.

Series

853

135

440

735

O08

Series

24.306

25.S57

26.778

27.979

29.169

30.355

31.641

33.027

34.435

35.820

37.157

40.834

42.078

43.443

44.683

46.143

4

50e16B

51.676

s

 8.176

 9.498

la.8T5

12.212

13.618

15.05S

16.S33

18.000

6

22.8S4

24.580

26.341

27.998

29.63e

7

22.1S6

23.853

25.484

27.032

28.557

30.089

31.705

33.428

35.102

36.747

38.180

38.494

39.917

41.343

42.791

44.341

4S.893

47.696

49.490

Sl.029

S2.579

54.145

SS.731

  Series
42.004

43.448

44.883

  Series

49.147

50.593

52.0Sl

53.S22

S4.988

   Serles

57.837

S9.272

60.773

62.347

64.109

65.772

  Senes
67.388

69.151

70.929

72.722

74.536

39.301

40.418

41.609

42.816

44.107

45.365

46.855

48.339

49.508

50.6B2

51.874

52.994

8

42.123

43.359

44.524

9

48.027

49.169

50.266

51.394

52.473

10

54.468

5S.537

56.S06

57.523

58.715

59.766

11

60.783

61.922

63.0S4

64.146

65.233
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T

x

Cp

J-K -1 .moi -1

76

78

80

81

83

B5

87

89

91

93

 95

 97

 99

1Ol

103

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

105.

107.

109.

112.

114.

116.

r19.

119.385

121.776

124.127

126.433

128.730

131.e43

133.373

135.784

372

199

042

Series

881

696

S45

430

316

283

330

Series

531

71S

693

641

560

Series

551

549

839

150

479

843

242

seties

66

67

 6B

 12

69

70

71

72

74

75

76

 13

77

79

 80

 Bl

82

 14

 83

B4

 86

87

 88

 90

 91

 IS

 91

 93

 94

 96

 97

 99

1OO

102

.

.

.

.

.

.

.

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

.

`

.

.

.

.

.

.

332

437

S19

S85

671
`

809

921

023

576

398

631

O08

172

277

446

31

B5

13

52

96

40

84

84

31

87

37

78

31

79

49



Table :::-2. {continued).

T

K

Cp T

K

Cp T

K

Cp

J.K -1 .moi -1    -1J.K .mol -1 J.K -1 .mol -1

Series

138.255

140.721

143.182

145.699

148.272

150.817

153.333

IS5.845

158..354

16O.8.S1

163

16S

168

171

173

176

178

181

183

187

190

193

196

198

201

204

206

209

21 2

.

.

.

.

.

.

.

.

.

Series

.

.

.

.

.

.

.

'

.

.

372

924

470

020

573

127

680

235

789

Series

954

61S

312

036

714

429

182

S98

607

302

 15

103.90

105.65

107.31

109.13

r1o.so

112.5S

114.33

116.IS

117.95

119.79

 17

121.44

123.38

125.25

127.05

129.13

130.83

132.93

134.98

137.01

 18

139.97

142.2S

144.28

146.52

148.64

150.87

153.03

155.19

1S7.37

IS9.50

   Series 19

215.032 161.03

217.802 163.40

220.539 16S.70

223.245 167.Sl

225.916 169.96

228.628 172.12

231.386 174.52
    Series 20

234.113 176.S6

236.838 178.98

239.563 181.41

242.289 183.71

245.018 185.88

247.753 187.77

250.492 189.94
    Series 21

250.333 189.96

2S2.701 192.09

255.136 193.72

257.647 195.8B

260.234 198.24

262.876 200.36
    Series 22

265.537 202.39

268.192 204.SO

270.847 206.81

273.540 208.95

    Series 23

276.230 211.29

278.924 213.S5

281.623 21S.71

284.329 218.02

2B7

289

292

29S

297

300

3

4

4

5

5

6

6

7

.

.

.

.

.

.

.

.

.

.

.

.

.

.

072

823

552

261

977

694

Series

957

404

897

32S

742

161

S93

069

Series

3.878

4.21 6

4.546

4.876

5.211

5.548

5.900

6.278

6.698

7.186

6

7

7

6

6

.

.

.

.

.

220

222

224

226

228

23e

 24

Senes
739

249

859

Series

401

902

o

o

o

o

o

 1

 1

 1

25

.

.

.

.

.

.

.

.

.

.

.

.

.

.

42

71

83

67

75

12

325

440

573

729

888

112

321

563

 O.281

 O.365

 O.461

 O.551

 O.689

 O.831

 O.982

 1.151

 1.3S3

 1e641

26

 1.420

 1.675

 2.060

27

 1.200

 1.461
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r

K

Cp

J.K -1 .tuol -1

7

8

8

9

10

11

12

8

9

10

11

12

13

.

.

.

.

.

.

.

.

.

.

.

.

.

487

182

973

801

708

749

923

Series

64S

341

221

161

228

420

Series

14.633

15.822

17.081

IB.403

19.712

20.977

22.167

23.303

24.4S5

45

46

48

49

Sl

52

54

.

.

.

.

.

•

.

Series

568

944

351

791

271

727

208

 1.844

 2.320

 2.930

 3.659

 4.542

 s.62e

 6.917

28

 2.666

 3.266

 4.074

 5.000

 6.127

 7.S02

29

 8.949

1O.478

12.132

13.960

15.727

17.666

19.2Sl

20.845

22.378

30

45.068

46.194

47.35S

48.520

49.648

50.808

Sl.882



ignore the curvature correetion in cornparison with the

experimental precision. After each energy input was

over, therrnal equilibriurn within the calorimeter vessel

was attained in 1 min below 10 Ki in 5 min at 50 K, and

15 rnin above 1OO K in the measurements on both biphenyl

and biphenyl-dlo. Situation was the sarne also in the

measurements on biphenyl using the newly constructed

vessel. Concerning thermal equilibration, no anomalous

behavior was observed in the transition regions
contrary to the observation of Dworkin and caineau,33)

and also in the lowest ternperature region.48)

     The comparison with the data on biphenyl reported

by Huffman et al.77) is shown in Figure In-6.

Although our results are systematically larger by O.4

per cent than theirs, two sets of data are in
satisfactory agreernent within experimental accuracy.

     Some thermodynarnic functions calculated from the

present data are given in [Pables Trl-3 and I!!-4, in

which the small contribution below 4 K was estimated by

smooth extrapolation from the high ternperature side.

The third law entropy of the biphenyl ideai gas in the

standard state is calculated using the vapor
pressure78) and sublimation79) data as summarized in

Table rr!-5.

     The anornalies due to the twist transition in both

samples are clearly seen by plotting the Debye
characteristic ternperatures corresponding to the

measured heat capacities as given in Figure III-7t
        '
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Table r::-3. Molar thermodynamic funetions of biphenyl.

T

K

     Cp
         -1   -1     .moiJ-K

{H(T)-H{O)}IT

   -1         -1     .mol J.K

 S(T)-S(O)
        -1   .1     •molJ.K

  5

 10

 20

 30

 40

 so

 60

 70

 80

 90

1eo

110

120

130

140

150

160

170

180

190

2oe

210

220

230

240

250

260

270

280

290

300

298.15

  O.504

  3.26

 14.68

 27.46

 38.63

 46.42

 S3.43

 59.57

 65.19

 70.44

 75.57

 80.72

 85.83

 90.89

 96.23

1Ol.53

107.11

112.85

118.82

124.75

130.90

137.21

143.68

150.49

IS7.19

163.77

170.73

177.90

18S.1O

192.30

199.50

19B.17

  O.133

  O.90

  4.75

 10.21

 15.97

 21.30

 26.08

 30.44

 34.44

 38.14

 41.63

 44.95

 48.14

 51.24

 54.26

 S7.23

 60.18

 63.11

 66.03

 68.97

 71.91

 74.87

 77.85

 80.86

 83.90

 86.96

 90.0S

 93.17

 96.33

 99.51

102.72

102.13

  O.173

  1.21

  6. 71

 15.11

 24.59

 34.07

 43.17

 Sl.87

 60.20

 68.18

 75.87

 83.31

 90.56

 97.63

104.56

111.38

118.11

124.77

131.39

137.97

144.S3

151.07

1S7.60

164.13

170.68

177.23

183.79

190.37

196e97

203.S9

210.23

209.00

- 43• -

-{G(T)-H(O))IT
         -1    -1      .mol J.K

  O.040

  O.32

  1.96

  4.89

  8.62

 12.77

 17.0B

 21.44

 25.76

 30.04

 34.24

 38.36

 42.41

 46.39

 so.3e

 54.14

 57.93

 61.67

 65.36

 69.00

 72.62

 76.20

 79.75

 83.28

 86-78

 90.27

 93.74

 97.20

1OO.64

104.08

107.50

106.87



Tabie :::-4. Moiar therrnodynamic tunetions of biphenyl-dlo.

T

K J.K

c
-1

p
   -1.moi

{H(7)-H(O}}lr

   -1         .1     .tuol J.K

 S(T}-S(O)
3:•;?:T:;igl:TK'i•moi'i

  s

 10

 20

 30

 40

 50

 60

 70

 Be

 90

1OO

110

120

130

140

150

160

170

180

190

200

21O

220

230

240

250

260

270

280

290

300

298.15

  O.610

  3.76

 16.22

 29.62

 40.49

 48.70

 55.96

 62.43

 68.51

 74.42

 80.3S

 86.23

 92.24

 98.62

105.22

112.04

119.09

126.43

134.03

141.73

149.71

157.64

16S.23

173.34

181.74

189.87

197.96

206.07

214.47

222.76

230.0B

22B.86

  O.IS6

  1.07

  5.34

 11.23

 17.31

22.78

27.72

 32.21

 36.3S

 40.28

 43.99

 47.57

 Sl.04

 S4.45

 S7.84

 61.23

 64.63

 68.04

 71.49

 74.9B

 78.52

 82.10

 85.71

 89.34

 93.01

 96.73

1OO.4'7

104.23

108.01

111.83

115.65

114.95

  O.202

  1.44

  7.60

 16.75

 26.90

 36.83

 46.37

 55.48

 64.22

 72.63

 80.7S

 88.72

 96.48

104.12

111.66

119.15

126.61

134.0S

141.49

148.94

156.41

163.91

171.42

178.94

186.49

194.08

201.68

209.3O

216.95

224.62

232.30

230.88

- 44 -

-{G(r}-H(O)}/T
    .1         .1      .mol J-K

  O.046

  O.38

  2.26

  5.52

  9.59

 14.05

 18.6S

 23.26

 27.84

 32.35

 36.79

 41.15

 45.44

 49.66

 S3.82

 57.93

 61.99

 66.01

 69.99.

 73.95

 77.89

 81.81

 85.71

 89.60

 93.48

 g7.35

1Ol.21

105.08

108.94

112.79

116.65

115.93



Table rrr-s. Third law entropy of biphenyl.

s/ J•K-1 ' rno1 -1

O to 4 K (smooth extrapolation}

4 to 298.15 K (graphical)

           asublimation

entropy of real gas at 298.15 K

             and correction to idealcompresslon

SO(biphenyl, 298.15 K, g, P = 100000

   egas

Pa)

  o

208

274

483

-93

389

.

.

e

.

.

.

089

9

2

2

7

5

a

b

c

AH vap
P=1
Using

 = 81760 J•raol'1 at 2gs.

                  76).30 Pa at 298.15 K.

Berthelot's equation of

     77)15 K.

 state.

-45-



where it is arbitrarily assumed that there are 9
degrees of freedom per rnolecule. By assuming normal

portion as shown by the solid lines in Figure :I!-7t

excess heat capacities are separated as shown in
Figures IIZ-8 and rrl--9. The anornaly of biphenyZ is

very broad extending from 30 K to 47 K with a maximum

at 40.4 K; the shape of the anorna!y of biphenyi-dlo is

very similar to that of biphenyl and it is from 28 K to

44 K with a maxirnum at 36.8 K. The entropies of
transition of biphenyl and biphenyl-dlo are deterrnined

as o.12g J'K-1'mol-1 a' nd o.12s J•K'1'mol'1,

respectively. The shape of the anomalies and the
smallness of the entropies of transition are consi$tent

with higher-order, displacive nature of the twist
transition in both cornpounds.

     In addition to the anomaly at 36.8 K, a very small

anomaly due to the lock-in transition is seen at about

20 K in the heat capacity curve of biphenyl-dlo. On

the other handr the corresponding anomaly can not be

recognized in the curve of biphenyl; the distortion

around 11 K is probably due to some faiiure in
germanium temperature scale. The results of one
typical series of rneaSurements on biphenyl using the

newiy constructed vessel are shown in Figure rr:-10.

In this series the temperature increment of each
measurement was about O.2 K. A broad anornaly due to

the lock-in transition is ciearly seen. The anomaly

                     -- 46 -
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due to the iock-in transition is extrernely srnali (O.O09

J•K'i•rnol'1 in terms of the entropy of transition, for

both compounds)t broad and showing a large tail on the

high temperature side. Thus, the lock-in transition of

biphenyl and biphenyl-dlo seerns to be of a higher-order

transition. However, as described in the iast section,

some evidences that the lock-in transition was of the
first-order have been reported,2i,36) and the Landau's

phenornenology41'43) also predicts that it is so.

similar situation happened in the case of K2Se04.
Nomoto et ai.80) interpreted that as follows: The

iock-in transition of K2Se04 is of the first-order in

nature; however, the latent heat of the transition is

very srnall and could not be detected experinentaliy.
'Such an interpretation shouid be adapted also in the

cases of biphenyl and biphenyl-dlo.

     The large tail on the high temperature side at the

lock-in transition has been observed in other
substances,80-82) and it may be accornpanied with
discommensuration mechanism proposed by McMinan.83)

     Properties ef phase transitions are summarized in
              'Table r:r-12. The entropies of transition in the two

compounds are equal to each other, impling the two

cornpounds undergo transitions of the sarne mechanisrn.
                                           'The rrtajor difference between the twe cornpounds is that

the region o.f the two dimensionally ineommensurate

phase is narrower in biphenyl-dloe

     No anomaly corresponding to the lock-in transition

- 51 -



in the direction of the b axis was found in both the

sampies. Two cases are possible; existence of the

lock-in transition in the b direction below the lowest

temperature reached in the present experiments, and

"stability" of incommensurate phase till the absolute

zero. If the later was truet the question is open
whether the ineomraensurate phase existing at O K is

stable in the thermodynamic sense, or a glassy state of

new type.

Iu-2--2 p--Terphenyl and p-terphenyl-d14

Experimental

    p-Terphenyl was purchased from Nakarai Chernicals,

Ltd., and p-terphenyl-d14 from Merck Sharp & Dohme

Canada, Ltd. (isotope purity, 98 per cent). They were

purified by the method of fractional subiimation in

vacuum at about 400 K.

     In the case of p-terphenyl, both specimens
non-melted and melted under the helium atmosphere (105

Pa) were used for the calorimetry for the sake of

eomparison. rn the case of p-terphenyl-d14, the
measurements were rnade only on the specimen melted
under the heliurn atrnosphere (lo5 pa).

     The purity of the specimens used for the
calorimetry were better than 99.9 moles per cent as

- 52 -



confirmed by gas-chromatography. The isotope purity of

p-terphenyl-d14 was determined to be 98 per cent by

using the high resolution proton NMR technique. Each

of the powdered specimens was loaded into the
calorimeter vessel, which was sealed after addition of

a small arnount of helium gas (7 kPa, 7 kPa and 6 kPa

for rnelted, non-melted p-terphenyl and p-terphenyl--d14t

respectively) for heat exchange. The contribution of

helium to the total heat capacity was negligibly small.

The amount of the rnelted and the non-melted p-terphenyl

samples and the p-terphenyl-d14 sample were 21.0704 g

(O.091488 mol), 15.2290 g (O.066124 mol) and 8.7131 g

(O.035652 rnol), respectively. The contribution of the

sample to the total heat capacity including that of the

calorimeter vessel was, in p-terphenyl, 64 per cent at

1O K, which decreased to 40 per cent at 100 K and then

increased to 54 per cent at 300 K as temperature rose;

in p-terphenyl-d14 51 per cent at 10 K, 27 per cent at

100 K, and 42 per cent at 300 K.

     The working therrnometerst and the apparatus and

the operation of the adiabatic calorirneter were the

same as used in the rneasurements on biphenyl and
            'biphenyl-dlo.

Results

     The

between

and Discussion

 measurements of the heat

3 and 300 K; the primary

 - 53 -

 capacities were made

data are tabulated in



Tables rr!-6 and !rr-7 in chronological order, and

shown in Figure IXI-11, where the data of the
non-rnelted p-terphenyl sample are not included. The

temperature incrernent of each measurement may be

deduced from the adjacent mean temperatures, which is

srnall enough to neglect the curvature corrections in

cornparison with the experirnental precision. Aiter each

energy input was over, thermal equilibrium within the

calorimeter vessel was attained within 2 min below 20

K, in 10 min at 80 K; the time needed for equilibration

then increased to 20 min at about the transition
temperature as ternperature roset and it abruptly

reduced to 10 min above the transition, in all the

three samples.
                                 '     Sorne thermodynamic functions calculated from the
                           'present results are given for rounded temperatures in

Tables rll-8 and rl:-9, in which small contributions

below 4 K were estirnated by smooth extrapolation from

the high temperature side.

     The X-shaped anomaly due to the twist transition

is clearly seen in p-terphenyl from 145 K to 225 K with

a rnaximum at 193.5 K, and the very sirnilar one in

p-terphenyl-dl4 from 130 K to 21O K with a rnaximum at

180.3 K. rn spite of sharp rise in heat capacity, a
iatent heat was noE observed in both cases, which is in

agreement with the results reported by chang53} and

cailleau and Dworkin.52) By assuming the norrnal

- 54 -
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Tabie :::-6. Measured molar heat capacities of p•terphenyl.

r

K

     Cp
         -1   .1J.K     .mol

r

K

Cp

J.K -1 .mol -1

T

K

     Cp
1I;:.'iE:T:iiigir:'i'K-1.rno1-1

non.!!relted

    Series
 118.932

 120.636

 122.532

 124.595

 126.794

 129.081

     Series

1'29.181

131.472

133.763

136.027

13B.259

140.461

142.655

144.841

146.986

149.059

1Sl.OS6

152.989

Series

132.987

135.299

137.S93

139.847

142.087

144.356

146.611

148.S84

151.173

153.429

1S5;620

1S7.745

sample

 1

117.87

119.82

120.82

122.44

124.29

126.00

 2

125.8S

127.80

129.71

131.62

133.43

135.17

136.94

138.86

140.98

142.65

144.76

145.90

 3

128.86

130.88

132.92

134.66

136.67

138.52

140.S7

142.43

144.51

146.53

14B.53

ISO.60

Series

159.931

162.093

164.230

166.3B7

168.S63

170.717

172.8S4

174.974

177.114

179.273

181.41O

1B3.520

185.649

187.795

189.955

192.121

194.313

196.515

198.679

200.840

202.991

205.132

207.263

209.394

Series

210.577

213.35S

216.112

218.845

221.560

224.244

226.936

229.619

232.307

-

 4

152.S9

154.73

156.87

159.03

161.29

163.60

165.87

168.29

170.7S

173.41

176.38

179.37

182.59

186.42

191.09

198.23

200.S2

192.22

190.77

191.22

192.04

193.46

194.91

196.46

 5

197.08

199.13

201.75

204.04

206.31

208.60

211.01

213.39

216.14

23S.

237.

240.

026

725

404

Series

243.063

24S.714

248.401

251.110

253.B20

2S6.511

2S9.160

261.845

264.277

Series

265.118

267.871

270.S98

273.3S8

276.152

278.924

281.670

2B4.395

287.157

289.959

292.736

295.492

298.228

84.

86.

87.

89.

91.

93.

95.

Series

253

121

9S2

838

722

632

S62

218.32

220.77

223.51

 6

225.3S

227.74

230.28

233.11

235.56

238.22

240.71

242.95

24S.37

 7

246.09

248.87

251.6B

2S4.20

256.83

2S9.69

262.39

264.95

267.44

270.62

273.02

275.42

278.16

 e

 90.983

 92.552

 94.001

 95.456

 96.907

 98.347

 99.842

-56-

T

K

     Cp
   .1        .1J.K     'tuol

 97.

 99.

1Ol.

103.

461

337

230

079

Series

104.949

106.850

108.727

11O.581

112.459

114.364

116.248

118.112

119.971

116.

119.

121.

Serles

646

S36

996

Series

167.071

168.073

169.090

170.141

171.228

172.355

173.522

174.730

175.95•7

177.177

178.394

179.607

180.807

182.015

183.231

184.437

1Ol.15

102.73

104.07

105.45

9

106.85

108.42

109.90

111.27

112.70

114.18

115.66

117.18

118.65

 10

115.94

118.27

120.12

 11

159.49

160.68

161.76

162.87

163.91

165.23

166.52

167.98

169.33

170.79

172.23

173.66

175.25

176.98

178.75

180.65



rabie r::-6. (continued).

T

K

     Cp
   -1         -1J.K     .moi

T

K

Cp
   -1J•K    -1.mol

7

K

     Cp
3:"iE:i:;ii;;1":'i'K'i.moi'i

185.646

186.861

188.067

189.277

   Series
190.003

190.250

190.520

190.806

191.106

191.41S

191.726

192.042

192.3S8

192.677

192.996

193.313

193.628

193.943

194.2S9

.194.S75

194.892

19S

196

197

198

200

201

202

203

205

206

207

208

.

.

.

.

.

.

•

.

•

.

.

.

Series

549

588

719

921

148

373

595

Sl3

026

237

456

685

182.52

184.59

186.8S

189.40

 12

190.22

191.46

191.88

192.90

193.95

194.89

196.09

197.26

198.77

200.09

2e2.20

20S.17

208.36

203.25

199.3S

197.55

19S.77

 13

193.55

191.55

190.65

190.32

190.59

190.94

191.68

192.S8

193.29

194.11

194.99

195.91

209.909

211.129

212.344

213.555

214.776

216.005

217.224

218.437

219.651

Series

Sl.458

53.397

54.967

S6.523

S8.044

59.573

61 .113

62.648

64.185

65.)42

67.319

68.90S

70.475

72.029

73.594

75.145

76.688

78.224

79.754

81.303

82.847

84.388

  Series

3.732

196.80

197.80

198.78

199.73

200.78

201.78

202.87

203.77

205.1O

 14

 61.431

 63.S71

 65.232

 66.812

 68.3B2

 69.909

 71.344

-72.843

 74.331

 75.647

 77.107

 78.S03

 79.B84'

 81.161

 B2.532

 83.762

 85.031

 86.303

 87.473

 88.765

 89.977

 91.148

 IS

  O.184

3.873

3.991

  Series

4.627

5.073

5.491

S.882

6.285

  Series

3.843

4.079

4.436

4.838

5.235

5.610

 Series
 4.077

 4.422

 4.790

 5.164

 5.S49

 5.928

 6.293

 6.6SO

 7.014

 7.397

 7.811

 8.258

 8.741

 9.279

 9.897

1O.646

11.S5S

12.590

13.663

o

o

16

o

o

o

o

o

17

o

o

o

o

o

o

18

o

o

o

o

o

o

o

o

1

1

1

1

2

2

3

3

4

5

7

.239

.268

.321

.425

.S36

.635

.759

.207

.222

.287

.369

.467

.576

.221

.278

.363

.449

.549

.673

.809

.946

.109

.301

.548

.840

.181

.619

.168

.870

.794

.928

.239

-57-

r

K
-=.,-
   -1        -1     .molJ.K

Series

 6.720

 7.111

 7.528

 7.983

 8.478

 9.019

 9.631

10.358

11.218

12.184

13.1 7S

17.

18.

19.

20.

21.

23.

24.

Series

163

440

6S4

789

939

105

292

Series

14.022

15.1S5

16.338

17.S24

18.724

19.920

21.113

22.311

23.S17

24.732

21.

23.

24.

Series

983

168

373

19

 O.989

 1.174

 1.391

 1.669

 2.003

 2.419

 2.941

 3.622

 4.456

 S.471

 6.623

20

12.094

14.041

15.946

17.740

19.S91

21.503

23.462

21

 7.737

 9.246

10.899

12.633

14.478

16.375

18.250

20.199

22.186

24.183

22

19.641

21.574

23.S44



Tabie ::I-6. (continued).

T

K

Cp T

K

Cp T

K

     Cp
   .1        -1     .molJ-K

T

K

Cp

J.X -1    -1.mol    -1J-K .mo1-1
J-K -1 .mol -1

25.

26

28

29

30

31

33

34

35

37

38

40

41

42

44

4S

47

48

49

51

S2

53

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

599

Series

845

106

383

671

965

266

S90

929

29e

699

1Ol

509

928

344

747

109

460

838

207

Series

567

948

25

23

27

29

31

33

35

37

39

41

43

45

47

49

51

53

S4

56

58

59

61

24

62

64

.537

.628

.627

.666

.715

.765

.775

.748

.715

.709

.627

.563

.465

.319

.107

.813

.480

.096

.713

.229

.714

.261

55.328

   Series

56.689

S8.033

   Series

189.034

190.434

191.770

192.414

192.478

192.562

192.671

192.805

192.962

193.144

193.342

193.521

193.672

193.810

193.935

194.051

194.163

194.279

194.405

 65.

 25

 67.

 68.

 26

188.

192.

196.

200.

200.

201.

201.

201.

203.

204.

206.

209.

210.

207.

205.

203.

202.

201.

200.

649

044

438

97

46

96

65

89

15

04

B3

13

02

S4

80

71

64

46

97

47

77

39

    Series 27

 195.123 195

 196.436 192

    Series 28

 188.569 187

 189.662 189

 198.214 190

 199.291 190
melted semple

    Series 29

187

188

189

190

191

192

192

193

193

194

194

19S

19S

196

.

.

.

.

.

.

.

.

.

.

.

.

.

.

284

348

461

60S

471

043

598

136

669

206

752

306

859

693

.

.

.

.

.

.

31

09

35

94

15

12

185.49

187.52

190.24

193.43

196.46

199.33

202.73

207.25

208.85

201.47

196.11

193.07

191.58

190.35

189

191

192

192

192

192

192

193

193

193

193

193

193

193

193

193

194

194

194

194

194

19S

.

.

.

.

.

.

.

.

'

.

.

.

-

.

.

.

.

.

.

.

.

•

Serles

949

053

087

621

721

829

940

052

164

275

387

501

614

726

839

9SO

063

174

28S

396

S06

088

 30

1 91

195

199

201

202

203

204

205

206

208

209

209

209

208

206

204

202

201

199

198

197

194

.

.

.

.

.

.

.

.

.

.

.

.

.

-

•

.

.

.

.

.

.

.

44

Ol

Sl

61

54

63

74

69

94

30

50

35

55

13

oo

54

34

13

73

26

15

20
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Tabie :r:-7. Measured molar heat capaeities of p-terphenyl-d14.

T

K

     ep
   .1        -1     .molJ-K

T

K

cp

J-K -1 .mol -1

T

K

     Cp
        -1   -1     .molJ-K

142

144

147

149

1S2

154

157

159

161

164

166

168

171

173

17S

178

180

182

1e5

187

1B7

189

192

194

197

199

202

205

207

210

213

216

218

221

Series

.267

.794

.334

.665

.056

.S73

.063

.418

.791

.181

.S46

.889

.228

.S83

.931

.266

.60S

.942

.250

.531

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Series

146

S71

027

Sl 4

057

6BO

363

077

832

S95

330

071

647

162

 1

150.48

153.56

1S6.47

1S8.99

161.76

164.81

167.87

170.97

174.03

177.40

180.7B

184.39

188.13

192.67

197.74

205.7S

213.00

203.25

201.87

202.89

 2

201.92

203.70

205.25

207.Sl
'210.10

212.87

215.69

218.47

221.30

224.50

227.39

230.42

233.40

236.11

223.936

226.839

229.707

232.S54

235.392

238.209

241.003

243.829

Serie$

24S.835

248.683

251.509

254.342

2S7.182

260.001

262.830

26S.691

268.S33

271.358

274.188

276.997

Series

279.816

282.65S

285.502

288.352

291.174

294.009

296.862

299.698

91.

93.

94.

96.

98.

Series

195

075

948

816

711

238.89

242.18

245.29

249.10

251.79

255.00

257.48

260.69

3

262.31

265.60

268.74

271.74

274.92

278.28

281.33

284.55

287.87

291.07

294.01

297.81

 4

299.94

302.99

306.32

309.64

313.32

315.59

318.24

321.16

s

102.03

103.7S

105.45

107.06

108.73

100.633

102.S85

104.553

106.S23

108.483

110.431

112.369

114.299

116.236

Series

116.432

118.359

120.292

122.2S1

124.224

126.209

128.206

130.215

132.2B7

134.353

136.368

138.399

140.446

142.509

144.589

Series

5S.803

S7.703

59.411

61.0SB

62.739

64.447

66.162

67.914

69.660

110

111

114

115

117

119

121

122

124

6

125

126

128

130

132

134

136

138

140

142

144

146

148

151

153

7

.38

.84

.02

.67

.S2

.24

.05

.72

.58

.Ol

.66

.72

.46

.27

.21

.13

.23

.32

.47

.67

.73

.97

.18

.51

69.701

71.753

73.517

75.264

76.782

78.S54

80.104

81.788

83.441

-59-

r

K

Cp

,r.K .1 .moi -1

71

73

74

76

7B

80

81

83

85

87

88

90

1B2

183

184

185

186

187

188

189

191

173

176

177

177

178

17B

178

179

179

180

180

180

181

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

408

158

912

648

371

1OS

853

618

388

152

91O

677

Series

115

211

327

440

551

659

782

925

06S

Series

981

192

476

849

21S

579

942

304

663

022

379

737

096

 85

 86

 88

 89

 91

 92

 94

 95

 97

 98

1OO

1Ol

8

203

201

200

200

201

201

202

203

204

9

193

198

201

202

205

206

208

21O

213

215

21 5

215

21 O

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

.

.

.

110

590

235

721

207

711

290

B26

317

842

47

93

82

27

84

68

29

91

69

43

32

16

38

oo

93

09

24

32

69

16

83

97

33

46



Table :::-7. {continued}.

T

K

Cp T

K

Cp T

K

cp

J-K -1    -1.moi    -1J.K .mol -1 J.K -1 .mol -1

181

181

182

182

182

184

3

4

4

4

5

s

6

6

6

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

3

4

4

4

5

5

5

3

3

4

4

4

5

5

5

6

6

4S7

819

183

548

914

172

Series

.

.

.

.

.

.

.

955

233

599

962

325

702

096

SOI

899

207

204

203

203

202

201

 10

Series

921

24S

604

965

283

624

988

Series

.

.

.

.

.

.

.

.

.

.

7S9

981

219

519

839

192

558

936

342

7S3

.66

.79

.68

.27

.14

.70

o.

o.

o.

 o.

 o.

 o.

 o.

 o.

 1.

11

 o.

 o.

 o.

 o.

 o.

 o.

 o.

12

20S

267

316

401

518

639

783

954

152

186

250

31 9

431

490

601

729

O.145

O.191

O.240

O.296

O.3S9

O.463

O.565

O.714

O.869

1.068

7.

7.

6.

6.

7.

7.

?.

168

549

Series

149

573

O04

442

893

Series

 7.378

 7.799

 8.248

 8.7S7

 9.360

10.069

1O.924

11.869

12.e58

13.939

8

B

8

10

11

12

13

14

15

16

17

18

19

Series

.032

.463

.964

 Series

.569

.381

.342

.372

 Series

.286

.205

.317

.483 E

.657

.863

 1.268

 1.502

13

 O.830

 O.990

 1.244

 1.421

 1.736

14

 1.377

 1.663

 1.999

 2.402

 2.931

 3.632

 4.532

 S.644

 6.878

 8.403

IS

 1.844

 2.179

 2.588

16

 4.126

 S.073

 6.238

 7.594

17

 9.005

1O.365

12.033

13.932

15.896

17.955

21.130

   Series

14.0B2

15.169

16.215

17.287

18.402

19.544

20.739

22.015

23.289

24.493

Series

21.611

22.B37

24.063

25.287

26.497

27.712

28.927

30.140

31.362

32.617

33.940

35.319

36.883

38.322

39.SS3

4O.866

42.205

43.SB7

45.003

46.463

47.950

49.3Sl

21.121

18

 8.687

10.32S

11.889

13.602

15.467

17.417

19.469

21.6SO

23.931

26.040

19

20.968

23.127

25.303

27.439

29.520

31.SS5

33.609

35.636

37.661

39.710

41.746

43.847

46.212

48.250

49.948

51.805

53.627

55.481

S7.230

59.014

60.875

62.591
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7

K

cp

J-K .1 .mol -1

50

52

53

54

.

.

.

.

675

022

393

795

Series

177.334

17B.121

178.246

178.36B

17B.496

178.627

178.760

178.896

179.032

179.166

179.301

179.434

179.567

179.700

179.833

179.967

180.099

180.231

180.364

180.497

180.630

180.763

180.896

181.030

181.164

181.299

181.433

 64.1Ol

 6S.602

 67.179

 68.64S

 20

200.67

201.93

202.69

201.06

202.09

202.17

204.15

204.23

204.44

20S.76

207.58

209.39

210.85

210.80

211.06

211.99

211.82

212.S6

213.6B

211.43

211.20

209.40

208.35

206.38

205.34

204.20

202.35



Table :::-8 . Molar thermodynamie iunctions of p-terphenyi.

T

K J.K

c
-1

p
   -1.tuel

{H(T)-H(O)}IT

   -1         -1     .tuolJ.K

 S(T)-S(O)
        -1   -1     .meZJ.K

   s

  10

  20

  30

  40

  so

  60

  70

  80

  90

 1OO

 110

 120

 130

 140

 150

 160

 170
 180
  190

 200
 21O
 220
 230
 240

 250
 260
  270

  280

• 290

  300

  298.IS

 O.392

 3.27
 16.49

 32.67

 47.44

 59.86

 70.28

 79.46

 87.72

 9S.S7

103.19

110.81

118.63

126.68

134.84

143.45

152.70

162.77

174.45

191.06

190.33

196.86

204.98

213.81

222.75

231.85

241.23

2SO.91

260.71

270.30

279.90-

278.12

 O.1Ol

 O.82

 5.07

11.S7

 18.75

25.76

 32.33

 38.43

 44.08

 49.37

 54.37

 S9.15

 63.78

 68.31

 72.77

 77.19

 81.62

 86.09

 90.66

 95.47

1OO.43

104.86

109.22

113.57

117.93

122.31

126.70

131.12

13S.5B

140.06

144.56

143.72

  O.131

  1.08

  ?.Ol

 16.75

 28.23

 40.19

 52.05

 63.59

 74.74

 85.53

 96.00

106.19

116.16

125.9B

135.66

145.26

154.81

164.36

173.96

183.81

193.81

203.24

212.58

221.88

231.17

240.4S

249.72

259.01

268.31

277.63

286.95

285.23
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-{a(T)-H(e}}/T
    .1         -1      .!mol J.K

 O.030

 O.27

 1.95

 5.19
  9.49

 14.44

 19.73

 25.17

 30.67

 36.17

 41.64

 47.0S

 S2.39

 S7.68

 62.90

 68.08

 73.20

 78.28

 83.33

 68.35

 93.39

 98.40

103.37

108.32

113.25

118.16

123.03

127.90

132.74

137.58

142.40

141.52



Tabie :rr-g. Moiar thermodynamic functions of p.terphenyl-d14.

r

K

c
-1

p
    -1.mol

{H{T)-H{O}}lr

         -1   -1     .molJ-K

 S{T}-S(O}
G;:.IE:i-:;iii;il:-TK-1.mo1-1

-{C(T)-H(O)}IT

J-K         -1   .1     .moiJ.K

 s
 10

20

 30

40

 50

 6e

 70

 80

 90

1OO

110

120

130

140

1SO

160

170

180

190

200

21O

220

230

240

250

260

270

280

290

300

298.15

 O.421

 3.S6

 18.19

 35.41

 SO.64

 63.30

 74.10

 B3.77

 92.67

101.22

109.83

118.88

128.26

137.97

148.43

159.32

171.76

185.90

215.90

203.50

213.19

223.7g

234.82

245.72

256.22

266.93

278.16

289.48

300.54

311.27

321.55

319.66

 O.109

 O.89

 5.59

12.68

20.32

27.6B

34.S3

40.89

46.81

52.39

57.69

 62.8S

67.90

 72.92

 77.94

 82.99

 88.14

 93.46

 99.21

104.70

109.87

11S.04

120.24

125.46

130.69

135.92

141.17

146.46

151.76

157.08 •

162.39

161.41

 O.142
  1.17

 7.71

 18.37

 30.69

 43.39

 5S.91

 68.07

 79.84

 91.2S

102.36

113.2S

123.99

134.64

14S.24

155.85

166.S2

177.34

188.59

199.60

210.27

220.93

231.S9

242.27

252.95

263.63

274.31

285.03

295.75

306.49

317.22

315.23

 O.033

 O.28

 2.12

 5.68

1O.3B

IS.71

21.37

27.18

33.03

 38.87

 44.66

 50.40

 S6.09

 61.72

 67.31

 72.86

 78.38

 83.88

 89.38

 94.90

1OO.40

105.89

111.36

116.82

122.27

127.71

133.14

138.57

143.99

149.41

IS4.82

1S3.82
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portion as shown by the solid lines in Figure I!T--11,

the excess heat capacities are separated as shown in

Figure Irl-12. Although the transition temperature

shifts to the lower ternperature on deuteration as in

the twist transition of biphenyl, the shape of the

anomalies of the two compounds are very simiiar and the
entropies of transition o.63 J•K'1•mol'1) are equal to

each other, which fact suggests the sarne mechanism of

the transition in the two compounds.

     The critical exponent for heat capacity is
determined by plotting the excess heat capacities of

p-terphenyl measured in the series 26 as shown in

Figure Ur-13, in which the ternperature interval
between the adjacent points was about O.1 K. The same

value of O.13 is obtained below and above the
transition. The positive value should result in the

infinite heat capacity at the transition temperaturer

but the evidence of that was not found in our
experiments. chang53) reported an apparent rounding of

the anomaly near the transition temperature using the

higher temperature resolution (O.025 K).

     The comparison of the results of the melted and

the non-rnelted samples is shown in Figure rrr-14.

There is no apparent difference between the two
samples; it rules out the possibilities of the
forrnation of.metastable phases and poor crystallinity

that affects the phase transition.

     No anomaly was observed at about 8 K in contrast

- 63 -
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to the report by chen et al.54)

     Properties of the phase transitions are summarized

in CPable Ur-12. The heat capacity values reported for
p-terphenyl by chang53) are in good agreernent with

ours. The differences in the enthalpy and the entropy

of transition reflect the difference in the estimation

of the normal portion. The value of the entropy of
transition (1.63 J'K-1'mol-1) is extremely larger than

that of biphenyl although it is smaller than Rln2
(-'v- s.76 J•K-1'mol-1). The transition temperature is

also much higher than biphenyl. These are consistent
with order-disorder nature of the transitionl1r51) of

p-terphenyl.

rll-2-3 p-Quaterphenyl

Experimental

     Commercially available p-quaterphenyl (nominal

purity 99.9 moles per cent, Tokyo Kasei Kogyo Co.,
Ltd.) was purified further by fractional sublirriation at

about 470 K.

     The powdered specimen, which weighed 9.9818 g

(O.032577 mol) in vacuum, was loaded into the
calorimeter vessel. The calorimeter was evacuated and
sealed aftei the addition of a small amount of helium

gas for heat exchange (8 kPa at roorn temperature); the

- 67 -



contribution of the helium to the total heat capacity

was negligibly srnall. The sample contributed about 50

per cent to the total heat capacity including that of

the calorimeter vessel below 20 K. As the temperature

increased, the eontribution of the sarnple decreased to

29 per cent at 100 K. Above 100 K, howevert it
increased again up to 43 per cent at roorn temperature.

     The working therrnorneters, and the apparatus and

the operation of the adiabatic calorimeter were the
9ame as used in the rneasurements on biphenyl and

biphenyl-dlo•

Results and Discussion

     The measured molar heat capacities are shown in

Figure rTr-15 and tabulated in Table r::-10 in
chronological order. The temperature incrernent due to
                                          'each energy input may be deduced frorn the adjacent mean

temperatures; it was small enough to permit the
curvature correction to be ignored in comparison with

the experimental precision. After each energy input,

thermal equilibrium within the vessel was attained in

about 2 min below 15 K, 1O min at about 50 K, 20 min at

about 150 K, and 10 min above 200 K. Concerning
thermal equilibration, no anomalous behavior was
observed in the transition region.

     Some thermodynamic functions at rounded
temperatures were calculated from the primary results

and given in Table IIr-11, in which the small

                      -68-
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Tabie :r:-1o . Measured moiar heat eapae;tles of p-quaterphenyl.

T

K

Cp T

K

Cp r

K

Cp

J.K       -1-1  .moi J.K -1 .anol -1    -1     .molJ.K -1

Series 1

 4.223

 4.S80

 4.976

 5.421

 5.865

 6.295

 6.696

 7.073

 7.45D

 7.851

 8.288

 B.776

 9.342

10.030

1O.S29

3

4

4

4

5

5

6

6

3

4

4

4

5

5

6

6

7

Series 2

.884

.099

.419

.604

.227

.663

.093

.506

O.251

O.337

O.474

O.623

O.Bll

1.036

1.276

1.S33

1.828

2.175

2.556

3.011

3.586

4.331

S.233

Series 3

.951

.210

.498

.8B7

.331

.811

.288

.754

.237

O.161

O.239

O.306

O.407

O.S53

O.726

O.921

1.154

O.190

O.222

O.327

O.429

O.S89

O.793

1.030

1.323

1.669

 7.767

 8.342

 8.981

 9.698

1O.484

11.310

12.131

12.953

13.796

  Series

14.858

15.902

17.071

18.315

19.S30

20.694

   Series

14.leS

15.211

16.334

17.511

18.694

19.909

21.126

22.311

23.483

Senes
24.S67

25.623

26.749

27.931

29.169

30.4SO

31.746

33.033

-t

2

2

3

3

4

5

6

7

9

4

10

12

14

16

18

21

s

•

.

.

.

•

.

.

.

.

.

.

.

.

.

.

099

613

192

958

804

724

861

935

2D4

872

476

474

740

993

232

 g.795

11.381

13.21O

15.267

17.435

19.741

22.046

24.356

26.745

6

28.868

30.962

33.223

35.493

37.930

40.475

43.D27

45.540

34.290

35.505

36.676

37.81B

38.974

40.227

41.524

42.787

44.041

45.290

46.553

47.833

49.116

50.4A3

51.826

53.21O

S4.627

S6.077

S7.S20

5B.960

60.398

61.8S8

63.344

64.834

66.331

67.812

69.2Sl

   Series

70.712

72.247

73.812

7S.413

77.055

78.689

80.313

47.842

a9.473

S2.280

54.304

56.273

58.523

60.687

62.827

64.848

66.786

68.748

70.748

72.754

74.6e9

76.646

78.655

80.651

82.Sl9

 84.492

 86.394

 88.285

 e9.973

 91.873

 93.651

 95.400

 97.160

 98.852

?

1OO.40

102.25

103.94

1OS.60

107.33

109.14

11O.86
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7

K

Cp

J.K •1 .moi -1

81

83

8S

86

88

89

91

93

94

96

 96

 97

 99

1Ol

103

105

106

108

110

112

114

117

118

120

122

124

126

128

129

131

133

13S

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

930

538

145

755

36S

978

592

Senes
186

749

387

Series

237

912

641

401

195

O08

827

654

488

316

123

Series

152

954

769

582

393

203

OlO

BI7

697

617

503

112

114

115

117

11e

120

122

 8

123

12S

126

 9

126

128

129

131

133

135

137

139

140

142

144

 10

147

149

1Sl

153

155

157

1S9

161

162

164

167

.

.

.

.

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

57

21

79

35

93

S9

27

48

28

79

25

08

89

53

28

23

21

17

98

92

72

71

85

67

S5

02

17

07

23

96

97

06



Table :::-10. (continued).

T

K

Cp T

K

Cp T

K

cp T

K

cp

J-K -1     -1.mol    -1J•K .tuol -1 J.K -1 .mol -1 J.K .1 .moi -1

137

139

141

.

.

.

389

257

109

Series

144.793

146.636

148.481

150.328

152.176

154.02e

155.867

157.708

159.551

161.390

163.2S3

16S.133

166

168

170

172

174

176

178

179

.

.

.

.

-

.

Series

994

848

706

566

428

292

Series

139

998

169

171

173

 11

177

179

181

183

185

187

189

191

193

196

198

200

 12

202

204

207

209

212

214

 13

216

218

.07

.Ol

.06

.IS

.29

.15

.21

.27

.49

.63

.69

.86

.04

.28

.63

.52

.95

.06

.44

.04

.oo

.53

.76

181.861

    Series

181.749

183.617

185.487

187.360

189.236

191.1e2

192.956

194.816

196.679

198.54S

200.416

202.276

204.142

206.012

207.871

209.736

211.606

213.480

215.359

217.227

219.083

220.943

222.807

224.661

220.81

 14

220.43

223.11

225.41

227.94

230.14

232.64

235.24

237.60

240.21

242.78

24S.61

247.91

250.42

2S3.21

2S5.6S

2S8.43

261.29

264.36

267.06

270.14

273.18

276.47

279.B4

2B2.63

226

228

230

232

233

235

237

239

241

243

245

247

248

250

252

2S4

2S6

258

260

262

263

265

265

267

269

•

.

.

.

.

.

.

.

.

.

.

.

•

.

.

.

'

.

.

.

.

.

.

.

.

478

312

192

061

936

Bl7

691

560

426

287

IS9

040

914

781

656

539

414

296

188

071

946

Bl3

Series

822

699

S84

286.32

289.75

292.85

296.46

29B.66

300.29

301.26

301.32

301.92

302.6B

303.24

304.5S

306.35

308.09

309.83

312.03

313.92

31S.89

317.62

320.59

322.96

32S.11

 15

323.8S

325.8S

328.27

271

273

275

277

278

280

282

284

286

288

290

292

293

29S

297

299

301

288

290

292

141

143

.

.

.

.

.

.

.

.

.

.

.

.

.

.

-

.

'

.

.

.

.

.

460

328

20S

090

9B2

866

727

S96

473

341

218

102

979

849

713

585

467

Series

784

641

S06

Series

906

722

330

333

334

337

339

341

343

346

348

351

3S3

35S

3S7

359

362

364

366

 16

352

3SS

3S6

 17

173

175

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

66

05

8S

28

52

65

65

40

66

Ol

26

66

36

83

2S

10

27

21

40

64

52

S9

'p 71 -



Tabie rr:-11. Moiar thennodynamic functions of p--quaterphenyl.

T

K

c
-1

p
    -1.mo1

{H(T}-H{O)}IT

   -1         .1     .molJ-K

 S(T)-S(O)
        -1   .1     .molJ-K

-{C(T)-H(O)}IT

J.K    .1        .1     .molJ.K

  5

 10

 20

 30

 40

 so

 60

 70

 80

 90

1OO

110

120

130

140

150

160.

170

180

190

200

21O

220

230

240

250

260

270

280

290

3oo

298.15

  o

  4

 19

 39

 58

 74

 87

 99

110

120

130

140

150

161

1 71

182

194

206

218

231

244

258

274

292

301

307

317

328

340

3S2

364

362

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

•

.

.

.

469

28

94

63

08

02

70

67

52

63

19

49

82

14

80

84

41

24

48

27

74

86

72

98

70

23

50

80

74

80

74

52

  O.114

  1.09

  6.23

 14.07

 22.82

 31.50

 39.75

 47.47

 54.69

 61.46

 67.85

 73.98

 79.96

 85.80

 91.56

 97.28

102.98

108.71

114.46

120.27

126.16

132.14

138.25

144.57

151.00

IS7.10

163.07

169.00

174.92

180.84 '

186.78

185.68

  O.146

  1.41

  8.67

 2e.46

 34.45

 49.17

 63.90

 78.33

 92.3fi

105.97

119.17

132.06

144.73

157.20

169.54

181.76

193.93

206.07

218.20

230.35

242.S6

254.83

267.23

279.84

292.55

304.9S

317.20

329.39

341.S6

353.73

365.89

363.64

  O.032

  O.33

  2.44

  6.39

 11.63

 17.66

 24.14

 30.86

 37.67

 44.Sl

 51.32

 58.08

 64.77

 71.40

 77.97

 84.48

 90.94

 97.36

103.74

11O.08

116.40

122.70

128.99

135.27

141.56

147.85

IS4.13

160.39

166.64

172.89

179.12

177.96

- 72 -



t

su

W
1

T

5
E

k•

.R
eCL

<

15

10

5

o o.o"9. e .e.e. e.No

      e.9.e.e
  .o.o.o.
o. -o

.o.of e

           /ptaN
         elOtO

       otol
     .iei T
   .e' 3ele
 e.O
.e'

ONo

x
 .NoN

    oNo

Cp Nosq.
ON et  se. a.,.::ee.o

O'ori9.20..:.e e.e.o.o.
e .e.os.e

180 200 220 240, 260 280

rlK

Figure II:-16.

p-quaterphenyl.

Excess mo1ar heat capacities of



1

"A
l

Tabie IZZ-12. Properties of phase transitions of p-polyphenylenes.

biphenyl p-terphenyl p-quaterphenyl
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H
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K
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1

/

 K

J'moi
   -1J•K

-1

    -- 1.mol
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 15.3 -

 Oe15 Å}

o.oog t

O.1 40.4 Å}

18.3 30 -
O.02 5.02 Å}
O.OOI O.129 Å}

O.2

47

O.08

O.O03

193.5 Å} O.1
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  304 Å} 20

 1.63 Å} O.10

233.0 Å} O.5
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 1.82 Å} O.10
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      •   reglon
D
   AtrsH

   AtrsS

/

/
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/K
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J

   -1mol
       -1 •-1
    moiK
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O.O09 Å}
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22.5 28 -
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 1.63 Å} O.10



contributions below 4 K were evaluated by smooth
                       'extrapolation to O K.

     As seen in Figure IIT-15, the twist transition is

observed as a broad anomaly with a heat capacity
maxirnum at 233.0 K. The excess heat capacities due to

the phase transition was obtained subtracting the
norrnal portion of the heat capacity by drawing a smooth

interpolating curve between the lower and the higher

ternperature sides as shown by the solid line in Figure

UI-15. The shape and the magnitude of the anornaly

thus determined can be seen in Figure r!!-16, which

extend over a very wide temperature range of about 90

K. The shape of the anomaly indicates that the
transition is of higher-order.

     Properties of the phase transition is given in

Table IZI-12. The entropy of transition is the largest

and the transition temperature is the highest in the

first three mernbers of p-polyphenylenes.

Irl-3 Qualitative interpretation of

        twist phase transitions of p-polyphenylenes

     It is interesting to compare the three lowest
members of the p-polyphenylenes with regard to behavior

at the twist transition. In biphenyl, the transition

temperature is the lowest of the three and the entropy
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value of the transition and the shape of the heat
capacity anornaly are consistent with displacive nature
of the transition associated with soft modes.29"32)

    p-Quaterphenyl also shows a broad anomaly which

extends over a wide temperature range comparable to the

case of biphenyl (about 40 per cent of the center

ternperature of the transition). However, the entropy

of transition is larger by a factor of 14 than that of

biphenyl although it is smaller than Rln2, which is

expected if the mechanism of the transition is of a

simple order--disorder type arising from the twisting of

the rnolecule about the central C-C bond.

     p-Terphenyl is different from the other two in

regard to t.he shape of the heat capacity anomaly, i.e.

it is more like an Ising spin transition. The entropy

of transition is, on the other hand, close to that in

p-quaterphenyl. A critical phenomenon is reported for
this transition.32,63'69)

     The reason why the transition temperatures are in

the order of increasing moleÅëular size may be
understood if we take into account the increasing

number of interacting atom pairs between adjacent
molecules and within a rnolecule as the molecular size

becornes larger.84} lt is therefore the overall

combination of those intermolecular and intramolecular
interactions that deterrnines the force constant for the

twisting motion.

     The twisting of phenyl rings in a molecule is a
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result of a subtle balancing of various forces. rnside

a molecule, the repulsion between hydrogen atoms at the

ortho positions favors the twisted conformation but

delocalization of tr-electrons is against it.
Therefore, there rnust be an optirnum twisting angie.

Usually such a double-rninimum potential tends to cause
                           'an order-disorder type of transition if there is a

mechanism by which the probability of a molecule to

assume one of the two rninirna is strongly dependent on

the orientation of the neighboring molecules, i.e. a

kind of stochastic effect. Howevert if dynamical

coupling between neighboring molecules is such that

there is a dispersion in a branch of the vibrational

spectrurn dependent on temperature, a soft mode
transition would occur. !n the intermediate cases, the

stochastic and dynarnical effects rnay be present at

various ratio.

     Zt probably depends on the distribution of
vibrational modes whether the stochastic or the
dynamical effects prevails in a particular substance.

For biphenyl the dynarnical effect piays a more
important role while p-terphenyZ seems to lie at the

other extreme case where the stochastic rnechanisrn is

dorninant .

     Such situation rnay have a certain relation to the

intramolecular twisting modes. As discussed in Chapter

!It there are two intramolecular twisting modes in
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p-terphenyl and three in p-quaterphenyl if phenyl rings

are treated as rigid and the molecular symmetry as D2h.

Biphenyl has only one twisting mode. It has been

demonstrated that the twisting force-constant in
biphenyl is small and that the coupling between the

twisting degree of freedom and translational and

rotational ones must be taken into acceunt on
considering the lattice vibration of biphenyl
crystal.45,85-88) It is also shown by a lattice-

dynamics calculation that the small force constant can

explain the low ternperature heat capacities (see

Chapter !V). Zf one compares the shape of the
anomalous portion of the heat capacity in
p--quaterphenyl with that in biphenyl, one can infer

that there must be twisting mode or modes in the

p-quaterphenyl molecule that have small force
constants. That is the Au rnode, which has only one

node as shown in Chapter rr, oscillates in the same way

as the biphenyl molecule and has a srnall force
constant. rn contrast to this, the two modes of
p-terphenyl oscillate with larger force constant.

     :t is difficult to make quantitative calcuiations

at' this time because of lack of detailed information of

the crystal structure, the intra- and intermolecuiar

interactions, etc. However, it is possible
                  li'qualitatively to understand the behavior of the three

substances by using the composite model outlined heret

and the isotope effect that the transition ternperature
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shift to the lower temperature on deuteration will also

be rationalized within this model.

rrl-4 Ising type theory for p-terphenyl crystal

    The examination of the crystal structures of

p-polyphenylenes makes us to expect that the
interaction within the ab plane is much stronger than

in the direction of the c axist because the nearest

neighbor distance between the molecular center of mass

in the ab plane is O.49 nrn in contrast to 1.35 nm in

the c direction in the case of p-terphenyl.
:ndeedr the two dimensionaiity has been reported
experimentally.52t61-64)

     The room temperature phase of p-terphenyl isr as

described in Section rrr-1, the disordered one.
Thereforet we do the examination based on the low
ternperature ordered structure.27) The structure viewed

along the c axis is schematically shown in Figure

II!-17, where Roman numerals distinguish
translationally inequivalent molecules. The solid line

represents the triclinic unit cell, and the broken line

shows the cell having the lattice constants 2a and 2b

in terms of those of the roorn temperature phase. The

intermolecular distances between the centers of mass

are RI.zl = Ru-u! = Rrrl-rv = Rrv.-r = Oe487 nm,
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Rl-TTT =Ru.lv = O•555 nm in the ab plane, and
Rl-r = Rzl-rr = RI!I.!n = Rrv.rv = 1.353 nm in the c

direction. Roughly estimated rnoiecular dirnension is
1.350 x O.423 nm2.

     Tt was assumed that the intermo!ecular interaction

was expressed by the sum of interatomic potentials

of Buckingham type, with parameters also used in
Chapter rl.

     Since the "spin" in this case corresponds to the

twisting of the central phenyl ring with respect to the

plane determined by the two outer phenyZ rings, the

atomic positions of "wrong" moleeules must be
calculated first from those of "right" molecules
reported experimentany.27) The atornic positions of

"wrong" molecules were calculated under the conditions;

no translation of the rnolecular center of mass and no

rotation of the principal axes of the rnoment of inertia

tensor. Summation was rnade over all the atom pairs

within the molecule pair under consideration.

     The calculated intermolecular and inter-"spin"

interactions are summarized in Table rZI-13, where the

inter--"spin" interaction energy is defined as,

      J = 2t(Er-r + Ew-w} - it<Er-w + Ew-r)'

             'It is clear that the interaction within the ab plane

are much stronger than those perpendicular to the

plane, and that the values for the inter-"spin"
interaction energies for the 1-rTr and lr-IV pairs are
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Table :rr-13. Caiculated inter-

within the ab plane (upper) and

r, "right" molecule; w, "wrong"

   J = i!(Er-r " Ew.w) ' l(Er.w '

"spin" interaction energies

aiong the c axis (iower).

rnolecule.

 E ).  w-r

  E
   r-r
     -1kJ"moi

  E
   r-w
     -1kJ . rnol

  E
   w-r
     -1kJ•mol

  E
   w-w
     -1kJ.moi

   J

      -1kJ•mol

r -tn
zz -rzl

rrr- Iv

:v- z
: -ru
:: - xv

-39.54

-39.98

'38e7S

-39.80

-28.59

-28.28

-39.46

-39.91

-36.86

-38.60

-22.72

'20-65

'39e72

-37.64

-36.59

-39.00

-13.90

-25.43

-39.75

-39.21

-37.97

-38.89

-28.55

-28.32

 -O.06

 -•1.17

 -1.64

 -O.55

-1O.26

 -5.26

I - :
:r - z:

zrz-In
:v - rv

-- 7.25

-7.28

-7.40

-7.16

-7.34

d. 7.14

-7.1O

-7.13

-7.34

•- 7.14

-7.1O

-7.13

-7.43

-6.97

-6.76

-7.06

o.oo

O.O'2

O.02

O.02
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larger than those for the r-I!, r!-r:r, !rl-rV and Iv-!

pairs. The later indicates the importance of the
colinearlity of the molecular figure axes in the
decision of the intermolecular interaction, which

suggests the penetrating sublattice rnodei (shown in

Figure rr!-18) for the twist phase transition of
p-terphenyl.

    The penetrating sublattice rnodel is redueed to the

rectangular model neglecting the inter-sublattice
interaction because of iYs small values (Table !I!-13),

where the anisotropy in the ab plane is also neglected

for simpZicity. The heat capacity of the two
dimensional rectangular !sing model is given by89)

    C•/Nkb = ';il,i (Lccs+K 2L)2{2 K,'2E,-u- K: >(l'l•` + K.': K,,)},

        L= 712k,7,

        K, = zktyK 2L/ cosk 2L ,

        tcl' = 2•hth.K22L --• l
                       7
             or12        K,= j. t.. Iiliig,i.=,ip 7

             Tl2        Et = f. t `' K3 sin2 cy dct? .

The theoretical heat capacity curve with Tc = 193.5 K

is shown in Figure rrr-19. There exist large tails on

both the lower and the higher temperature sides of the

transition.
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     The experimental excess heat capacities due to the

transition were obtained by subtracting the effective

normai portion (Section Trl-2-2), which was deterrnined

by drawing the smooth interpolating curve. Therefore,

the "excess" part of the theoreticai heat capacity

should be separated also in the same manner as the

experimental for the sake of consistent comparison.

This was done by drawing the smooth interpolating curve

in the transition region experimentally determined (145

K to 225 K)t and the "excess part" is shadowed in

Figure Ur-19.

     The comparison of the experimental and the
theoretical excess heat capacities is shown in Figure

III-20. The agreement of the curves is satisfactory.

     rt is weZl known that the heat capacity of the two

dimensional Ising model diverges as lnlT-Tcl at Tc and

gives the critieal exponent ct = O. On the other hand,

the experimental value is not O but O.13. However, the

discrepancy is not crucial because the exact formula of

the heat capacity given above gives the slope of about

O.1 at IT-TclITc ) O.OOI, where the experiments were

done.
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Chapter rV Crossover of low temperature heat

                capacities of p-polyphenylenes

    In the course of thermodynamic studies on phase

transitions of p-polyphenylenes, the interesting
phenomenon that the heat capacity curve of biphenyl

crosses those of p-terphenyl and p-quaterphenyl at low

temperature was found. The results of heat capacity

measurements on biphenyl, on p-terphenyl, and on
p-quaterphenyl are shown in Figure !V-1 in terms of the

corresponding Debye characteristic temperatures
assuming 6 degrees of freedom per molecule. Below
about 20 K, the heat capacity of biphenyl decreases

less steeply than that of p-terphenyl as the
ternperature decreases, and they cross each other at

about 12 K. The crossover between biphenyl and
p-quaterphenyl is also observed at about 6 K. The

situation is the same for the deuterated analogues

(biphenyl-dlo and p-terphenyl-d14}.

     Since the three compounds have a sirnilar crystal

structure and their intermolecular interactions are

also similar, one would expect that the relative values

of their heat capacities are primarUy determined by

the relative molecular mass, i.e. the heavier molecule

should show a larger heat capacity in the low
temperature regiont where only low-lying lattice modes

are excited. Therefore, there must be some motional
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raode or modes in biphenyl for which the force constant

is much srnaller than for the corresponding mode(s) in

p-terphenyl and in p-quaterphenyl. rt was suspected

that the twisting mode about the central C-C bond in

biphenyl would be the candidate of such a mode, because

(1) the force constant for the twisting vibration in

biphenyl would be, as discussed in Chapter r!, smaller

than those of p-terphenyl and p--quaterphenyl, (2} the

coupling of the twisting rnotion with the lattice
vibration has been pointed out in many experirnentall'3)

and theoreticall,2r4-6) studies of the lattice

vibrations of biphenyl crystal, and (3) the twisted

conformation in p-terphenyl and in p-quaterphenyi is
established below their order-disorder transition7'9)

in contrast with biphenyl in which the incommensurate

structure in the b direction continues to exist even
below the lock-in transition at 16.s K.1O,11)

     It was then tried to rationalize the observed
crossover by a Sirnple model calculation of lattice

vibration spectra for biphenyl and p-terphenyl
crystals; the calculation was not rnade for
p-quaterphenyl because the crossover between biphenyl

and p-quaterphenyl must be explained in the sarne way.
For biphenyl the average crystal structure at 22 Kl2)

(Figure IV-2) was adapted, ignoring the
incommensurability13) which wiu play an important role

only in the very low temperature region where the
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contribution of phason becomes dominant.14} The
structure of p-terphenyl at 113 K7) was corrected for

thermal expansivity down to 22 K by the method of
linear extrapolation using the roorn ternperature data.8}

    The intermolecular interaction was expressed by

the sum of atom-atom pair potentials of Buckingham

typet in which the parameters were the same as in
chapters u and uT.15) The interactions were summed

over molecules within the radiust 1 nm.

     Phenyl rings are assumed to be rigid. Thenr the

Lagrangian L of the system is written in terms of

translational (superscript; t), rotational (r), and

twisting ('t ) coordinates in the harmonic approxirnation

as follows;16)

     L= 7 -• ll,

     7 = -S ?i it )IiL m[a.t (g rc )]2 + Å}41 .Z, :B z., cK) a.' <gK) a,' (A rc)

         ' Å}4k Z. [ aT (A .) ]2,

      V = V, -" -Å} n, Z "Z-L 95:pt cQ tcJ A'kc') a: (A ,c) c(li <sL' K')

                s,i K,K' ct,e

            + 3ii iF,i:i• il,li,?,t tip `i6Il;K tAK• ) A' K)') c,L7X tscK, ) c,cF u'K,')

            'V Å} l[}, rst iil,iK• ilpt `i61" <xKt) A'Kt'> (.c: cg K,) cx:.I: <sc' K;')

            + 'IE'li,}ps, tilltK, ;p 9i't li (AK•)A'K') (.c: (s icF) u; c2.'K,')
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            + Å} ll,i{sc,{l,iK, ;il (X)111'`'(aK/JJL;'K')(t: (aK) ccr (A'K;')

            + 'eE lixrt il.iK, Iill, ÅëtJt (g Kf J A' K}' ) cLr(tK, ) u: ar K)')

            + 'il; il,itsc, til;tK,4 Åëec't<aK) ktg'> (.c:aK,) (.ct (A'K}t)

            + 'Å} ftx IIi,g/c,"Z-.:• 9E?i7"{aKJ k' Kt') cx't"t&) Lc:, c.sL'K,')

            + 'iiE ll.lts, trdK, (IStt{RK,> k'ic') ur(aK.> tLt(At K)t},

      qb     (itst,p (kKJ 2' K;') = > cc} (nb2K. )() c.cp ut K,' ) )

where u is a displacement from an equilibriurn positionr

"'"  denotes derivative with respect to time, and ct and

P mean x, y, or z. A cell in the crystal is labelled

by l and a molecule in a ceXl is by re. The equations

of motion derived from the above Lagrangian were solved

numerically for 512 points picked up uniformly in the

first Brillouin zone.

     The results of calculation are shown in Figures

rV-3 and rV-4. 0n the assumption of the rigid bodyt

where there are no terms involving the twisting
coordinates in the Lagrangian, p-terphenyl shows larger

heat capacities than biphenyl at all temperatures, as

expected from the rnass difference. It was then
attempted to introduce a much greater flexibility in

the biphenyl molecu!e, as compared with the p-terphenyl
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molecule, with regard to the twisting of phenyl rings.

For the overall twisting force constant in the biphenyl

crystal which should include intermolecular part in

principle, the same intramolecular contribution, which
would lead to a frequency of 6o crn'1, is used as in an

isolated rnolecule. The corresponding force constants

for p-terphenyl were assumed to be so large that the

twisting rnodes begin to contribute to its heat
capacities only at sufficiently higher ternperatures.

If it was done, biphenyl comes to show higher density

of states in the low frequency region. On the other

hand, p--terphenyl has higher density between 25 and 45
  -1     due to its larger mass. Figure IV-4 shows thecm

Debye temperature curves caiculated from the spectra of

Figure !V--3 and the greater torsional flexibility in

biphenyl is reflected in the crossover in the heat

capacities at about 12 K. Thus, it was concluded
qualitatively that the crossover can be attributed to

the twisting mode contribution of phenyl rings.

     The interpretation given above has a certain
consequence at still lower terRperatures. Molecules

having a small force constant for the twisting
vibration as biphenyl moiecuie should show large heat

capacities at low temperatures. These points were

investigated by comparing the low ternperature heat

capacities with those of the similar molecule,
4,4'-difluorobiphenyl, on which the experimental

details will be described in Section V-2-1. The
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crystal structure of 4,4'-difluorobiphenyl at low

temperatures is the same as that at room temperaturet

i.e. it is of the biphenyl type (see Sections V-2-1 and

V-3), and the greater 'K-eonjugation is considered to

favor greater softening of the twisting vibration
because it will help flatten the potential at e= O" ,

as discussed in Chapter 11.

     The behavior of the Debye temperature assurning 6

degrees of freedom per molecule in the low temperature

region is shown in Figure IV-5. The heat capacity of

biphenyl becomes larger than that of 4,4'-difluoro-

biphenyl below about 11 K in spite of the smaller rnass

of the former molecule. Thus, it is clear that the

heat capacities of biphenyl crystal are much larger at

low temperatures than those of the homologous molecules

and derivatives. Therefore, the properties of biphenyl

is very unique: The cornpeting effect of the intra- and

intermolecular interactions is very subtle and it play

a critical role in the incommensurate structure of the

crystai in such a way tha't the twisting motion is

strongly coupled to the lattice vibration.
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Chapter V Possibility of phase transition in

 p-substituted biphenyls

V-1 rntroduction

     The crystals of the first three mernbers of
p-polyphenylene undergo phase transitions associated
with a molecular conformation change,1-13) which is a

resultant of delicate balance between the inter- and

the intramolecular interactions. However, their
behavior around the phase transition is considerably

different from one another. Biphenyl shows a phase

transition (at 40.4 K) of a displacive type associated
with the soft modes,14-i7) while p-terphenyl and

p-quaterphenyl crystals undergo an order-disorder type
transitionl1rl8) at much higher temperatures compared

with biphenyl. Furthermore, the heat capacity
anomalies of biphenyl and p-quaterphenyl is very broad
but that of p-terphenyl is sharp.19,20) it is possible

qualitatively to understand the behavior of the three

substances by considering the molecular symmetry and

the potentials for the intramolecular twisting modes,

as described in Section rrl-3.

     rf any substituents were introduced into the
p-polyphenylene moti lecule, the intramolecular part of

the potential curve for a twisting degree of freedom

wouid be affected and the transition, if existed, would
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reflect its contribution. Therefore, it is very
irnportant to study substituted p--polyphenylenes in

order to understand the twist transition.

     Information on crystal structures of symmetrically

substituted biphenyls is tabulated in Table V-1. We

can recognize the following characteristics. (1) Planar

conformation rnay appear in the case that the atoms at

the ortho positions are hydrogen. (2) The central C-C

bond length does not depend strongly on the torsional

angle between the two phenyl rings. (3) There may be a

possibility of existence of the twist transition on

cooling for the crystals of 4,4'-difluorobiphenyl and

p,p'-biphenol (4,4'-dihydroxybiphenyl), as they have a

planar conformation at room temperature.

     The molecuie of 4,4'-difluorobiphenyl in the
gaseous state is twisted by about 4oO.30) The

first determination of the structure of this substance
by Dhar31) showed that the crystal structure was the

same as for the other known 4,4'-dihalogenobiphenyls

(dichloro- and dibromobiphenyl); i.e. the molecule was

twisted in the crystal.22r23} on the other hand,
spectroscopic studies32,33) suggested that the rnolecule

should be planar in the crystal at room temperature.
Halstead et al.21) recently reported the space group

determination by X-ray diffraction (given in
Table V-1), showing planar conformation, which is

compatible with their results of high resolution NMR
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a"o
'

Table V-- 1 . Structures oE symmetrically substituted biphenyls at room temperature.

space group ea /o ib lnm

           6)biphenyl(BP)
               21)4,4'--difluoro-BP

4t4'-dichloro-Bp22)

4,4'-dibrorno-Bp23)

4,4'-dirnethyl-Bp24)(p,p'-bitolyl)

4t4'--dinitro-Bp25}

                26)4 , 4 ' --dihydroxy--BP                   (p,p'-biphenol)
perfluoro-Bp27)

perchloro-Bp28)

2,2't4t4',6t6'-hexachloro-Bp29)

P21/a

P21la

P21/n

P21ln

P21ln

 Pc

P21/a

Fdd2

Pbcn

C2/c

  o

  o

39,42

38,42

36,40

 33,

  o

59.6

86.6

87.3

o

O.1494

.1487,O.

O.1486,O.

   0.1499

   O.147

o

o

.

.

1522

1477

1578

1459

a Twisting angle. b Central c-c bond length.



experiments.21,34)

     4,4'-Difluorobiphenyl is a substituted biphenyl by

fluorine atoms for hydrogen atoms at the 4 and 4' (p

and p') positions. The substitution induces greater

delocalization of r,-electrons, as discussed in Section

Il-2. The planar conforrnation in 4,4'-difluorobiphenyl

should be more favored than in biphenyl, and its twist

transition might be at a lower temperature.

     The crystal structure of p,p'-biphenol is now well

known26,35,36); i't is of biphenyl-type as shown in

Figure V-1. The rnolecules occupy the inversion sites.

Since the molecuie has two hydroxyl groups surrounded

with the four neighboring rnolecules, the hydrogen bonds

form a two dimensional network and the "ice condition"

should be applied to this system. The space group

P21!a does not require the symmetric, nor the
disordered hydrogen bonds. Therefore, if there exists

an order-disorder transition of hydrogen bondsr the

space group can remain unchanged (an isomorphous
transition).

     Taking into consideration the intramoiecular
potential calculated in Section IT-2, the molecule of

p,p'-biphenol will be twisted in the gaseous and the

liquid states, although no reports have been published

on the molecular structure in the isolated state.
                                  '     Since the intramolecular potential curves for the

twisting motion calculated for 4,4'--difluorobiphenyl

and ptp'-biphenoi are very similar to each other as
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described in Section II-2, a similar twist transition

might be observed if the property of the transition was

primarily deterrnined by the intramolecular interaction.

Howevert there exists a rather strong intermolecular

interaction in p,p'-biphenol crystal, i.e. hydrogen

bond. Therefore, it is very interesting to compare the

properties of 4,4'-difluorobiphenyl and p,p'-biphenol.
                                           '     In addition to the two substances described above,
                      'studies on p--phenylphenol (4-hydroxybiphenyl) were made

as Brock and Haner37) recently reported the

possibility of existence of the phase transition
similar to that of biphenyl. They made structure
refinernents on two polymorphs. The crystal grown frorn

solution was reported to beiong to the space group

P212121 with cell constants a = 1.5472 nm, b = O.5469

nm, c = 2.0600 nrn, and Z = 8 at room ternperature. There

were two independent,nearly planar molecules (e= 2.3'

      eand 2.0 ) in an asymmetric unit (primitive unit cell).

On the other hand, the crystal grown by sublimation

under reduced pressure was reported to belong to the

space group P21/a with cell constants a = O.8067 nm,

b = O.5449 nm, c = 2.0022 nm,• /3 = 95.1 4', and Z = 4

at room temperature. There was only one independentt

nearly planar molecule in an asymmetric unit. In both

polymorphs, the hydrogen bonds form one dimensional

chain in contrast to the two dimensional network in
crystalline p,p'-biphenol.26,35r36) From the
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consideration on the densities of two polyrnorphs, they

suggested that the orthorhombic (P212121) forrn was more

stable at low temperatures. Satellite refiections were

observed in the experirnents on the monoclinic (P21!a}

forrn at room temperaturer which could be related to a

structuraZ modulation involving rotation about the long

molecular axis. Thust heat capacity measurements were

made on the sublimed and the subiimed-melted specimens

for the sake of comparison. The powder X-ray
diffraction patterns and the Raman spectra of lattice

modes were also recorded for both the specirnens.

     rn this chapter, experimental results on the three

substancesr 4r4'-difluorobiphenylt p,p'-biphenol and

p-phenylphenol, are described in detail and discussed

in the connection with the intra- and the
intermolecular interactions.

V-2 Heat capacities of the p-substituted biphenyls

V-2•-1 4,4'-Difluorobiphenyl

Experimental

     4,4'-Difluorobiphenyl was purchased from :CN

Pharmaceutieals, Inc. and purified by the method of
'fractionai subiimatl'on in vacuum at room temperature.

In order to avoid possible formation of any metastable

phases and to irnprove crystallinity, the specimen was

                      - 114 -



melted under a heliurn atmosphere (105 pa), cooled

gradualZy down to room temperature for
recrystaliization, and pulverized gently. The purity

of the specimen used for the calorirnetry was better

than 99.9 moles per cent as confirmed by gas-
chromatography. The powdered specimen was loaded into

the calorimeter vessel, which was sealed after addition

of a small arnount of helium gas (6 kPa at room
temperature) for heat exchange. The contribution of

the helium to the heat capacity was negligibly small.

The amount of the sample was 14.7851 g (O.0777378 mol)

after the buoyancy correction had been applied. The

contribution of the sample to the total heat capacity

including that of the calorimeter vessel was 67 per

cent at 10 K, which decreased to 39 per cent at 100 K

and then increased to 52 per cent at 300 K as the

temperature rose.

     The working thermometers, and the apparatus and

the operation of the adiabatic calorimeter were the

same as described in Chapter U!.

Results and Discussion

     The measurements of the heat capacities were made

between 3 and 300 K; the primary results are shown in

Figure V-2 and tabulated in Table V-2 in chronological

order. The temperature increment of each measurernent

rnay be deduced from the adjacent mean temperaturest
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Table V-2. Measured molar heat eapacities of 4,4'.difluorobiphenyl.

T

K

Cp T

x

Cp T

K

Cp

J-K       -1-1  .mol J-K       -1-1  .mol J•K -1 .moi -1

 89

 90

 92

 94

 96

 98

101

1,03

105

107

109

111

113

116

118

120

122

124

126

128

131

133

135

137

139

141

143

146

148

1SO

152

154

156

159

.

.

.

.

.

.

.

.

-

.

.

.

.

.

.

.

.

.

.

.

.

•

.

.

.

.

.

.

.

Series

114

74S

S90

634

772

947

138

296

419

S4S

684

829

987

079

136

233

370

503

663

858

02B

174

297

435

591

725

880

062

222

361

522

663

820

076

 1

 79.437

 80.473

 81.621

 82.921

 84.242

 85.572

 86.899

 88.222

 89.S76

 90.938

 92.309

 93.673

 95.010

 96.504

 97.6S8

 98.978

10e.33

101.71

103.00

104.38

105.78

107.15

108.54

109.93

111.3S

112.71

114.11

11S.54

116.94

118.34

119.78

121.25

122.77

124.34

161.

163.

165.

354

612

851

Series

168.069

170.347

172.648

174.974

177.279

179.S66

181.B37

184.134

186.458

188.765

191.053

193.325

19S.577

197.848

200.145

202.425

204.732

207.064

209.391

211.701

213.987

216.303

218.646

220.974

223.287

22S.58S

227.870

230.183

232.522

234.845

237.15S

12S

127

128

2

130

131

133

134

136

138

139

141

142

144

14S

147

148

150

152

153

1S5

157

1SB

160

162

163

165

166

168

170

171

173

175

176

178

.

.

'

.

.

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

•

.

.

.

.

86

38

62

13

7S

32

85

49

06

S8

22

78

37

9S

43

97

S7

23

86

49

20

81

38

Ol

61

27

95

57

16

73

45

42

92

42

239

241

244

246

248

251

2S3

255

257

260

262

26S

267

269

272

274

276

279

281

283

285

288

290

292

295

297

299

3

3

4

4

4

5

.

.

'

.

.

.

.

.

.

.

.

.

.

.

.

.

.

'

.

.

.

.

.

.

.

.

.

.

'

.

.

.

.

451

732

044

384

71O

021

317

599

901

223

532

Series

119

440

78S

120

435

736

025

300

603

937

2S9

567

862

144

460

81O

Series

5S3

792

134

535

949

381

180

181

183

185

186

188

190

1 91

193

195

196

3

198

200

202

203

20S

207

209

21 O

212

214

21 5

217

218

220

222

223

 4

  o

  o

  o

  o

  o

  o

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

07

77

so

14

82

46

18

94

54

15

88

72

62

20

90

64

21

05

71

36

08

93

76

96

48

20

9S

102

121

163

230

317

429
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T

K

Cp

J.K -1 .mol -1

5

6

7

7

3

3

4

4

s

5

5

7

7

8

9

10

tl

12

14

8

10

11

12

13

14

16

17

19

14

15

.

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

855

391

O08

697

Series

478

780

183

621

039

472

939

Series

113

857

658

488

368

372

616

135

Series

321

113

054

189

480

Series

788

232

791

343

Series

411

608

5

6

o

o

1

1

o

o

o

o

o

o

o

1

1

2

2

3

4

5

7

7

 1

3

 4

5

6

8

8

10

12

15

9

 8

 9

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

5 78

7SO

057

432

092

121

170

246

340

4S6

606

1OS

525

069

711

516

49S

819

768

832

256

1S2

356

866

586

541

754

046

096

685



Table v-2. (continued).

r

K

Cp T

K

    Cp
   -1        -1     .moiJ-K

T

K

Cp T

x

cp

a-K-1      -1  .moi J•X -1 .mol -1 J•K -1 .moi -1

16

18

19

20

22

23

21

23

24

26

27

29

.

.

.

.

.

.

.

.

.

.

.

.

796

Ol1

291

641

036

4S5

Series

951

392

880

378

865

358

11

13

14

16

19

21

10

18

21

23

25

27

29

.332

.087

.973

.966

.025

.133

.893

.041

.211

.336

.387

.421

30.S47

32.302

33.750

35.233

36.737

38.245

39.767

41.285

42.775

44.273

45.S08

47.3SO

4B.878

31 .

33.

35.

36.

38.

40.

42.

43.

45.

46.

4B.

49.

51.

416

326

136

932

717

419

071

689

211

712

175

619

049

50

51

53

54

56

58

S9

61

62

64

6S

67

6B

.

.

.

.

.

.

.

.

.

.

.

.

.

370

832

32e

885

497

111

675

193

696

189

670

196

739

S2

S3

S4

56

S7

58

59

61

62

63

64

65

66

.

.

.

.

.

.

.

.

-

.

.

.

.

391

634

909

172

454

729

919

023

112

21O

286

30S

40S

70

71

73

74

76

77

79

81

82

84

86

87

89

.

.

.

.

.

.

.

.

.

.

.

.

.

273

804

326

841

361

883

460

093

736

375

O04

63B

272

67

68

69

70

71

72

73

74

75

76

77

7B

79

.

.

'

.

'

.

'

.

.

.

.

.

'

446

480

468

483

449

448

472

471

537

S90

S66

61O

669
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Table V-3.

T

K

  5

 10

 20

 30

 40

 50

 60

 70

 80

 90

1OO

110

120

130

140

1SO

160

170

180

190

200

21O

220

230

240

250

260

270

280

290

300

298.15

Molar thermodynamic function$ of 4,4 t .difiuorobiphenyl.

J.K

c
-1

p
    -1•moi

{H(T)-H(O)}/T

   -1         .1     .molJ.K

 S(T)-S(O)
        -1   .1     .molJ-K

-{G(T}-H{O)}/T

   -1         -1     .mol J.K

  o

  3

 16

 30

 42

 52

 60

 67

 73

 80

 86

 92

 9B

105

111

118

124

131

138

145

152

159

166

173

180

187

19S

202

209

216

224

222

.329

.16

.02

.28

.32

.06

.13

.27

.78

.02

.21

.49

.82

.12

.S9

.09

.95

.S3

.34

.16

.11

.21

.21

.30

.S2

.74

.04

.38

.73

.95

.10

.77

  o

  o

  4

 11

 17

 23

 28

 33

 38

 42

 46

 so

 54

 SB

 61

 65

 68

 72

 75

 79

 82

 B6

 89

 93

 96

1OO

103

107

110

114

117

117

.077

.76

.93

.05

.42

.40

.87

.86

.44

.72

.76

.63

.38

.04

.64

.18

.70

.20

.69

.16

.64

.11

.60

.08

.57

.07

.59

.11

.64

.19 '

.73

.07

  O.098

  O.99

  6.78

 16.02

 26.45

 36.97

 47.20

 S7.01

 66.42

 75.48

 84.23

 92.74

1Ol.06

109.21

117.24

125.16

133.00

140.77

148.48

156.14

163.76

171.36

178.93

186.47

194.00

201.51

209.02

216.52

224.91

231.50

238.97

237.59

  O.021

  O.22

  1.85

  4.97

  9.03

 13.57

 18.33

 23.16

 27.98

 32.76

 37.47

 42.11

 46.68

 51.17

 S5.61

 59.98

 64.30

 68.S7

 72.79

 76.98

 81.13

 85'.24

 89.33

 93.39

 97.43

1Ol.44

105.43

109.41

113.37

117.31

121.24

12e.S2
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...s

No
1

Table .V-4. Third law entropy of 4,4'-difluorobiphenyl.

s/ J.K
-1

.mol -1

O to 3 K (smooth extrapolation)

3 "to 298.15 K (graphical)

          asublimation

entropy of real gas at 298.15 K

compression and correction to ideal

SO(4,4'-difluorobiphenyl, 298.15 K,

gas

gt

aeb

P=

   o

 273

 305

 543

-1 Ol

 441

'

e

.

.

'

.

Ol9

59

3

1OOOOOPa)

a

b
AH vap

Using

= 912oo J•mol-1 and p

Berthelot's equation of

O.S092 Pa at

state.

298.1,5   38)K.



which is small enough to neglect the curvature
correction in comparison with the experirnental
precision. After each energy input was overt thermal

equilibrium within the calorimeter vessel was attained

within 1 min below 30 K, in 5 min at 50 K, 15 rnin at 70

K, 25 min between 80 and 180 K, and 20 rnin above 200 K.

    Some therrnodynaraic functions calculated from the

present results are given for rounded ternperatures in

Table V--3, in which srnall contributions below 4 K were

estimated by smooth extrapoiation from the higher

temperature side. The third law entropy of ideal-gas

4,4'-difluorobiphenyl, which involved previous vapor
pressure data,38) was calculated as summarized

in Table V-4.

    As seen in Figure V-2, no apparent thermal anomaly

exists in the ternperature range covered in this study.

The measured heat capacities in the low ternperature

region were converted to the equivalent Debye
characteristic temperatures as shown in Figure V-3t

assuming that there are 6 degrees of freedom per
molecule. The Debye temperature curve does not show

any anomaly eithert in contrast to the case of solid

biphenyl in which there is a broad, shallow minimum in

the Debye temperatures centered at 16.8 K (see Section

rrl-2-1). Therefore, it is concluded that there is no

phase transition in 4,4'-difluorobiphenyl crystal

between 4 and 300 K; if there were anyr its entropy of

transition would be smaller than about

. 121 -
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                                                30

                           T!K

                               '
Figure V-3. Debye characteristic temperatures

corresponding to the measured heat capacities of

biphenyl (solid curve) and 4,4'-difluorobiphenyi (open

circle), assuming 6'4 degrees of freedom per molecuie.

The arrow indicates the location of the lock-in

transition of bipheny:.
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o.oos J•K-1•mol-1.

    It was anticipated that the fluorine substitution

would enhance the Tt-conjugation across the central C-C

bond, and displacing the twist transition to a lower

temperature than for biphenyl. Now, as no phase
transition was found in 4,4'-difiuorobiphenyl, there

remain several possibilities as to what occurs in

4,4'-difluorobiphenyl. It is improbable to believe

that the twist transition in 4,4'-difluorobiphenyl

exists below the lowest ternperature of the present

study for the following reason. Figure V-3 shows that

the heat capacity of 4,4'-difluorobiphenyl becomes

srnaller than that of biphenyl below about 11 K in spite

of the greater mass. This rneans that, in the crystalr

the molecule of 4,4'-difluorobiphenyl is harder and

therefore the potential barrier hindering the twisting

motion is steeper than that ot biphenyl in contrast to

isolated states (see Section Z!--2).

     The question then rernains as to whether the

potential in the crystal has a double or a single
rninimum. The double--minirnum potential model is not

consistent with experimental results and the argument

given above; double-minimum potential wouid give rise

to a phase transition.

     We are therefore led to the conclusion that the

molecule of 4,4'-difluorobiphenyi in the crystal has a

single, steep rninimum in the potential that hinders

- 123 •-



twisting of the central C-C bond all the way from O K

through roorn temperature. The structure shown in Table

V-1 for this molecule may not be then the result of a

statistical average but rnay be a fixed conformation,

although there still remains the possibility that the
molecule is' twisted3i) at an temperatures as in other

4,4'-dihalogenobiphenyls.22,23) This point win be

analyzed in detail in Section V--3.

V-2-2 p,p'-Biphenol

Experirnental

     A sample of p,p'-biphenol was purchased from Tokyo

Kasei Kogyo Co., Ltd., and purified by fractional

sublimation at about 450 K in vacuum. The mass
percentages of C and H were 77.41 {calculated 77.40)

and 5.41 (5.41), respectively for the purified sample

as determined by chemical analysis. The amount of the

sample used for heat capacity measurements was 13.5333

g (O.0726776 mol) after buoyancy correctiont which

contributed 52 per cent to the total heat capacity

including that of the calorimeter vessel at 10 K, 36

per cent at 100 K, 43 per cent at 200 K, and 51 per

cent at 300 K. A small arnount of helium gas (7 kPa at

room temperature) was also put into the calorirneter

vessel for heat exchange, and its contribution to the

total heat capacity was negligibly small.

- 124 -



    The working thermometers, and the apparatus and

the operation of the adiabatic calorimeter were the

sarne as described in Chapter rrr.

Results and Discussion

    The measured heat capacities of p,p'-biphenol from

3 K to 310 K are shown in Figure V-4 and tabulated in

Table V-5 in chronological order. After each heat

input was over, therrnal equilibrium within the
calorimeter vessel was attained within 1 rnin between 7

and 30 K, in 7 rnin at 50 K, 25 min at 100 K, and 15 min

above 200 K. However, below 6 K the time needed for

equilibration was long as 7 min; it will be described

in detail in the following.

     Some thermodynamic functions obtained through

Tnanipulation of the measured values are tabulated in

Table V-6, where the srnall contributions below 4 K were

estimated by smooth extrapolation from the higher

temperature side.

     The Debye characteristic temperatures
corresponding to the measured heat capacities in the

low temperature region are shown in Figure V-5 assuming

9 degrees of freedorn per molecule. As seen in Figures

V-4 and V-5r no anomalous behavior of heat capacity was

observed in the temperature region covered in this

study. Therefore, it is concluded that there is no
phase transition in p,p'-biphenol crystal between 4 and

•- 125 -
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Tab1e V-5 . Measured moiar heat capaeities of p,p '-biphenol.

T

K

     c
         -1   -1     .moiJ.K

T

K

    c
        .1   -1     .molJ-K

T

x

     c
   .1        -1J•K     .snoi

 90

 91

 93

 94

 96

 98

1OO

3

4

4

4

5

s

7

8

3

4

4

s

5

6

7

8

4

4

5

5

6

6

7

8

.

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

•

.

'

.

.

.

.

.

.

.

.

.

.

.

.

Serie$

126

474

191

9B7

875

B32

826

Series

641

OOI

412

786

219

768

Series

249

077

Series

931

290

656

1S6

762

4Sl

255

081

Series

104

519

Series

241

693

248

943

716

514

1

73

74

75

77

78

79

80

2

 o

 o

 o

 o

 o

 o

3

 o

 o

4

5

6

.61O

.643

.806

.Oll

.266

.S67

.878

.038

.054

.071

.095

.146

.258

.584

.890

O.045

O.057

o.le2

O.164

O.263

O.409

O.601

O.868

O.052

O.1 Ol

O.130

O.226

O.352

O.519

O.748

1.041

 9.

10.

10.

12.

13.

14.

16.

18.

20.

332

180

Series

6S9

112

359

Series

987

827

453

O18

Series

14.455

16.120

17.721

19.163

20.527

21.865

23.219

24.608

Series

25.748

27.294

29.655

32.090

33.765

35.432

37.106

38.753

40.372

41.967

43.5S8

45.107

46.622

48.I SI

49.664

51 .1 61

 1.409

 1.896

7

 2.179

 3.1 8S

 4.145

8

 5.S62

 7.2S3

 B.93S

1O.531

9

 5.083

'6.578

 B.1 51

 9.693

11.187

12,699

14.285

15.929

10

17.279

19.1 06

21.921

24.810

26.74S

28.647

30.538

32.321

34.062

35.708

37.394

38.901

40.3S8

41.877

43.326

44.67S

52

54

55

57

58

60

62

63

6S

67

68

70

72

74

75

77

79

81

83

84

86

88

90

12

13

14

15

16

17

IS

19

20

21

23

24

25

.637

.121

.667

.2S2

.884

.S64

.248

.913

.S81

.265

.969

.677

.403

.156

.921

.702

.486

.261

.026

.785

.540

.292

.048

Senes
.733

.698

.S94

.497

.4s6

.469

.SS9

.710

.8S8

.976

.077

.174

.279

45

47

48

49

51

52

53

55

56

57

59

60

61

62

64

65

66

67

69

70

71

72

73

11

 3

 4

 5

 s

 6

 7

 9

10

rl

12

14

IS

16

.994

.310

.622

.996

.348

.698

.990

.31S

.600

.B47

.125

.372

.638

.871

.11e

.367

.600

.788

.025

.212

.371

.575

.780

.S76

.38S

.169

.994

.863

.877

.031

.279

.5S3

.826

.116

.421

.726
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T

x
.2.-'
        -1   -1J.K     .mol

26.

27.

28.

29.

3e.

392

499

596

678

73e

Series

101.657
    '103.711

105.805

107.944

11O.089

112.197

114.293

116.384

118.464

120.56S

122.666

124.752

126.833

128.911

131.006

133.091

135.172

137.272

139.392

141.521

143.651

145.803

147.960

150.119

152.269

154.402

156.515

158.597

160.690

162.817

164.944

18.049

 19.355

20.652

21.937

23.207

 12

 Bl.274 '
 82.605

 84.117

 8S.619

 87.109

 B8.588

 ge.ooo

 91.422

 92.88S

 94.373

 95.809

 97.236

9B.692

1OO.12

1Ol.64

103.13

104.64

106.22

107.73

109.27

110.76

112.37

113.89

115.40

11?.02

118.32

119.92

121.47

122.96

124.50

126.06



Tabie v-5. {continued).

T

K

Cp T

K

Cp

J-K -1      -1  .mol    .1J•K .moi -1

T

K

     Cp
3`:.'1:'i':;K'1.mo'1

167

169

171

173

175

177

179

181

183

185

188

190

192

194

196

198

201

203

205

207

209

211

213

216

218

220

222

224

226

228

.

.

.

.

.

.

-

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

.

•

.

.

.

.

.

•

051

16e

285

384

496

613

Series

581

681

loe

9S5

803

251

401

561

730

883

023

166

301

444

596

746

914

077

222

351

470

600

735

858

127

129

130

132

133

135

 13

135

137

139

140

142

143

14S

146

148

150

151

1S3

155

156

1S8

159

161

163

164

166

167

169

171

172

.58

.08

.52

.oo

.44

.06

.56

.21

.03

.55

.16

.75

.30

.98

.50

.17

.79

.40

.07

.72

.24

.78

.34

.05

.76

.35

.84

.so

.09

.76

230.988

233.125

235.246

237.377

239.519

241.647

243.783

245.937

248.074

250.188

2S2.314

2S4.450

2S6.591

2S8.738

260.874

262.946

26S.025

267.168

269.299

    Series

271.476

273.634

275.B18

278.034

280.258

282.488

284.727

286.957

289.194

291.440

293.677

174.40

176.24

177.47

179.06

180.66

182.1O

183.Bl

le5.43

187.04

188.58

190.03

191e72

193.38

195.06

196.70

198.29

199.89

201.48

202.93

 14

204.36

206.13

207.Sl

209.67

211.28

212.94

213.98

216.S3

218.42

219.77

221.00

295.904

298.140

300.383

302.616

304.832

307.0Sl

309.279

311.Sl7

313.762

315.995

Series

14.332

15.126

1S.886

16.606

17.31S

18.039

18.782

19.S31

20.272

21.007

21.739

22.479

23.232

23.976

24.710

25.442

26.171

26.897

27.626

28.354

222.64

224.33

22S.97

227.S9

229.23

230.89

232.S2

234.07

235.76

237.53

 15

 4.979

 5.674

 6.358

 7.030

 7.730

 8.S23

 9.274

10.093

10.914

11.721

12.S54

13.413

14.293

IS.219

16.0S6

16.933

17.784

18.6S6

19.506

20.372
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T

K

cp

J.K -1 .mol -1

29.e75

29;789

   Series

14

14

IS

16

16

17

17

18

19

19

20

20

21

21

22

22

23

23

24

25

25

26

26

27

27

28

29

29

30

-

.

.

.

.

.

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

'

.

.

258

88S

504

097

671

243

832

424

O06

580

14S

703

2S3

797

337

873

412

95S

504

OS9

622

177

727

292

866

447

036

628

208

21

22

16

 4

s

6

 6

 7

7

8

 8

9

10

10

11

11

12

13

13

14

IS

IS

16

17

17

18

19

19

20

21

21

22

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

227

062

91 9

469

oes

547

OB4

630

251

874

493

120

742

378

967

617

249

880

S22

175

81S

475

138

803

449

131

797

485

209

898

576



Table V-6.

T

K

   5

  10

  20

  30

  40

  50

  60

  70

  80

  90

 1OO

 110

 120

 130

 140

 1SO

 160

 170

 180

 190

 200

 21O

 220

 230

 240

 250

 260

 270

 280

. 290

 300

 31O

 298.15

Moiar therinodynamic Eunctiens of p,p '.biphenol.

J-K

c
-1

p
    -1.mol

{H(r)-H(O}}/T
    -1         -1      .mol J.K

 SCT)-S(O)
   -1         -1     .molJ-K

  o

  1

 10

 22

 33

 43

 S2

 59

 66

 73

 80

 87

 93

1OO

108

115

122

129

136

143

1 Sl

1S8

166

173

1 81

188

196

203

211

218

22S

233

224

.134

.78

.60

.32

.66

.62

.24

.87

.93

.70

.31

.03

.9S

.93

.13

.29

.37

.4S

.32

.S6

.03

.S3

.03

.61

.02

.44

.02

.46

.09

. 3-3

.68

.02

.31

  O.026

  O.403

  3.09

  7.S3

 12.68

 17.89

 22.92

 27.66

 32.13

 36.3B

 40.44

 44.36

 48.21

 51.99

 S5.75

 S9.48

 63.19

 66.88

 70.54

 74.19

 7?.85

 81.51

 8S.19

 88.87

 92.SS

 96.24

 99.93

103.63

107.33

111.03

114.73

118.43

114.0S

  O.032

  O.507

  4.15

 10.65

 18.65

 27.26

 35.99

 44.63

 53.09

 61.36

 69.47

 77.44

 S5.31

 93.10

100.85

108.SS

116.22

123.B5

131.44

139.01

146.56

154.11

161.66

169.20

176.75

184.29

191.83

199.37

206.90

214.44

221.96

229.40

220.57
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-{C(7)-H(O)}17
    -1          -1      .moi J-K

  O.O06

  O.104

  1.07

  3.12

  5.98

  9.37

 13.oe

 16.97

 20.96

 24.99

 29.03

 33.07

 37.1O

 41.11

 4S.10

 49.07

 53.03

 56.97

 60.90

 64.Bl

 68.71

 72.60

 76.47

 80.34

 84.20

 88.05

 91.90

 95.74

 99.58

103.41

107.23

111.05

106.52
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315 K; if there were any, its entropy of transition
would be srnaller than about o.oos J•K'1•rno!'1.

    It was expected that the substitution with
hydroxyl groups would enhance the fr-conjugation across

the central C-C bond, thus displacing the twist
transition to a lower temperature than for biphenyl.

Now, since no phase transition was found in
p,p'-biphenol as in 4,4'-difluorobiphenyl, the same

discussion about the twist transition should be applied

to the case of p,p'-biphenol and the same conclusion is

drawn concerning the molecular structure and the
potential hindering the twisting rnotion in the crystal.

    Although there was nothing unusual in the heat

capacity measurements above 10 K, slow thermai
relaxation was encountered in the lower temperature

region. The approach of the thermometer reading to a

steady drift is shown in Figure V-6. As the thermal

equilibrium is usually attained within a few tens of

seconds, it seems that there may be some slow rnechanism

of the heat flow in this crystal lattice. Zt can be

considered that the crystal consists of
sub-systems, the "lattice" and the other systems. A

few min is needed for the heat flow between the
"lattice" and the other sub-system, or for the thermal

equilibration within the sub-system. Zt is interesting

that the Debye charaeteristic temperature decreases

rapidly in this ternperature region as the temperature

increases (see Figure V-5). rn view that such a
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phenomenon is not observed in the other substances

without hydrogen-bond but in p-phenylphenol (see the

next section)r the hydrogen-bond may play an important

role in this slow process.

V-2-3 p--Phenylphenol

Experimental

    The sampie of p-phenyiphenol was purchased frorn

Tokyo Kasei Kogyo Co., Ltd., nominal purity; better

than 99 rnoles per cent and purified by fractional

sublimation at about 360 K in vacuum. Gas-
chromatographic analysis showed no detectable
irnpurities. A part of the sublimed specimen weighed

18.9334 g (O.111235 mol) in vacuum was used for the

adiabatic calorirnetry without any further sample

treatment, and this sample is denominated the sample A

here after. The rest of the sublimed specimen was
melted under the helium atmosphere (105 pa), and

gradually cooled down to room temperature for
recrystallization. The sarnple was then pulverized

gently. The amount of the melted-pulverized sample

used for the calorimetry was 15.2147 g (O.089388 rnol)

after buoyancy correction; this sample is denorninated

the sample B. Each of the samples was put into the
calorimeter vessel with a small amount of heliurn gas (7
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kPa at room ternperature) for heat exchange; its
contribution to the total heat capacity was negligibly

small. The contribution of the sample to the total

heat capaeity including that of the calorimeter vessel

was 70 per cent in the case of the sample A (65 per

cent in the case of the sample B) at 20 K. rt
decreased to 46 per cent (40 per cent) at 1OO K as the

temperature increasedt however, it recovered again to

60 per cent {54 per cent) at 300 K.

     The working thermorneters, and the apparatus and

the operation of the adiabatic calorimeter were the

same as described in Chapter :I!.

     The Raman spectra in the lattice vibration region

were recorded for both the samples at liquid nitrogen

and room temperatures. The laser Raman spectrorneter

(model R750, Japan spectroscopic Co., Ltd.) was used

with the laser excitation of argon ion of 514.5 nm.

Results and Discussion

    Measured molar heat capacities of the sarnple A are

shown in Figure V-7. The measured values of the
sainples A and B, are tabulated in chronological order

in Tables V-7 and V-8. The ternperature increment due

to each measurernent may be deduced from the adjacent
                  -mean temperatures, which is smalZ enough to ignore the

curvature correction in comparison with the
experimental precision. The heat capacities of the
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Tabie V-7. Measured molar heat eapacities of subiimed p-phenyiphenol. {sample A).

T

x

Cp T

K

Cp T

K

    Cp
   .1        -1     .tuoiJ.K

r

K

cp

J.K -1      -1  .moi    .1J.K .moi -1 J•K-1 .mol -1

3

4

4

4

5

5

6

7

8

3

3

4

4

5

5

6

6

7

8

9

10

10

11

12

13

Series 1

.856

.172

.533

.947

.431

.992

.618

.314

.051

Series 2

.500

.824

.217

.646

.130

.652

.229

.B89

.619

.3S7

.096

14

IS

16
17'

18

19

.

.

.

.

.

.

.

.

.

'

.

Series

O06

873

741

635

532

Series

512

608

684

748

813

902

O.118

O.IS9

O.216

O.298

O.415

O.571

O.784

1.064

1.411

 o.

 o.

 o.

 o.

 o.

 o.

 e.

 D.

 1.

 1.

 2.

3

 2.

 3.

 3.

 4.

 5.

4

 6.

 7.

 8.

 9.

11.

12.

084

116

165

237

338

472

645

884

200

SBO

OI3

609

237

91O

660

383

428

539

683

874

06B

342

Series

15.08S

16.264

17.473

18.704

19.919

21.106

22.280

23.476

24.699

Series

22.523

23.740

24.970

26.212

27.463

28.721

29.976

31.224

32.459

33.684

34.908

36.136

37.380

38.640

39.910

41.216

42.587

43.980

4S.376

46.79B

48.22S

49.640

51.051

S2.458

ti

5

 6.995

 B.241

 9.56S

10.9S5

12.382

13.773

15.186

16.640

18.108

6

15.501

16.980

18.4S3

19.965

21.456

22.976

24.431

25.904

27.314

28.770

30.113

31.489

32.761

34.137

3S.422

36.770

38.124

39.449

40.767

42.0S3

43.365

44.602

4S.784

46.935

S3.864

55.305

56.780

S8.2S8

S9.743

61.372

63.048

64.610

66.144

67.664

69.184

70.711

72.227

73.737

75.2S6

76.7B3

78.291

79.S18

81.391

82.975

84.571

86.166

B7.763

89.362

90.951

92.S44

94.142

9S.771

 97.

 98.

1OO.

102.

104.

1OS.

Senes
219

913

609

311

Ol8

732

48.096

49.269

50.404

51.524

52.679

53.876

55.067

S6.138

S7.182

S8.216

S9.279

60.250

61.265

62.242

63.215

64.1 71

65.186

66.113

67.106

68.066

69.037

69.991

70.904

71.916

72.874

73.830

74.B16

75.795

7

76.597

77.608

78.574

79.603

80.606

81.S56

107.454

109.169

110.B86

112.637

114.409

116.190

117.965

119.737

121.518

123.311

12S.115

126.947

128.790

130.616

132.424

134.214

136.03S

137.887

139.720

141.S36

143.338

145.126

146.944

14B.791

150.638

IS2.500

154.378

1S6.272

1S8.166

160.045

161.926

163.808

165.676

167.544

82.616

83.590

B4.617

B5.641

86.705

87.692

8B.807

89.864

 90.912

91.981

 93.030

 94.151

 9S.260

 96.377

 97.476

 98.559

 99.634

1OO.75

1Ol.83

102.96

104.04

105.18

106.37

107.47

108.59

109.78

11O.94

112.14

113.33

114.56

115.71

116.92

118.11

119.39
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rabie V-7. (continued).

T

x

     Cp
   -1         -•1J'K     .moi

T

K

Cp T

K

Cp r

x

cp
   -TJ.K .moZ-1 J.X -1 .mol -1 J.K -1 .mol -1

169

171

173

175

176

17B

180

182

1B4

186

188

190

191

193

195

197

-

.

.

.

.

.

-

-

.

.

.

.

.

.

Series

418

291

167

045

926

811

699

573

450

331

199

072

982

914

822

739

8

120.57

121.72

122.99

124.26

125.51

126.76

127.97

129.17

130.39

131.63

132.98

134.20

135.49

136.7S

138.04

139.41

199.632

201.Sl4

203.383

205.239

207.085

208.919

21O.774

212.667

214.S6S

216.468

218.376

220.290

222.208

224.115

226.013

227.915

229.823

140.72

141.92

143.17

144.56

14S.7B

146.92

14B.30

149.60

1SO.87

1S2.20

IS3.51

154.78

156.07

157.52

158.87

160.21

161.46

231

233

235

238

240

242

244

246

248

2SO

2S2

2S4

256

2S8

260

263

-

.

.

.

.

.

•

.

.

.

.

.

.

.

.

-

803

855

Series

914

OlO

129

236

330

41O

479

535

578

643

732

826

925

029

162

164

9

165

167

168

170

171

173

174

176

177

179

180

182

183

185

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

85

38

79

24

81

32

79

23

73

20

65

21

65

13

B3

24

265

267

269

271

273

27S

278

280

282

2B4

286

2eB

290

292

294

296

298

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

-

.

175

347

sos

650

780

898

O03

097

177

245

336

4S4

S57

665

779

8BO

986

186

18B

1B9

191

192

194

195

197

19B

200

201

203

205

206

208

209

211

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

73

29

96

50

95

45

96

47

94

46

98

47

06

S3

05

62

13
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Tabie V-p8. Measured molar heat capaeities of melt.trozen p-phenyiphenoi tsampie B).

 r

' K
     Cp
:;:.'iE:r:;li;;I:TK-i.moi'i

T

K

Cp r

K

Cp
   -1         .1     .moiJ.K J-K       -1-1  .mol

T

x

     Cp
r-::pt.rl     .molJ.K

  Series
 4.313

 4.476

  Series
 4.891

 5.186

  Series
 6.232

 6.674

 7.249

 7.9S8

   Series

 4.920

 5.251

 S.601

 6.020

 6.504

 7.071

   Series

 8.334

 9.060

 9.786

1O.550

11.412

12.338

13.278

   Series

14

15

16

17

18

20

21

22

'

'

'

'

•

•

.

.

360

493

621

769

966

193

422

639

1

 O.099

 O.225

2

 O.158

 O.24B

3

 O.703

 O.867

 1.110

 1.461

4

 O.193

 O.254

 O.474

 O.622

 O.802

 1-038

5

 1.683

 2.133

 2.6S5

 3.227

 3.899

 4.701

 5.515

6

 6.561

 7.700

 8.860

1O.147

11.530

12.973

14.452

15.901

23.842

25.044

26.259

27.556

2B.869

30.142

31.429

32.709

33.972

35.192

36.393

37.634

38.902

40.175

41.471

42.760

44.045

45.393

46.733

48.009

49.274

SO.5B7

51.

53.

54.

Series

955

336

712

Series

54.517

55.946

57.417

58.938

60.485

62.034

63.591

65.1S4

ti

17.353

1S.806

20.294

21.848

23.402

24.911

26.379

27.892

29.315

30.713

31.980

33.353

34.5BO

35.g44

37.210

38.464

39.712

40.916

42.20B

43.3S3

44.427

45.S43

7

46.642

47.778

48.861

8

48.742

49.876

51.021

S2.156

53.276

54.374

55.444

56.S37

66.74S

68.345

69.931

71.527

73.139

74.755

76.364

77.967

79.566

81.162

82.756

84.364

85.9B6

87.609

89.233

Series

 89.S94

 91.255

 92.94S

 94.652

 96.362

 9B.076

 99.794

1Ol.Sl9

103.236

104.994

106.792

108.S67

110.321

112.054

113.769

115.465

117.150

118.869

120.629

S7.59S

58.727

59.775

60.783

61.79S

62.831

63.B43

64.826

6S.798

66.829

67.823

68.787

69.771

70.692

71.753

9

72.076

73.087

74.087

7S.080

76.082

77.021

78.058

79.075

80.021

Sl.084

82.118

83.144

B4.189

85.201

86.183

87.184

88.247

69.260

90.242

122.403

124.255

126.169

128.063

129.939

131.798

133.639

135.464

137.272

139.063

140.839

142.619

144.460

146.362

148.264

ISO.152

IS2.034

153.919

155.793

1S7.668

IS9.545

161.425

163.324

165.

167.

169.

171.

172.

174.

176.

178.

180.

182.

184.

Se4es
246

184

125

es2

964

864

767

674

586

5e2

430

 91.

 92.

 93.

 94.

 95.

 96.

 98.

 99.

100.

1Ol.

102.

103.

104.

105.

107.

108.

109.

110.

111.

112.

114.

115.

116.

 10

117.

118.

120.

121.

122.

123.

12S.

126.

127.

128.

130.

330

368

461

648

800

947

027

172

25

3S

48

4S

67

eg

09

10

24

S2

74

88

10

25

46

67

92

14

3S

68

90

13

39

60

9S

14
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Table V-8. (continued).

7

K

Cp T

x

Cp T

K

Cp r

K

cp

J.K -1      -1  .moi J-K -1 .mol -1 J•K -1 .mol -1 J•K
.•1

.moi -1

186

1BB

190

192

194

196

198

200

202

204

20S

207

209

211

213

215

217

219

221

223

22S

227

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

'

.

.

.

'

.

370

299

266

269

258

234

196

147

086

Ol 3

928

832

739

651

572

Sl4

462

400

326

240

163

OB9

131.37

132.70

133.93

135.32

136.74

138.03

139.38

140.72

142.05

143.40

144.63

145.89

147.14

148.SO

149.80

1Sl.15

1S2.46

1S3.82

1S5.21

156.50

1S7.B35

159.11

229

230

232

234

236

238

240

242

244

246

248

250

2S2

254

2S5

257

259

261

263

26S

267

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

O06

91O

Series

829

781

75B

724

679

623

558

482

395

266

145

062

98S

91 6

836

74S

697

689

671

160

161

 11

163

164

166

167

168

170

171

172

174

175

176

178

179

180

182

183

185

186

1S7

.

.

.

.

.

.

.

--

.

.

.

.

.

.

.

.

.

.

.

28

88

16

5B

04

51

86

21

SB

90

13

49

67

14

60

89

34

6S

oo

40

82

269

271

273

27S

277

279

281

283

28S

286

288

290

292

294

296

298

300

A

5

5

6

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

643

604

554

495

426

347

2S7

1S9

051

968

908

838

792

773

74S

706

656

Series

695

136

707.-,

404

189

190

192

193

194

196

197

199

200

201

203

204

20S

207

20B

21O

211

 12

  o

  o

  o

  o

.

.

.

.

.

.

.

.

.

.

.

'

.

.

.

.

.

.

.

.

33

68

07

49

78

09

59

10

so

7S

22

71

88

32

70

26

S6

334

SlS

559

792

7

7

3

4

4

4

5

6

6

7

B

8

9

10

11

12

13

.

.

-

.

.

.

.

.

.

.

.

.

-

-

.

-

.

166

943

Series

716

189

Series

333

976

S56

151

776

411

108

838

633

496

400

385

S13

 1

1

13

o

o

14

o

o

o

o

o

 1

1

2

2

3

3

4

5

.

.

.

'

.

.

.

.

.

.

.

.

.

.

.

.

097

4S2

135

151

168

306

S24

713

932

207

572

O04

556

195

909

729

72S
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Tabie V-9. Molar paerrnodynamic funetions of

subMmed p-phenylphenoi Csample A}.

  T

  K

    Cp
   .1        -1     .moiJ.K

{H(T)-H(O)}/T  s(r)-s(o)
3':"iF:iT;i;;S:i'K-i.moi'1

.{G(T)-H(O)}/r
   -1J.K    -1. tuoi    -1        -1     .moiJ-K

  5

 10

 20

 30

 40

 50

 60

 70

 80

 90

1OO

110

120

130

140

150

160

170

180

190

200

21O

220

230

240

250

260

270

280
'290

300

298.15

 O.310

 2.60
 12.46

 24.4S

 35.54

 44.89

 52.85

 S9.79

 66.23

 72.32

 7B.24

 84.11

 90.01

 96.01

102.02

108.23

114.50

120.97

127.49

134.13

140.92

147.70

1S4.65

161.62

168.71

175.82

183.05

190.24

197.40

204.63

211.87

210.S4

 O.071

 O.666

 3.90

 8.74

14.09

19.35

24.28

28.B7

33.14

37.16

40.97

44.63

48.16

51.61

55.00

58.34

61.65

64.95

68.24

71.54

74.83

78.14

 81.46

 84.79

 88.15

 91.51

 94.89

 98.29

101.70

10S.13

108.S7

107.93

 O.091

 O.871

 5.41

 12.73

 21.32

 30.29

 39.19

 47.87

 56.28

 64.44

 72.36

 80.09

 B7.67

 95.11

102.44

109.69

116.8B

124.01

131.11

138.18

145.23

1S2.27

1S9.3e

166.33

173.36

180.39

187.43

194.47

201.Sl

208.S7

215.63

214.32

 O.O19

 O.205

 1.52

 3.98

 7.23

1O.94

14.91

19.00

23.14

27.28

31.39

3S.47

39.50

43.49

 47.44

Sl.3S

S5.22

59.06

62.q7

66.64

70.40

74.13

 77.B4

 Bl.S4

 85.21

 88.88

 92.54

 96.18

 99.81

103.44

107.06

106.39
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Table V-1O. Molar thennodynamic funetions of

  melt.frozen p.phenyiphenoi {sample B).

T

K

    Cp
   -1        -1J.K     .moi

{H(7}-H(O}}/r  S(T}-S(O)
        -1   -1     .moiJ-X

-{C(T)-H{O)}IT
   -1J-K    -1.mo1    -1        -1     .molJ.K

  5

 10

 20

 30

 40

 50

 60

 70

 80

 90

1OO

110

120

130

140

1SO

160

170

180

190

200

21O

220

230

240

2SO

260

270

280

290

300

298.15

  O.378

  2.82

 12.74

 24.74

 35.72

 45.02

 52.89

 S9.79

 66.13

 72.23

 78.17

 B4.00

 89.91

 95.86

1Ol.92

108.05

114.36

120.72

127.21

133.81

140.63

147.41

1S4.28

161.26

168.34

175.34

182.37

1B9.52

196.66

203.96

211.14

209.79

 o
 o
 4
 8
 14

 19

24

29

33

37

 41

 44

 48

 51

 ss

 S8

 61

 64

 68

 71

 74

 78

 81

 84

 88

 91

 94

 98

1Ol

104

108

107

.097

.739

.06

.96

.31

.55

.47

.03

.28

.27

.06

.70

.22

.65

.03

.36

.66

.95

.23

.50

.79

.09

.39

.71

.05

.40

.76

.14

.53

.94

.36

.73

  O.126

  O.98S

  5.71

 13.14

 21.80

 30.81

 39.73

 48.41

 56.81

 64.95

 72.87

 80.60

 88.16

 95.59

102.91

110.15

117.33

124.45

131.54

138.S9

145.63

1S2.6S

IS9.67

166.68

173.69

180.71

187.72

194.74

201.76

208.79

215.82

214.52

 O.029

 O.246

 1.6S

 4.19

 7.49
 11.25

 IS.26

 19.38

 23.54

 27.69

 31.81

 35.90

 39.94

 43.93

 47.89

 51.80

 55.67

 S9.50

 63.31

 67.09

 70.84

 74.S7

 78.28

 81.97

 85.64

 89.30

 92.95

 96.59

100.22

103.85

107.46

106.79
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sarnple B is not shown in Figure V-7. Although the

general feature of the heat capacities of both samples

was sirnilar, the srnall difference at the iowest and at

room temperatures was observed. After each energy

input was overt therrnal equilibrium within the
calorimeter vessel was attained within 2 min below 30

K, in 12 rnin at 50 K, 18 rain at 100 K, 10 min at 200 K

and 7 min at 300 K in measurements on the sarnple A.

However, in the sarnple B, it took as long as 1O rnin at

4 K, decreased to 30 s at 14 K, then increased to 20

rnin at 1OO K and decreased again to 7 min above 250 K

as the temperature rose.

     Some thermodynamic functions at rounded
temperatures were calculated from the primary results

and are given in Tables V-9 and V-10, in which small

contributions below 5 K were evaluated by smooth
extrapolation to O K.

     The difference between the low temperature heat

capacities of the two samples is shown in Figure v-8.

The Debye characteristic ternperatures of the two

samples are also shown there. For the sample B, the

reliable data could not be obtained below 5 K. The

heat capacity of the sample B is larger than that of

the sample A below 65 K. The fact that there is no
                  ''

apparent maximum in the difference curve suggests that

the origin of the difference may be in the difference

in crystal lattice itself or in the crystallinity. On

- 142 -
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Figure V-8. Debye characteristic temperatures of

sublimed (sampie A, open circle} and melt-frozen

(sample B, square) p-phenylphenoZ, assurning 6 degrees

of freedom per rnolecule, and the heat capacity

difference between the samples A and B. The filled

squares correspond to the instantaneous heat capacities

of the sample B.
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the other hand, the higher temperature values of heat

capacity of the sample A is slightly larger than that

of the sample B (O.4 per cent at 300 K).

    No anomalous heat capacity is seen in Figures V-7

and V-8. The powder X-ray diffraction patterns showed

that both the samples were of P21/a polymorph. Thusr

it is concluded that there is no phase transition
between 4 and 300 K in contrast to the suggestion given
by Brock and Haner.37)

     Slow relaxation observed at the lowest temperature

region in the sample B is similar to that in
p,p'-biphenol described in the preceding section. In

view that such a phenomenon was not observed in the

crystals without hydrogen bond, it may have some
connection with hydrogen bond network and chain. The

sample B was prepared by melting under helium
atmosphere and gradual cooling for recrystallization,

while the sarnple A by sublimation only. Thus, it is

likely that the crystallinity of the samples is
considerably different each other. The X-ray powder

diffraction patterns of both samples, indeed, showed

differences in intensity of diffraction lines but their

locations agreed with each other within the
experimental precision and they couid be indexed by

assuming the P211a poiymorph.
                 '     The Rarnan spectra of both the samples are shown in

Figure V-9. The spectra of both samples become well-

resolved on cooling, and there are no anornalous

                     - 144 -
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behavior in agreement with the results of heat capacity

measurements. Taking into consideration the results of

the X-ray diffraction experiments, the difference in

the spectra between the samples A and B should be

attributed to the different crystallinity of the
samples.

     Finallyr the comparison of the heat capacities of

biphenyl, p-phenylphenol and p,p'-biphenol is shown in

Figure V-10. In spite of the smallest mass, below 100

K, biphenyl shows the largest value of the heat
capacities, and p-phenylphenol shows larger heat
capacities than p,p'-bipheno!. On the other hand, the

order of the heat capacity vaiues at room temperature

is reversed, i.e. biphenyl < p-phenylphenol <
p,p'-biphenol. Their heat capacity values are , at low

ternperatures, primarily determined by the lattice

stiffness; the hydrogen-bond makes the crystal lattice

stiffer. At higher ternperatures, the order of the heat

capacity values can not be explained by the lattice

properties such as its stiffness or mass effect since

their lattice heat capacities already saturate to the

classical value at room temperature. Thus, the order

of the heat capacity values at room temperature rnust be

determined by the difference of the number of degrees

of freedom. The.. number of freedom per molecule
increases by 3 per substitution with a hydroxyl group.
The difference of about 13 J•K-1'rnol'1 between biphenyl
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and p-phenylphenol and between p-phenylphenol and
p,p'-biphenol may be attributed to the C-O vibrations

(bending and stretching) if the simple localized scheme

of intrarnolecular vibration could be applied.

V-3 Stability of a planar molecular conformation in

      4,4'-difluorobiphenyl and p,p'--biphenol crystals

     As no anomaly was found in the heat capacity curve

of 4,4'-difluorobiphenyl crystal in the ternperature

region where thermal motion plays an important role, it

is meaningful to compare the static cohesive energy

(i.e. Iattice energy) of a crystal consisting of planar

molecules with that of a crystal consisting of twisted

rnolecules in order to discuss the stability of a planar

conforrnation in the crystalline state.

     Two probable crystal structures were considered.

The structure of a crystal consisting of planar
moiecules was taken to be the same as that of
biphenyl21); p21/a, z = 2 (there is a half molecule in

an asymmetric unit).6) The structure eonsisting of

twisted molecules was assurned to be the same as that of

the other 4,4'--dihalogenobiphenyZs31) (dichloro- and

dibromobiphenyi); P211n, Z = 8 (there are two
independent moieculbs in an asymmetric unit).22,23)

     The molecular geometry was fixed; the phenyl rings

were assumed as a normal hexagon with the C-C bond
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 length of O.140'nm. The centrai C-C bond length was

 O.150 nm. The length of C-H and C-F bonds were O.110

 nm and O.149 nm, respectively. The twist angle of the

 phenyl rings was 40' for 4,4'-dihalogenobiphenyl-type

 structure. Since this value of twist angle is observed
 in other crystalline 4,4'-dihalogenobiphenyls22,23) and

 it is the sarne as for an isolated 4,4'-difluorobiphenyl

 molecule within the error of the experimental value30),

 the first derivative of the intramolecular potential

•curve could be neglected in the minimization of the

 lattice energies. The twist angle for biphenyl-type

 structure was O".

      !ntermolecular interaction was represented by a

 sum of interatomic potentials of Buckigham type. Their
 parameters were taken frorn literature.39,40)

      Lattice energies of two crystal structures were
 calculated using the accelerated convergence method41)

 and minimized with respect to the size and the shape of

 the unit cells, i.e. 7 and 16 variables for biphenyl-

 type and 4,4'-dohalogenobiphenyl-type structures,
 respectively, using the DAFLEp.42)

      Crystal structural parameters and lattice energies

 obtained are given in Tabie V-11 with probable
 experimental data for the sake of cornparison. The

 discrepancies between the calculated and the
 "experimental" values in both cases are of the same

 order of magnitude as that reported for biphenyl
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Tabie V-11. Calculated and "observed" lattice parameters of 4,4'-difluorobiphenyl.

a/ nm bl nm c/ nm B/ o. (v/z) / nm3 EZ       -1kJ'mol

,

.or

o
t

P21/a t

  2'= 2

  planar

calc.
    31)obs.

Aa /"

o

o

.7541

.776

-2.8

O.553S

O.S81

 -4.7

o

o

e9930

.996

-O.3

88.66

92.6

-- 4.3

O.2072

O.2243

 "7e6

-113

 *
 -

P21/n

  Z=8
  twisted

calc.
    21)obs.

Aa 1g

1.

1.

500

483

1.1

1.270

1.330

 -4.S

o.

o.

o

948

945

.4

94.91

96.8

-2.0

Oe2249

O.2313

 --2.8

-96

'
-

aA = 100'{calc. -
          .

obs.)Zobs.



crystal.43) However, the purpose of the calculation is

to eiucidate the reiative stability of two crystal

structures.

     The final values of lattice energy was -96 kJ•
mol-1 for the 4,4'-dihalogenobiphenyl-type of structure

and -113 kJ•rnol'1 for the biphenyl-type of structure.

These values must be corrected further for the

intramoiecular energy difference between the planar and

the twisted conformations. This difference is about 10
kJ•mol-i in the case of biphenyl,44) and it is smaner

in 4,4'--difluorobiphenyl than in biphenyl due to

greater tr-conjugation through ehe central C-C bond;

this was confirmed by the simple calculation by the

Htickel model described in Section lr-2. The difference

in the resultant lattice energy between the two
structures was thus derived as about 7 kJ•mol'1.

Therefore, the biphenyl-type structure is stabie even

at O K in contrast to the case of biphenyl crystaZ

because of the stabilization of a planar conformation

due to greater 7t-conjugation in 4,4'-difluorobiphenyl

molecule.

     A sirnilar interpretation should be applied to the

absence of the twist transition in p,p'-biphenoi

because of the following reasons. First, it must be

pointed out that the intramolecular potential of
ptp'-biphenol is very sirnilar to that of 4,4'-difluoro-

biphenyl in spite of the different substituents as

shown in Section Zr-2. Secondr the intermolecular
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interaction favoring a planar conformation has a two

dimensional character as discussed in Section rU-4

because the interatomic distance between 4 (4')
position and the other positions of the neighboring

molecule changes little on the twisting of the
neighboring molecule. Thus, the part favoring a planar

conformation in the interaction is expected to be
similar in 4,4'-difluorobiphenyl and in p,p'-biphenol.
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Chapter VI Twisting motion in o-substituted biphenyls

Vr-1 Zntroduction

     Since the intrarnolecular potential for the

twisting is a resultant of two opposite effectst
delocalization of at-eiectrons and steric repuision

between ortho atorns, the twist angle of a free molecule

increases from 42' in biphenyll,2) to 7oe in
perfiuorobiphenyl (pFB)3) as the atomic size at the

ortho positions increases. rn crystalline statet

molecules of PFB and perchlorobiphenyl (PCB) are
twisted about 6oe4-'7) and s7',8) respectively. These

values can be interpreted with the van der Waals radii

of fluorine and chlorine atoms. The crystal packing

force is balanced with repulsion between ortho atoms.

This situation shows that in PFB and PCB crystals

molecules are tightly packed and that the twisting

degree of freedom is strongly suppressed.

     Although the idealized symmetry D2 of a twisted

molecule gives non vanishing probability of the Rarnan

process for the twisting vibration in contrast to the

syrnrnetry D2h of a planar molecule, no direct
observation has been reported so far.9tlO) Therefore,
                 .ti
it was attempted to obtain some information about a

twisting motion from low temperature heat capacities of

PFB and PCB as in the case of biphenyl and p-terphenyl

                     - 156 -



(see Chapter II:).

VI-2 Heat capacities

         of perfluorobiphenyl and perchlorobiphenyl

Experimental

     Commercially available PFB (Alfa Division, Ventron

Corporation) was purified by fractional sublimation in

vacuum at roorn temperature. The powdered specimen

(13.5159 g, O.0404524 mol) was loaded into the
calorimeter vessel. The calorimeter was evacuated and

sealed after the addition of a small amount of helium

gas for heat exchange (8 kPa at room temperature). The

purity of the sample used for the calorimetry was
better than 99.9 moles per cent as determined by gas-

chrornatography.

     The PCB standard reagent <nominal purity; better

than 99.0 moles per cent, gas-chromatography) for
quantitative analysis of polychlorinated-biphenyls was

purchased from Wako Pure Chemical Industriest Ltd., and

purified further by fractionai sublimation in vacuum at

about 450 K. The powdered specimen (13.0809 gt
O.0262322 rnol) was loaded into the calorimeter vessel

with a smail amount of helium gas (5 kPa at room
temperature). The contribution of the sample to the

total heat capacity including that of the calorirneter
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vessel was 70 per cent in the measurernents on PFB (73

per cent in PCB) at 10 K, 41 (37) per cent at 50 K, 36

(31) per cent at 100 K, and 45 (36) per cent at 300 K.

The heat capacity of helium gas in the vessel was
negligibly small with respect to both the total and the

sample heat capacities.

     The working thermometers, and the apparatus and

the operation of the adiabatic caiorimeter were the

same as described in Chapter rl!.

Results and Discussion

     Measured molar heat capacities of PFB and PCB are

shown in Figure Vr-1 and tabulated in Tables Vr-1 and

Vr-2 in chronological order. The scatter of the
present data is slightiy larger than those of the other

sample described previous chapters because of the

smaller amount of the samples. No therrnal anomaly is

seen in both heat capacity curves. The temperature

increment of each individual measurementt which may be

deduced from the' adjacent mean temperaturesr is small

enough to permit the curvature correction to be ignored

in comparison with the experimental precision. After

each heat input, thermal equilibration was reached

within 2 min below 20 K, in 15 min at 60 K, 25 min at

100 Kt 30 min at 150 K, and within 20 min above 200 K
                  s
in the measurements on PCB. Almost the same was in

PFB.

     The comparison of the present results with the
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Table Vl-1 . Measured rnoiar heat eapacities ot perfiuorobiphenyl.

T

K

Cp T

K

Cp

   -1        -1     .molJ.K    .1J.K .mol -1

T

K

     Cp
   -1        .1     .moiJ-K

2

3

3

3

4

4

5

s

6

6

7

8

9

9

10

11

12

3

3

3

4

4

5

5

6

6

7

8

9

10

11

11

13

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Series

.

.

.

.

.

.

.

.

.

.

.

-•

.

.

.

.

641

102

484

845

233

621

046

Sl6

042

660

41S

276

111

920

757

705

706

Series

116

454

820

189

596

071

583

142

792

536

352

200

083

O02

9B7

049

1

o

o

o

o

o

o

 1

 1

 1

 2

3

 4

5

 6

 8

10

12

2

 o

 o

 o

 o

 o

 1

 1

 1

 2

 3

 4

 5

 7

 8

10

12

.127

.215

.317

.429

.S84

.786

.053

.377

.806

.376

.219

.269

.552

.909

.283

.057

.038

.219

.302

.425

.573

.787

.075

.432

.890

.S05

.350

.393

.624

.115

.747

.627

.802

14.

15.

16.

17.

18.

19  -•

Series

133

242

3SB

487

628

770

Series

1S.786

16.912

18.091

19.322

20.586

21.844

23.0S9

24.266

25.486

Series

26.700

27.911

29.135

30.365

31.S87

32.806

34.028

35.252

36.475

37.701

38.935

40.177

41.436

42.698

43.945

45.194

46.477

-t

3

15.152

17.617

20.147

22.703

25.236

27.825

4

18.83S

21.395

24.044

26.858

29.547

32.207

34.705

37.121

39.464

s

41.72B

43.821

46.114

48.002

50.149

52.092

54.103

S6.e37

57.871

59.775

61.449

63.382

65.074

66.940

68.S63

70.472

72.224

47.791

49.12S

SO.483

51.848

53.203

54.S96

S6.004

57.3S6

58.769

60.141

61.522

62.942

64.3B4

65.829

67.281

68.741

70.188

71.647

73.140

74.609

76.075

77.550

79.038

80.S60

82.120

83.71B

85.332

B6.965

88.635

90.315

91.966

93.605

95.245

96.874

98.492

 74.080

 75.971

 77.705

 79.360

 81.339

 83.369

 85.227

 B7.048

 8B.671

 90.732

 92.531

 94.478

 96.360

 98.228

100.10

1Ol.96

103.94

1OS.90

107.81

109.91

111.79

113.66

115.SO

117.33

119.44

121.47

123.78

125.83

127.84

130.03

132.12

134.12

136.14

138.04

140.00
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T

K

     Cp
   -1        -1J.K     . tuol

1OO.103

 Series

1Ol.723

103.339

105.003

106.696

108.419

110.160

111.892

113.61S

115.337

117.052

118.774

120.521

122.278

124.018

125.742

127.463

129.183

130.902

132.650

134.440

136.270

13B.112

139.940

141.753

143.611

145.512

147.399

149.271

1Sl.128

152.974

IS4.851

156.761

158.657

141.92

6

144.21

146.07

148.07

150.05

152.15

154.01

IS6.15

IS8.05

160.12

162.11

164.09

166.04

167.97

169.96

171.8B

173.81

175.66

177.65

179.56

181.41

183.51

185.3S

187.27

189.09

191.11

193.17

195.08

196.80

198.76

200.54

202.42

204.31

206.19



Tabie Vl-1. (continued).

T

K

Cp T

K

Cp T

K

Cp

J.K -1      -1  .mol    -1J.K .moi -1    -1        -1     .tuoiJ.K

T

K

    Cp
3':.'iE:"5-:;liKilK'i.mo'i

160

162

164

166

168

1-69

171

173

175

177

179

181

183

185

187

188

190

192

194

.

.

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

.

.

541

413

273

136

O03

860

706

541

389

277

184

080

Series

024

020

O05

9BO

944

898

B43

207

20S

211

213

215

216

218

220

222

223

225

227

7

229

230

232

234

23S

237

239

.91

.66

.47

.30

.12

.87

.55

.52

.17

.B2

.61

.22

.oo

.80

.46

.24

.86

.73

.35

196.777

198.702

200.64B

202.617

204.578

206.532

208.S07

210.505

212.494

214.472

216.441

218.402

220.354

222.299

224.236

226.164

228.08S

230.009

231.966

233.976

240.

242.

244.

245.

247.

249.

250.

'252.

254.

255.

257.

258.

260.

262.

263.

265.

266.

267.

269.

271.

97

65

33

91

55

20

B6

41

16

83

40

83

52

04

so

06

49

87

39

Ol

236.009

238.036

240.089

242.167

244.23S

246.295

24B.348

250.392

252.42B

254.457

256.479

258.472

260.528

262.699

264.894

267.081

269.331

271.640

273.941

276.233

272.43

274.12

275.76

277.41

279.11

28e.28

281.65

283.30

284.75

286.41

287.97

289.28

290.80

292.3S

294.14

295.56

297.31

299.18

300.67

302.0S

278.

280.

283.

287.

290.

292.

294.

297.

299.

Sl6

827

168

Series

B60

170

468

760

077

423

Series

282.156

284.489

286.810

289.119

291.455

293.818

296.172

298.512

300.855

303

305

306

8

309

311

313

31 4

316

31 8

9

306

307

309

311

312

31 4

316

317

319

.60

.39

.98

.54

.69

.59

.98

.66

.29

.32

.96

.53

.13

.91

.18

.14

.59

.22
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Tabie V:-2. Measured moiar heat capacities of perchlorobiphenyl.

T

K

     Cp
3:'F:l;;i:TK'i.rnoi'i

r

K

     Cp
        -1   .1     .tuo1J•K

7

K

Cp
   -1        -1     .taolJ.K

Series

 81.

 S2.

 84.

 86.

 88.

 89.

 91.

 93.

 94.

 96.

 98.

100.

101.

103.

10S.

107.

109.

110.

112.

114.

116.

118.

120.

121.

123.

125.

127.

129.

131.

132.

134.

136.

138.

140.

037

82S

60S

350

054

775

484

192

927

663

402

144

888

663

470

280

096

91 8

749

5B7

406

23S

074

89S

728

574

405

217

050

934

859

797

719

656

 1

149.96

152.68

155.31

157.78

160.35

162.69

165.04

16?.28

169.78

172.08

174.46

176.6B

178.68

181.04

183.57

185.86

188.23

190.37

192.75

194.95

197.20

199.42

201.0S

203.68

20S.66

207.54

209.86

211.72

213.B7

216.02

218.09

220.30

222.21

224.17

142.

144.

146.

148.

150.

608

S45

468

407

363

Series

IS2.268

154.228

1S6.207

1SB.173

160.129

162.073

164.036

166.048

168.078

170.097

172.136

174.194

176.242

178.278

180.303

182.351

184.420

186.478

1B8.527

190.566

192.S95

194.646

196.719

198.783

200.838

202.885

204.924

206.954

209.008

226.19

228.13

230.13

231.98

233.89

2

235.42

237.50

239.69

241.4S

243.28

24S.17

247.02

248.77

250.62

2S2.35

2S3.89

255.87

257.57

2S9.36

261.25

263.00

264.91

266.55

268.21

269.96

271.7S

273.27

274.91

276.64

278.57

280.35

281.S2

283.51

285.17

211.08S

213.1S3

215.213

217.267

219.312

221.349

223.335

225.328

227.404

229.535

231.689

233.836

Series

235.927

238.0S7

240.179

242.326

244.498

246.662

248.819

250.970

253.115

25S.2S3

257.401

259.5S9

261.71O

263.855

26S.993

268.142

270.301

272.453

274.S99

276.757

278.925

281.086

286.

288.

289.

291.

292.

294.

295.

297.

298.

299.

302.

303.

 3

304.

30S.

307.

309.

311.

312.

313.

314.

315.

317.

318.

320.

321.

322.

324.

325.

327.

328.

329.

33e.

332.

333.

65

39

62

12

81

38

75

07

52

94

09

47

09

88

76

60

25

40

Ol

62

72

26

7?

os

7B

85

17

53

17

13

32

67

27

57
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r

x

    Cp
!i':'Y(:T:;iil;Sl::' i'i.moi'i

283.241

285.389

287.533

289.687

291.848

294.005

296.156

29B.301

300.439

5.

6.

6.

7.

8.

9.

9.

4.

4.

4.

5.

s.

6.

6.

Series

868

354

946

620

313

Ol7

733

Series

068

366

729

163

646

203

807

Series

3.938

4.219

4.538

4.975

S.562

6.284

7.048

7.808

8.5Sl

334

336

337

339

340

340

342

344

345

 4

  3

  4

  5

  6

  8

  9

 11

 5

  1

  1

  1

  2

  3

  4

  5

 6

.77

.32

.87

.85

.60

.77

.60

.08

.43

.532

.392

.46S

.776

.255

.843

.491

.O19

.323

.825

.432

.208

.131

.205

O.930

1.166

1.568

2.175

3.064

4.262

5.670

7.204

8.769



Tabie Vl•-2. (continued).

T

K

Cp T

K

Cp T

K

Cp T

K

Cp

J-K       -1-1  .moi    -1a.K .moi -1 J.K -1 .mol -1 J.K -1 .mol -1

9

10

B

9

10

11

i2

13

10

11

12

13

15

16

17

IB

.

.

'

.

.

.

.

.

.

.

.

-

.

.

.

284

036

Series

659

S34

432

399

497

744

Series

S93

623

719

872

Series

147

43B

66S

962

10

12

7

9

11

13

15

18

21

8

13

16

18

21

9

25

28

31

34

.312

.21S

.047

.048

.1 41

.497

.109

.279

.559

.056

.664

.575

.047

.275

.3S2

.681

20.

14.

15.

16.

17.

18.

20.

21.

316

Series

133

298

481

677

866

055

2S9

Series

21.739

22.963

24.207

25.446

26.664

27.888

29.129

30.364

31.601

38.076

10

22.371

25.313

28.233

31.30S

34.325

37.333

40.280

11

41.567

44.650

47.737

SO.714

53.658

S6.361

59.204

61.983

64.667

32

34

3S

36

37

38

40

41

42

44

45

46

4B

49

so

52

53

55

56

.

.

.

.

.

.

.

.

.

-

.

.

.

.

.

.

.

.

.

829

047

269

494

733

971

229

540

865

196

532

873

228

S82

940

304

657

O03

344

67

69

72

74

77

79

 82

 84

 87

 89

 92

 94

 96

 99

1Ol

104

106

108

111

.

.

.

.

.

.

.

•

.

.

.

.

.

.

.

.

.

.

.

372

909

412

976

446

781

261

736

285

S72

022

448

941

418

78

14

60

81

05

57

59

60

61

63

64

66

67

68

70

71

73

75

76

78

79

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

•

680

Ol7

373

765

194

643

097

5S5

999

430

890

416

Ol1

61S

206

787

113

11S

117

120

122

124

127

129

131

134

136

13B

141

143

146

148

.

.

.

.

.

.

.

.

-

.

.

.

.

.

.

.

39

6S

89

09

54

85

17

51

79

18

28

73

11

62

08

38
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rabie VI-3.

  T

  K

  5

 10

 20

 30

 40

 50

 60

 70

 80

 90

1OO

110

120

130

140

150

160

170

180

19e

200

21 O

220

230

240

250

260

270

280

;90

300

298.1S

Moiar thermodynamie iunctions of pertiuorobiphenyZ.

    Cp
   -1        -1J.K     .mo1

{u(r}-H{o}}lr
         -1   -1     .mol J.K

 S(7)-S{O)
3':.'il:T:;i;iil:'i'K'i.moi'i

-{G{r>-H(O}}/T
   .1         -1 J.K     .moi

  1.03

  6.95

 28.31

 47.S2

 63.2S

 77.09

 90.49

103.77

116.7B

129.61

141.94

154.00

165.44

176.63

187.38

197.63

207.38

217.06

226.32

235.14

243.73

252.06

260.22

267.94

275.63

283.04

290.37

297.74

304.81

311.78

318.67

317.43

   O.251

   1.90

   9.59

  19.13

  28.23

  36.62

  44.49

  52.01

  59.30

  66.40

  73.34

  80.13

  B6.76

  93.2S

  99.59

  105.79

  111.84

  117.74

  123.S2

  129.16

  134.6e

  140.07

  14S.35

  150.51

  155.56

  160.51

  165.37

  170.13

  174.82

. •179.42

  183.95

  183.12

  O.322

  2.54

 13.64

 28.87

 44.74

 60.34

 75.59

 90.S3

1OS.24

119.74

134.04

148.14

162.03

175.72

189.20

202.48

215.5S

228.41

241.09

253.S6

265.84

277.94

289.8S

301.S9

313.16

324.56

335.80

346.90

357.86

368.67

379.36

377.39

  O.071

  O.64

  4.06

  9.74

 16.51

 23.72

 31.1O

 38.53

 4S.95

 53.34

 60.70

 68.01

 7S.27

 82.47

 89.61

 96.70

103.72

11O.68

117.S7

124.40

131.17

137.87

144.51

1S1.08

157.59

164.04

170.43

176.77

183.04

IB9.25

195.41

194.28
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Table V:-4.

7

K

  5

 10

 20

 30

 40

 50

 60

 70

 80

 90

1OO

110

120

130

140

1SO

160

170

180

190

200

21O

220

230

240

250

260

270

280

290

300

298.15

Molar thermodynantc functions of perchiorobiphenyi.

J.K

c
-1

p
    -1.moi

{H(T)-H(O)}IT
         -1    -1      .mol J-K

 S(T)-S(O)
   -1         -1     .mol,r.K

-{C(T}-H(O)}/T
    -1          -1      .moi J.K

  2.21

 12.13

 37.26

 61.21

 81.81

1OO.12

117.26

133.42

148.54

162.95

176.47

189.27

201.45

212.72

223.56

233.S5

243.19

2S2.25

260.96

269.51

277.81

285.84

293.29

300.63

307.36

313.83

320.40

326.61

332.87

338.85

345.16

343.96

  O.506

  3.65

 14.11

 25.90

 37.36

 48.10

 S8.20

 67.80

 76.96

 85.73

 94.14

102.21

109.98

117.45

124.65

131.58

13B.25

144.70

1SO.91

1S6.93

162.77

168.44

173.95

179.30

184.SO

189.54

194.45

199.23

203.89

208.44

212.89

212.07

  O.638

  4.93

 20.94

 40.68

 61.18

 81.42

101.19

120.49

139.31

157.6S

175.53

192.95

209.95

226.52

242.69

2S8.46

273.84

288.S6

303.52

317.B6

331.90

345.65

359.12

372.32

385.26

397.94

410.38

422.S9

434.58

446.36

4S7.9S

455.82

  O.133

  1.29

  6.84

 14.78

 23.82

 33.32

 42.99

 52.69

 62.35

 71.92

 81.39

 90.7S

 99.97

109.07

118.04'

126.8S

135.59

144.16

152.61

160.93

169.13

177.21

185.17

193.02

200.77

208.40

215.93

223.36

230.69

237.92

24S.06

243.75
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previous data on pFB by paukov and pakhrnenkulovll) is

shown in Figure V:-2. The present data is srnaller than

theirs by about 1 per cent in entire temperature

reglon.

     Some thermodynamic functions were calculated Erom

the primary data and they are given for rounded
ternperatures in Tables Vr-3 and VI-4, in which small

contributions below 4 K were estimated by smooth
extrapolation to O K (see also Figure Vr-3).

     The third law entropy may be calculated using the

vapor pressure data of pFB.i2ti3) Normal modes

calculation and the assignment of Raman and rR spectra

of the intramolecular vibration of PFB molecule were
made by steele.10) However, the calculation of the

third law and the statistical entropies and the
cornparison of thern were not carried out because Steele

assumed molecular symmetry to be D2h of a planar
conformation and did not take into account any steric

effects. His assumption is unrealistic; the distance

between two ortho fluorine atoms, O.16 nm, is extrernely

shorter than the sum of van der Waals radii, O.27 nm.

vr-3

low

 Twisting vibration in crystal

 In generalr heat capacity of molecular Åërystal at

temperature comprises the relatively independent

- 167 -



three parts. The first part is the contribution of

translational and librational lattice vibrations.
Translational lattice heat capacity of three degrees of

freedom per molecule is the largest in ali the
contributions at low temperatures because they vary as
T3 in contrast to exponential dependence on temperature

of other contributions. The Debye theory is well
applicable to translational lattice heat capacity and

the characteristic temperature (Debye temperature) is
                      V2proportiona: to (k/M)                         , where k is a isotropic

intermoiecular force-constant and M is molar mass.

Therefore, the mass effect can be reduced by
multiplying the Debye temperature by a square root of

molar rnass, and the information about the
intermoZecular force can be obtained also from such a

plot. Librationai lattice vibrations of three degrees

of freedom give the second largest contribution at low

temperatures. Their frequencies lie in the range from
about 20 to about 100 cm'1. They are well described by

the Einstein theory or a quanturn statistical
formulation of a heat capacity of a harmonic
oscillator, at low temperatures where anharmonicity

does not play an irnportant role. The characteristic

temperature (Einstein temperature) is proportionai to
(k'/I)'/2, where k' is a interrnolecular force-constant

for librational motion and r is a molecular moment of

inertia.

     The second part of low ternperature heat capacity
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of molecuiar Åërystal is the contribution of
intramoiecular vibrations, 60 degrees of freedom per

molecule in both cases of PFB and PCB. They are also

well described by the Einstein theory. The
contributions of intramoleeular vibrations can usually

be neglected at sufficiently low temperatures because

their frequencies are rather high above those of
lattice vibrations. However, since the frequency of

the twisting vibration is expected to be in the
lattice-vibration frequency range,14} it is the only

intrarnolecular vibration that should be taken into

account in the analysis of the low temperature heat

capacities of PFB and PCB. The Einstein ternperature of
                                              '                                                l!2the twisting vibration is proportional to (k"II'} r

where k" is the force-constant for the twisting motion

and I' is the molecular reduced moment of inertia,

which is a quarter of the moment of inertia of a whole

molecule around the molecuiar figure axis.

     The last part of low temperature heat capacity is

the contribution of the work of volume expansion.

Howevert this part can be neglected at sufficiently low

ternperatures because volume expansion comes from the

anharrnonicity of lattice vibrations.

     Now, the heat capacities of PFB and PCB below 15 K

is analyzed based on the discussion given above. The

cornparison between the heat capacities of PFB and PCB

crystals is given in Figure VI-3 in terrns of Debye
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temperature multiplied by a square root of the molar

rnass assurning 6 degrees of freedorn per molecuie, where

the value of the molar rnass, M, was 334.12 g.mol'1

for PFB and 498.66 g•mol'1 for PcB. Srnooth
extrapolation to O K was rnade as shown in the figure by

solid and broken curves. That both the extrapoiation

curves intersect the O K vertical line at the same

point means that isotropic intermolecuiar force-
constant is the same in both crystals. Obtained Debye

temperatures at O K of the PFB and PCB crystals
assuming 3 degrees of freedorn per molecule are 68.35 K

and 55.95 K, respectively. Thus, translational lattice

heat capacities were subtracted from the measured heat

capacities by using these Debye temperatures.

     The remaining heat capacities is the sum of the

contributions of librational lattice vibrations and the

intrarnolecular twisting vibration. The contribution of

volume expansion can be negleeted because the
temperature region considered here is sufficiently low

cornpared with the Debye temperatures. [Dhe dependence

of characteristic ternperatures of librational and

twisting vibrations on rnolecuiar parameters is the

same, proportional to a square root of a molecular

moment of inertia. Therefore, the effects of the
differences of a moment of inertia ean be corrected by

muitiplying Einstein temperatures by a square root of a

moment of inertia. Moreover, since the isotropic
interrnolecular force-constants are the same in the PFB
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and PCB crystals, the force-constant for librational

motion is likely the same in both crystals. In this

approximation, the correction for the difference in

molecular rnoment of inertia raakes it possible to

cornpare immediateiy the twisting force-constants.

Although, strictly speaking, Einstein temperature is

defined to each vibrational mode and a moment of
inertia relevant to each mode may be different to each

othert a single Einstein temperature averaged over

the librational and twisting vibrations through a heat

capacity value of each crystal and a single value of a

molecular moment of inertia defined by geometricai rnean

of three principal mornents of inertia, 33.g7 g•nm2•

mol-1 for pFB molecuie and 6s.3s g•nrn2•mol-1 for pcB

moleculet were used.

     The difference in the sum of the librational and

twisting heat capacities between crystalline PFB and

PCB after the correction for the value of the moment of

inertia of PCB to that of PFB is shown in Figure Vr-4,

where the corrected heat capacity of PCB were
subtracted frorn the uncorrected one of PFB. The
difference has a pius sign and shows a maximum at about

14 K. Therefore, it is conciuded that crystaliine PFB

shows relatively larger heat capacity of the
intramolecular twisting vibration than PCB crystal.
                  ''

Namely, PFB molecules are softer than PCB rnolecules for

the twisting rnotion and, therefore, molecular stiffness
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Chapter V!! Summary

     Thermodynarnic studies were carried out on the

series of compounds having the intrarnolecular twisting

degree{s) of freedom, i.e. biphenyl and its related

substances. The special attention was paid to
correlation of the intramolecular twisting degree(s) of

freedorn with the macroscopic properties. The heat

capacities were rneasured by adiabatic calorimetry

between 4 and 300 K and some thermodynamic functions

were determined.

     The twist transition of biphenyl was observed as a

broad anornaly with the rnaximum at 40.4 K, and the

entropy and the enthalpy of transition were determined
to be o.12g J•K'1.mol'1 and s.o2 J•rnol-lt respectively;

these values are consistent with the displacive nature

of the transition associated with the soft modes. The

lock-in transition was detected at 16.8 K by using the

irnproved calorirneter vessel; the entropy and the
enthalpy of transition were o.oog J.K'1•mol-1 and o.ls

J.rnol'1, respectively. The results on biphenyl-dlo

were sirnilar to those on biphenyl, but the temperature

region of the two-dirnensional incommensurate phase was

narrower than biphenyl, i.e. between 20.2 and 36.8 K.
The entropies of th'e corresponding phase transitions

were the same as those of biphenyl, which implied the

same mechanism of the transitions in the two compounds.
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    The twist phase transition of p-terphenyl was

observed as a sharp X-shaped anomaly with the maxirnum

at 193.5 K; the entropy and the enthalpy of transition
were 1.63 J.K'1•mol-1 and 3o4 J•mol'1, respectively.

The criticaZ exponent or of the heat capacity was

deterrnined as O.13 for both the higher and the lower

temperature sides of the transition. The results on

p-terphenyl-d14 were sintlar to those on p-terphenyl,

but the transition temperature was 180.3 K. The
entropy of transition was the same as that of
p-terphenyl, which irnplied the same rnechanism of the

transition in the two compounds.

     The twist phase transition of p-quaterphenyl was

observed as a broad anomaly with the maximum at 233.0

K; the entropy and the enthalpy of transition were 1.82
J•K'1•mol-1 and 414 J-rnol'1, respectively.

     The properties of the twist phase transitions of
the p-polyphenylenes were compated with one another and

discussed in relation to the internal flexibility. The

change of the nature of the transition from a
displacive type to an order--disorder type was
attributed to the increase in barrier height hindering

rotation of the phenyl rings. On the other hand, the

broad anomaly in p-quaterphenyl was interpreted in

terms of molecular symmetry, i.e. the existence of the

softer twisting Au mode.

     The two-dimensionality in the inter-"spin"
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interaction in p-terphenyl crystal was dernonstrated by

calculating the interaction using the atom-atom
potentials of Buckingham type. The Zsing type theory

was developed and compared well with the experimental

results on p-terphenyl.

     As the temperature decreased, the heat capacity of

biphenyl decreased less steeply than those of
p-terphenyl and p-quaterphenyl, and the heat capacity

curve of biphenyl crossed that of p-terphenyl at 12 K

and that of p-quaterphenyl at 6 K. The crossover was

attributed to the greater twisting flexibility of

phenyl rings in biphenyl by lattice dynamics
calculation. The role of the incommensurability in the

crossover phenomena was pointed out by comparing the

low temperature heat capacities of biphenyl and
4,4'-difluorobiphenyl.

     No phase transition was observed in 4r4'-difluoro-

biphenyl, p,p'-biphenol and p-phenylphenol. The reason

of the absence of any phase transition was interpreted

through comparison between their intramolecular
potential curves and that of biphenyl. The calculation

of static lattice energies showed that the twist phase

transition of 4,4'-difluorobiphenyl and p,p'-biphenol

shifted below O K and a planar conformation was stable

above O K because of the stabilization of a planar

molecular eonfo'icmation due to the greater
tt-conjugation.

     No therrnal anornaly was observed in
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perfluorobiphenyl and perchlorobiphenyl. The analysis

of their low temperature heat capacities showed that

perfluorobiphenyl molecule was softer than
perchlorobiphenyl in terms of the force-constant for

the twisting rnotion.
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Appendix Program for the heat capacity rneasurements

S 'CpMArN Ver. 1.03 08/08184
10 WIDTH 80,2S
20 CONSOLE O.25.0.0
3o oN KEy GosvB *ENDING,*HEATOPF,.EQUILIBRIUM,*RESTART,*NLsCHANGE.*NTrMEMAxCHANCE,*rN
TERVALOFHEAT:NGCHANGE
40 KEY(1) ON:KEY(2) ON:KEY(3) OFF:KEY(4) OFF:KEY(5) OFF:KEY(6) OFF:KEY(7) OFF
SO CLS 3
60 rENDINGsO
70 LPRINT DATE$:LPRrNT
80 PRINT "Welcome to the Calorimeter Ir"
90 LPRINT "Weicome to the Calorimeter rl"
100 THERMOMETER$t"Gemma Pt thermometer"
110 LPRINT "Thermometer : ";THERMOMETER$
120 PRINT "Thermometer : ";THERMOMETER$
130 DEFDBL A-H,O-Z
i40 DEF!NT !-N
150 DIM TL$(14),DAT$(11),DA$(6),CDAT$(5),RMAP(150),RR(33),TEMP(200),CE$(16),CC(33),R$
(16),Tl(100),T2(1OO)
160 PRINT
170 LPRINT
180 INPUT "SAMPLE NAME ";SAMPLE$
190 LPRINT " Sample : ";SAMPLE$;
200 SNAME$tLEFT$(SAMPLE$+" ",6)
210 OPEN "2;TITLE" AS t5
220 FIELD S5,l8AS TL$(1),18AS TL$(2),I8AS TL$(3),18AS TL$(4),18AS TL$(S),18AS TL$(6),
18AS TL$(7),18AS TL$(8),18AS TL$<9),18AS TL$(10),18AS TL$.(11),18AS TL$(12),18AS 1'L$(1
3),18AS TL$(14),4AS DVMMYI$ •230 rLO-LOF(5)
240 rF !LOtO THEN 320
250 FOR !sl TO ILO
260 GET "5,r
270 FOR Jsl TO 14
280 IF SNAME$.LEFT$(TL$(J),6) THEN 420
290 IF SNAME$-MID$(TL$(J),10,6> THEN 420
300 NEXT J
310 NEXT r
320 NUMBEROFSERIES-!:NUMBEROFDATAsO
330 GOSUB *FILEINITIALIZE
340 PRINT VSrNC "The heat capacity of & & has";LEFT$(SAMPLE$,10);
350 PRINT " not been measured yet."
360 LSET TL$(1)sSNAME$+"DAT "
370 FOR Is2 TO 14
380 LSET TL$(r)s" "390 NEXT :
400 PUT t5,1
410 GOTO 800
420 OPEN "2:"+SNAME$+"DATn AS l2
430 FIELD t2,48AS DAT$(1),48AS DAT$(2),48AS DAr$(3),48AS DAT$(4),48 AS DAT$(5),16AS D
UMMY2$
440 IENDtLOF(2)
450 GET S2,IEND
460 FOR ls5 TO 1 ' STEP -1
470 rP CVI(LEFT$(DAT$(r),2))>O THEN 490
480 NEXT :
490 NUMBEROPSERIEStl+CVr(LEFT$(DAT$(r),2))
SOO NUMBEROFDATAeCVI(MID$(DAT$(:),3,2))
S1O T2(CVI(LEFT$(DAT$(r),2)))nCVD(MID$(DAT$(r),21,8))
520 rF rENDs2 THEN 540
530 GET S2,2
S40 Tl(1).CVD(MID$(DAT$(1),9,8))
sso r:.1
560 FOR Is2 TO IEND
570 GET S2,!
580 FOR J.1 TO 5
S90 DA$(J)aDAT$(J)
600 NEXT J
610 IF IslEND THEN 640
620 GET S2,I+1
630 DA$(6>sDAT$(1)

 640 FOR Js2 TO 6
 650 rJsCVr(LEFT$(DA$(J),2))
 660 IF IJ.O AND lslEND THEN 730
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670 IF IJsll OR IJ=O OR IJ>99 THEN 710
680 Tl(IJ)-CVD(MrD$(DA$(J),9,8))
690 T2(!J-1)tCVD(MID$(DA$(J-1),21,8))

710 NEXT J
720 NEXT r
730 CLOSE S2
740 PRINT USING "The heat capacity of & & has";LEFT$(SAMPLE$,10);
750 PRINT " been already measured ;"
760 FOR Isl TO NVMBEROFSERIES-1770 PRINT USING" SSS.itK - Stt.SS K";Tl(I),T2(I)
780 NEXT :
790 GOSUB *FrLEINrTIALrZE
800 PRINT:INPUT "Platinum region or Cermanium region ";REGION$
810 LPRINT US!NG " #.#####S#S mol";AMOVNTOFSAMPLE
820 LPRINT COMMENTI$
830 LPR!NT :LPRrNT USING " series number SSI";NUMBEROFSERrES
840 LPRINT " ";COMMENT2$
850 rF LEFT$(REG:ON$,1)s"G" THEN *GERMANIUM ELSE rF LEFT$(REGION$,1)t"g" THEN *GERMAN
IUM
860 OPEN "TableP" AS S6
870 FIELD #6.248 AS DUMMY3$,8AS RM$
880 rEOFTABLEPsLOF(6)
890 FOR I-2 TO IEOFTABLEP-1
900 CET S6.I
910 RMAP(I-1)sCVD(RM$)
920 NEXT I
930 CLOSE #6
940 CET S5,LOF(5)
950 FOR Inl TO 14
960 rF LEFT$(TL$(I),9)t" " THEN LSET TL$(r)sNEWT!TLE$+" ":GOTO I030
970 IF RIGHT$(TL$(I),9)s" " THEN RSET TL$(I)sNEWTITLE$:GOTO 1030

990 LSET TL$(1)tNEWT:TLE$+" "1000 NFsLOF(S)+1
1010 r-1
1020 GOTO 1040
1030 NF"LOF(S)
1040 FOR Jsl+1 TO 14
10SO LSET TL$(J)s" "i060 NEXT J

!090 INPUT "Automatic or Manual ";MODE$
11OO D$sLEFT$(MODE$,1)
1110 IF D$-"A" THEN *AUTOMATIC ELSE IF D$t"a" THEN *AUTOMATIC
1120 IF D$s"M" THEN *MANUAL ELSE IF D$s"m" THEN *MANUAL
1130 PR!NT "AGA!N !":BEEP:COTO 1090
1140 *AUTOMATIC
11SO PRINT
1160 INPUT "Rreflohm for Heater ";RREF1170 LPR!NT :LPRINT USINC "Rref for Heater s S"S.iSSS" ohm";RREF
1180 rNPVT "Final temperature 1K of this series ";TMAX1190 'INPUT "deita TIK ";DELTAT1200 !NPUT "Maximum time 1 min for temperature measurement ";AMIN
1210 NTIMEMINsF:X(AMIN*2)
1220 INPUT "Initial interval / min for Least Square Fit ";ALS
1230 LPRINT USING "Minimum time 1 min for Least Square "S min";ALS
1240 NLSaFIX(ALS*2)
12SO INPVT "!nitial time l min for tetuperature measurement ";AMAX
1260 NTIMEMAXtFIX(AMAX*2)
1270 :NPUT ":nitial heating interval l min ";AHI
1280 INTERVALOFHEATINGsFIX(AHI*60)
1290 'rNPUT "Maximum heating intervai l min ";AHMAX
1300 'rNTERVALOFHEAT!NGMAXsFIX(AHMAX*2)
1310 ISET :FC
1320 ISET REN
1330 SRQ OFF
1340 ON SRQ GOSUB *GPIB
1350 PRINT e4;"MOI,TR2,SIO03Tl,RNO,SO"
1360 PRINT e4;"MOO,18G"
1370 PRINT e4;"MOI,19G"
1380 PRINT e4;"FPOO,LPOI,R!030Tl"
1390 PRINT e5;"F5,CO,Sl"
1400 PRINT @6;"Fl,RO,ACI,REI,M2,SO"
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1410 PRINT @4;"DI,OOC"
1420 CMD DELIMsl
1430 PRINT @3;"AUTO"
1440 PRINT Q3;"Il.Ott
1450 CMD DELIM.O
1460 POLL 4,SP4
1470 POLL 6,SP6
1480 TMO.Ot
1490 NVMBERINSERIESsO
1500 INPUT "Initial deta number ";NDISIO IF ND<>O THEN NVMBEROFDATA-ND-1
IS20 .MA!NLOOP
1530 KEY(6) ON
IS40 GOSUB *TEMPERATUREMEASUREMENT
1550 !F NUMBER!NSER!ES.! rHEN TIsAF*<NTIME+(10#+!NTERVALOFHEATING)/60t)+BF:AIsAF
IS60 IF NUMBERrNSERIES>1 THEN COSUB *CP
IS70 rF TF>tTMAX THEN .ENDING
1580 IF :NTERVALOFHEAT:NGsO THEN SENDINC
IS90 COSUB .HEATER
1600 KEY(6) OFF
1610 GOTO .MAINLOOP
1620 *FrLE:NrTIALIZE
1630 !F NUMBEROFSERIES.1 THEN rNPUT "Comment on this sample (<170 Bite) ";COMMENTI$
1640 INPUT "Amount of sample / moi ";AMOUNTOFSAMPLE
1650 IF AMOUNTOFSAMPLE<>O THEN 1730
1660 OPEN "2:"+SNAME$+RICHT$("OO"+SrR$(NUMBEROFSERIES-1),3) AS tl
1670 FIELD tr,18AS DUMMYI$,8AS AM$,230 AS DUMMY12$
l680 GET SI r           '1690 AMOUNT$sAM$
1700 CLOSE "1
1710 AMOUNTOFSAMPLEsCVD(AMOUNT$)
1720 GOTO 1740
1730 AMOUNT$sMKD$(AMOVNTOFSAMPI.E)
1740 INPVT "Comment on this series (<170 Bite) ";COMMENT2$
1750 OPEN "TableP" AS S3
1760 FIELD e3,20AS rHERM$,8AS TO$.8AS DT$,220AS DUMMY3$
1770 GET S3 1           '1780 TOPnCVD(TO$):DTPtCVD(DT$)
1790 THERMOMETERI$sTHERM$
1800 CLOSE S3
1810 OPEN "TableG" AS t3
1820 FrELD "3,20AS THERM$,8AS TO$,8AS DT$,220AS DUMMY3$
1830 GET -3,1
1840 TOCsCVD<TO$):DTGtCVD(DT$)
1850 THERMOMETER2$sTHERM$
1860 CLOSE -3
1870 NEWT:TLE$sSNAME$+RIGHT$("OO"+STR$(NUMBEROFSERIES),3)
1880 OPEN "2:"+NEWTITLE$ AS M
1890 F!ELD SI,10AS SAN$,8AS DATD$,8AS AMS$,20AS THI$,20AS TH2$,170AS COMM$
1900 LSET SAN$-LEFT$(SAMPLE$,10)
1910 LSET DATD$=DATE$
1920 LSET AMS$-AMOUNT$
1930 LSET THI$tTHERMOMETERI$
1940 LSET TH2$sTHERMOMETER2$
19SO LSET COMM$tCOMMENT2$
1960 PUT SI,1
1970 CLOSE "
1980 IF NVMBEROFSER!ES >1 THEN 2090
i990 OPEN "2:"+SNAME$+"DAT" AS il
2000 FIELD SI,10AS SAN$,8AS DATD$,8AS AMS$.20AS THr$.20AS TH2$,170AS COMM$
2010 LSET SAN$tLEFr$(SAMPLE$,!O)
2020 LSET THI$tTHERMOMETERI$
2030 LSET DATD$tDATE$
2040 LSET AMS$"AMOUNT$
20SO LSET TH2$sTHERMOMETER2$
2060 LSET COMM$-COMMENTI$
2070 PUT ll,1
2080 CLOSE "1
2090 OPEN "2:"+SNAME$+"DAT" AS il
2!OO FrELD SI,48AS CDAT$<1),48AS CDAT$(2),48AS CDAT$(3),48AS CDAT$(4),48AS CDAT$(O),6

AS DUMMYI$ .2110 OPEN "2:"+NEWTITLE$ AS "2
2120 FIELD "2,2AS ND$.23AS DAT$(1),23AS DAT$(2),23AS DAT$(3),23AS DAT$(4>,23AS DAT$(5
),23AS DAT$(6),23AS DAT$(7),23AS DAT$(8),23AS DAT$(9),23AS DAT$(10),23AS DAT$(O),IAS
DUMMY2$
2130 OPEN "TableP" AS S3
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2140 FIELD S3,16AS R$(1),16AS R$(2),16AS R$(3),16AS R$(4),16AS R$(5),16AS R$(6),16AS
R$(7),16A'S R$(8),16AS R$(9),16AS R$(10),16AS R$(11),16AS R$(12),16AS R$(13),16AS R$(1
4),16AS R$(15),16AS R$(16)
2150 OPEN "Ccell" AS S4
2160 FIELD S4,16AS CE$(1),16AS CE$(2),16AS CE$(3),16AS CE$(4),16AS CE$(S),16AS CE$(6)
,16AS CE$(7),16AS CE$(8),l6AS CE$(9),16AS CE$(10),16AS CE$(11),16AS CE$(12),16AS CE$(
13),16AS CE$(14),16AS CE$(15),16AS CE$(16)
2170 RETURN
2180 *TEMPERATUREMEASUREMENT
2190 NDATAFILEtO:LPRINT
2200 CLS 3:SCREEN 2.,O,1
2210 VrEW (O,40)-(639,399)
2220 WINDOW (O,O)-(NT:MEMAX,.05)
2230 L!NE (O,.05)-(NTIMEMAX,.05)
2240 LINE (O,O)-(O,.OS)
22SO FOR JIKU"10 TO NT!MEMAX STEP 10
2260 LrNE (JrKU,.049)-(JIKU,.05)
2270 NEXT JrKU
2280 LINE (NTIMEMAX*.7,.Ol)-(NrlMEMAX*.7,.02)
2290 LOCATE 58,9:PRINT "O.Ol K"
2300 NVMBEROFDATAtNUMBEROFDATA+1
2310 NUMBERINSERrESsNUMBERINSERIES+1
2320 KEY(4) ON
2330 NT!MEs-1
2340 CMD DELIM.1
23SO IBRIDCEsl
2360 GOSUB *BRIDGE
237o rH-o:rMso:Iss3o
2380 GOSUB *TIME
2390 ON T:ME$sTT$ GOSUB *BRIDGE
2400 TrME$ ON
2410 IBRIDGEsO
2420 SUMRsR
2430 FOR ITEMPsl TO SO :NEXT ITEMP
2440 GOSUB *BRIDGE
24SO SUMRsSUMR+R
2460 FOR rTEMPsl TO 100:NEXT ITEMP
2470 GOSUB *BRIDCE
2480 Rs(SUMR+R)/3t
2490 NT:MEsNTIME+1
2500 COSUB *TEMPERATURE
2SIO IF NTIMEsO THEN TORIGINtT+.M
2S20 CIRCLE (NTIME,.OOOI*((TORIGIN-T)*10000 MOD 500)),.O04*NTIMEMAX
2530 LOCATE O,O:PRINT USING "T s SSS."#"SS K
           ### S## i##";T,INTERVALOFHEATINGX60,tNTIMEMAXX2,NLS12
2S40 rF NTIME MOD 2-1 THEN LPRINT VSING" & & Rs S".""#MS ohm Tt
 S-".S"#S" Kt';DATAT!ME$,R,T:GOTO 2560
25SO LPRINT USINC" & & R. "S.S--SM ohm Ts WS.MSM K";DATATIME$,R,T;
2560 IEQUILIBRATIONsO
2S70 :DENT$s"T"
2S80 GOSUB *DATAFrLE
2S90 FOR rTsl TO NTIMEMIN-1
2600 TEMP(IT)sTEMP(:T+1)
2610 NEXT :T
2620 TEMP(NTIMEM!N)sT
2630 rF NTIME>sNLS THEN COSUB *EQU!LIBRATION
2640 rF NTIMEtNTIMEMAX THEN rEQUILIBRATIONsl
26SO IF IEQUILIBRATIONnl THEN 2700
2660 IRESsO
2670 IBRIDGEsl
2680 KEY(3) ON:KEY(5) ON:KEY(7) ON
2690 :F IBRIDGEs2 THEN 2370 ELSE :F :REStl THEN 2200 ELSE IF !EQUILIBRATION<>1 THEN 2
690
2700 CMD DELIMsO
2710 KEY(3) OFF:KEY(4) OFF:KEY(S) OFF:KEY(7) OFF
2720 RETURN
2730 *BRIDGE
2740 :NPVT Q3;RO$
2750 IF IBRIDGEtl THEN DATATIME$:.TIME$:IBRIDGEs2
2760 R=VAL(LEFT$(RrGHT$(RO$,12),9))
2770 RETURN
2780 *TEMPERATURE
2790 FOR Isl TO rEOFTABLEP-1
2800 IF R<RMAP(!) THEN 2830
2810 NEXT I
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2820 I-IEOFTABLEP
2830 IF Is!TABLE THEN 2900
2840 GET S3,I+1
2850 FOR Ksl TO 16
2860 RR(2*K).CVD(LEFT$(R$(K),8))
2870 RR(2*K+1)sCVD<RIGHT$(R$(K),8))
2880 NEXT K
2890 RR(1)nRMAP(I-1)
2900 FOR Js2 TO 33
2910 IF R<RR(J) THEN 2930
2920 NEXT J
2930 TDs(R-RR(J-1))1(RR(J)-RR(J-1))*DTP
2940 TsTD+DTP*(J-2)+TOP+(1-1)*DTP"32S
2950 rTABLE.r
2960 RETURN
2970 *TIME
2980 TIMET$sTIME$
2990 :HHtVAL(LEFT$(T:MET$,2))
3000 IMMsVAL(MID$(TIMET$,4,2))
3010 ISSsVAL(RIGHT$(TIMET$,2))
3020 ;SSslSS+IS:IMM-IMM+IM:IHHslHH+IH
3030 FOR rTIMEsl TO 2
3o4o mMslMM+IssY6o::sstrss MoD 6o
3050 IHHalHH+rMM\60:IMMslMM MOD 60
3060 IDDslDD+!HHV24:IHHslHH MOD 24
3070 NEXT rT:ME
3080 IF IHH>9 THEN HT$sRrGHT$(STR$(rHH),2) ELSE HT$t"O"+RIGHT$(STR$(IHH),1)
3090 IF IMM>9 THEN Mr$sR:GHT$(STR$(IMM),2) ELSE MT$-"O"+RIGHT$(STR$(IMM),1)
310e IF rSS>9 THEN ST$=RIGHT$(STR$(ISS),2) ELSE ST$i'O"+RIGHT$(STR$(rSS),1)
3110 TT$sHT$+":"+MT$+":"+ST$
3120 RETURN
3130 *CP
3140 T!ME$ OFF
3150 DTsTF-TI
3160 CsDEIDT
3170 TMs(Tl+TF)*.5X
3180 GOSUB *EMPTYCELL
3190 CPt(DE-CELL)/DTIAMOUNTOFSAMPLE
3200 PRrNT USING "data number """ Tl s S"".M""S K T2 s ##S.#"#SS K deita Ts ".
S"SS" K";NUMBEROFDATA-1,Tr,TF,DT
3210 PRINT USING " delta Es S.#"-##S"" J Cs S.S""-"""A J"
;DE,C
3220 PRINT USINC " 'rm s SSS.MIK Cp s #"M."S#S JI(.K.mol)";TM,C
P
3230 LPRINT:rF NTIME MOD 2tO THEN LPRINT
3240 LPRINT USING "data number S"S TI s SS".#"SS# K T2 s S#ff.SS#SS K delta T - X.:#S
tS K delta E s -.SS#SfS"""" J Tm s SSS.""" K Cp " S""".ew## J/(K•tael)";NUMBEROFDATA-
1,TI,TF,DT,DE,TM,CP
3250 GOSUB *CPDATAFILE
3260 rF NUMBERINSERIESs2 THEN COsC
3270 tlNTERVALOFHEATINGslNTERVALOFHEATrNG*(.5S*(C-CO)*(DT+DELTAT)/(TM-TMO)+C)*DELTAT/
DE
3280 'IF INTERVALOFHEATING>INTERVALOFHEATINGMAX THEN !NTERVALOFHEATINGtlNTERVALOFHEAT
INGMAX
3290 COsC
3300 TMOsTM
3310 TIsAF*(NTIME+(10#+INTERVALOFHEATING)l60")+BF
3320 AI-AF
3330 RETURN
3340 *EMPTYCELL

3360 GOSUB *ENTHALPY
3370 ECELLsCELL
3380 TEMtTF
3390 GOSUB *ENTHALPY
3400 CELLsCELL-ECELL
3410 RETURN
3420 *ENTHALPY
3430 IF TEM<1.9S THEN 3550 ELSE rF TEM<24.9S THEN 3S90 ELSE IF TEM<149.75S THEN 3670
ELSE rF TEM>t315.5" THEN 3550 .
3440 KTMsFIX((TEM-149.5#)132S)
3450 GET -4,KTM+13
3460 GOSUB 3750

 3470 ;F KTM<4 THEN 3500
 3480 CC(33)-O"
 3490 GOTO 3520
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3500 GET ff4,KTM+14
351O CC(33)tCVD(LEFT$(CE$(1),8))
3S20 LTMsFIX(TEM-149.SS-KTM#32")
3530 CELLsCC(LTM+1)+(TEM-KTM*32#-149.S--LTM)*(CC(LTM+2)-CC(LTM+1))
3540 RETURN
3550 BEEP
3560 LPRINT "Temperature is out of renge !r'
3570 CELLsOS
3S80 RETVRN
3590 KTMsFrX((TEM-1.9#)/6.4S)
3600 GET "4,KTM+1
3610 COSUB 3750
3620 GET "4,KTM+2
3630 CC(33)sCVD(LEFT$(CE$(1),8))
3640 LTMsF!X(5S*(TEM-KTM*6.4#-1.9#))
3650 CELLsCC(LTM+l)+5"*(TEM-KTM*6.4S-1.9"-LTM*.2#)*(CC(LTM+2)-CC(LTM+1))
3660 RETURN
3670 KTMtFrX((TEM-24.7S")116S)
3680 GET S4,KTM+5
3690 GOSVB 3750
3700 GET "4,KTM+6
371O CC(33)sCVD(LEFT$(CE$(1),8))
3720 LTMsFIX(2t*(TEM-KTM*!6S-24.75"))
3730 CELLsCC(LTM+1)+2"*(TEM-KTM*16#-24.75"-LTM*.5t)*(CC(LTM+2)-CC(LTM+1))
3740 RETURN
3750 FOR Lsl TO 16
3760 CC(2*L-1)sCVD(LEFT$(CE$(L),8))
3770 CC(2*L)sCVD(RIGHT$(CE$(L),8))
3780 NEXT L
3790 RETURN
3800 *HEATER
3810 CLS 3
3820 LPRrNT

3830 1F NT:ME MOD 2sl THEN LPRrNT '3840 LPR:NT USING "data number ""i ";NUMBEROFDATA
3sso rHto:IMso
3860 :SCANslNTERVALOFHEArlNGY30
3870 ISs(INTERVALOFHEATrNG-(ISCAN-1)*30)X2
3880 SRQ OFF
3890 DEsOt
3900 THEATON$sT!ME$3910 PRINT e4;"DI,OIG" .3g2o IscANrNcso
3930 COSUB *TIME
3940 ON TrME$tTT$ GOSUB *SCAN
39SO TIME$ OFF
3960 PRINT USING "heating now started at&     & ";THEATON$:IDVM.O
3970 CONSOLE 1,24
3980 POLL 4,SP4
3990 POLL 6,SP6
4000 IISslNTERVALOFHEATING-:S
4olo :st!rs MoD 6o
4o2o ms(rlsx6o) MoD 6o
4030 IHs((IIS\60)\60) MOD 24
4040 :DVMMYsO
40SO TIME$ ON
4060 IF IDUMMYtO THEN 4060
4070 COSUB *TIME
4080 ON TIME$sTT$ GOSUB *HEATOFF
4090 TIME$ ON
4100 SRQ ON
4110 IDUMMYtO
4120 rF rDUMMYaO THEN 4120
4130 DEsABS(DE)*HEAT:NCINTERVAL/rSCANING/RREF
4140 PRINT USING "Heating interval t l##SS.StS sec delta E t S.SXS#SS"""" J";HEATIN
GINTERVAL,DE
4150 IF !SCANING MOD 4<>O THEN LPRINT
4160 LPRINT USING" heating start at& & heating endat & &";THEATON$,THEATOFF$
4170 LPRINT USINC " Heating interval t ##SS.S## see deltaE s S.SSS###'""" J";HEATINGrNTERVAL,DE
4180 POLL 4,SP4
4190 COSUB *DATAFILE
4200 RETVRN
4210 *SCAN
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4220
4230
4240
42SO
4260
4270
4280
4290
4300
4310
4320
4330
4340
43SO
4360
4370
4380
4390
4400
4410
4420
4430
4440
44SO
4460
4470
4480
4490
4500
4510
4520
4530
4540
45SO
4S60
4570
4580
4590
4600
4610
4620
4630
4640
4650
4660
4670
4680
4690
E(O)
4700
"""A.
4710
,E(O)
4720
4730
4740
4750
4760.
4770
4780
4790
4800
481O
4820
4830
4840
4850
4860
4870
ERVAL
4880
4890
4900
4910
4920
4930

IPOWERsl
IDvMso
SRQ OFF
PRINT @4;"E"
IDVMMYsl
RETURN
*HEATOFF
SRQ OFF
PRINT e4;"H"
PRINT e4;"DI,OOC"
THEATOFF$sTIME$
IPOWERsO
POLL 4,SP4
COSVB *COVNTER
CONSOLE O 2S         'IDUMMYsl
RETURN
*CP:B
POLL 6,SP6;4,SP4
!F IEEE(4)<>6S THEN *GPIBERROR
ON IEEE(5)-3 COTO *SCANNER,*COUNTER,*DMM
*CP!BERROR
LPRINT "ERROR in GP-IB":BEEP
PRINT e4;"H"
PR!NT @4;"Dr,OOG"
RETURN IS40
*SCANNER
IF IPOWER<>1 THEN SRQ ON:RETURN
IDVMtlDVM+1
PRINT e6;"E":TE$(IDVM MOD 2)tT!ME$
POLL 4,SP4
SRQ ON
RETURN
*DMM
IF IPOWER<>1 THEN 4790
IF rDVMtO THEN 4790
INPUT 06;E$
IF LEFT$(E$,3)<>"DV " THEN PR!NT @6;"E" ELSE GOTO 4620
FOR IDsl TO 100 :NEXT ID
INPUT e6;E$:GOTO 4S90
POLL 6,SP6
IF SP6s65 THEN PRINT e6;"E":rNPUT e6;E$;POLL 6,SP6:GOTO 4630
MID$(E$,14,1)="D"
E(IDVM MOD 2)-VAL(RIGHT$(E$.13))
IDENT$s"D"
GOSUB *DATAFILE
IF !DVM MOD 2-1 THEN SRQ ON:RETURN
PRINT USING "& & E8 s S.""SS"t-""" V E9 s S.SSSS##"'"" V";TE$(1),E(1),

rF rDVM MOD 4s2 THEN LPRINT USINC" & & E8t".SS"'"  V E9 . S.##"S"#""" V ";TE$(1),E(1),E(O);:GOTO 4720
LPRINT USING "& & E8 s S.i"""""'""" V E9 e ".S""S"S"AA' v";TE$(1),E(1)
DEsDE+E(1)*E(O)
rSCANINCslSCANING+1
IF rSCANING=ISCAN THEN PRINT e4;"Htt
FoR rsc-1 To loo :NExT Isc
POLL 4,SP4
SRQ ON
RETURN
INPUT e6;DUMMYE$:SRQ ON:RETURN
*COUNTER
:F IPOWER<>O THEN *COUNTERERROR
INPUT Q5;HEATING$
IF LEFT$(HEATrNG$,1)<>"S" THEN *GPIBERROR
MrD$<HEATING$,13,1)s"D"
HEATING:NTERVALtVAL(MID$(HEATING$,3,14))
IDENT$s"E"
HEATINGrNTERVAL=1000##CINI((INTERVALOFHEATING-HEAT!NGINTERVAL)/1000")+HEATING:NT

RETURN
*COUNTERERROR
THEATOFF$aTIME$
PRINT @4;"D!,OOG"
HONtVAL(LEFT$(THEATON$,2))
HOFiitVAL(LEFT$(THEATOFF$,2))
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4940 IF HOF<HON THEN HOF=HOF+24S
4950 MONsVAL(MID$(THEATON$,4,2))
4960 MOFsVAL(MID$(THEATOFF$,4,2))
4970 SONtVAL(RIGHT$(THEATON$,2))
4980 SOFsVAL(RIGHT$(THEATOFF$,2))
4990 HEAT!NGINTERVAL=3600#*(HOF-HON)+60#*(MOF-MON)+SOF-•SON
SOOO IDENT$="CE"
5010 RETURN
S020 .DATAFILE
5030 NDATAFILEsNDATAFILE+1
S040 NMOIIsNDATAF!LE MOD 11
5050 IF NMOIIsl THEN LSET ND$sMKI$(NUMBEROFDATA)
5060 IF IDENT$s"E" THEN LSET DAT$(NMOII)tlDENT$+" "+MKD$(HEATINCINTERVAL)+MKD$(D
E):COTO 5110
5070 IF IDENT$s"CE" THEN LSET DAT$(NMOII)srDENT$+"RROR "+MKD$(HEATrNGINTERVAL)+MKD$(D
E):GOTO SIIO
5080 IF IDENT$s"T" THEN LSET DAT$(NMOII)tlDENT$+LEFT$(DATATIME$,2)+MID$(DATAT:ME$,4,2
)+RIGHT$(DATATIME$,2)+MKD$(R)+MKD$(T)
S090 I.F IDENT$s"D" THEN LSET DAT$(NMOII)tlDENT$+LEFT$(TE$(1),2)+MID$(TE$(1),4,2)+RrGH
T$(TE$(!),2)+MKD$(E(1))+MKD$(E(O))
SIOO IF NMOII<>O THEN RETURN
5110 PUT #2.LOF(2)+!
5120 RETURN
5130 *CPDATAFILE
5140 IF IENDINGsl THEN S240
5150 NM05t(NUMBEROFDATA-1) MOD 5
S160 IF NM05=1 THEN 5180 ELSE IF NUMBER!NSERIES<>2 THEN S180
5170 GET SI,LOF(1)
S180 LSET CDAT$(NM05)sMK:$(NUMBEROFSERIES)+,YKI$(NUMBEROFDATA-1)+MKS$(CP)+MKD$(TI)+MKS
$(AI*2!)+MKD$(TF)+MKS$(AF*2!)+MKD$(HEATINGrNTERVAL)+MKD$(DE)
S190 IF NMOS=O THEN S240
S200 FOR ICPsNM05+1 TO S
S210 LSET CDAT$(ICP MOD S).MKI$(O)+MKr$(O)+"
          "
5220 NEXT rCP
5230 RETURN
S240 NFCPsFrX((NUMBEROFDATA-2)IS)+2
5250 PUT "1.NFCP
5260 RETURN
S270 *EQVILIBRAT:ON
S280 SNsO:
5290 SNNsO"
5300 SNTsOS
5310 STT=O#
5320 STsOt
S330 NTIMEOeNTIME-NLS
5340 FOR IISsNTIMEMrN-NLS+l TO NTIMEMIN
S3SO ST-ST+TEMP(IrS)
S360 SNTtSNT+TEMP(IIS)*(rrS+NTIME-NTIMEMIN)
S370 STT=STT+TEMP(IIS)"2
S380 NEXT !IS
S390 SN.(NTIME*(NTIME+1")-NT!MEO"(NTIMEO+1#))*.SS
5400 SNNs(NTIME*(NTIME+1")*(2"*NTIME+1#)-NTIMEO*(NTIMEO+IS)*(2".NTrMEO+1#))*.16666666
66666667S
S410 SXXtSNN•-SN"2/NLS
5420 AMEANNs(NTIME+NTIMEO+1")*.5S
5430 AMEANTsST/NLS
5440 SXY=SNT-NLS*AMEANN#AMEANT
S4SO AFsSXYISXX
5460 BFsAMEANT-AF*AMEANN
5470 TFsAF*(6#-HEATINGINTERVAL)/60"+BF
5480 LOCATE O,1:PRINT USINC "Drift s S.#""A"" K/min";2*AF
5490 RETURN
SSOO *ENDING
SSIO SRQ OFF
5520 PRINT @4;"H"
SS30 PRINT e4;"Dr,02C"
S540 IF NDATAFILE MOD !lsO THEN S580
5550 NDATAFILE.-1
5560 IDENT$s" "
5570 GOSUB *DATAFILE
SS80 IF (NUMBEROFDATA-1) MOD 5tO THEN 5610
5S90 IENDINGsl-
5600 GOSUB *CPDATAFILE
5610 CLOSE
5620 KEY OFF:TIME$ OFF

- 189 -



5630
5640
S650
5660
5670
5680
5690
5700
5710
5720
5730
5740
57SO
S760
5770
5780
S790
5800
S810
5820
S830
5840
S850
S860

END
*EQUILIBRIUM
rEQUrLIBRATIONml
RETURN
*RESTART
NUMBEROFDATAsNUMBEROFDATA--1
NUMBERrNSERIESsNUMBERINSERIES-1
IRESul
RETVRN
*NLSCHANGE
INPUT "fitting interval 1 min for Least Square ";ALS
NLStFIX(ALS*2)
IF NLS>NTIMEMrN THEN NLStNT:MEMIN
RETURN
.NTIMEMAXCHANGE
LPRINT
INPUT "Maximum time / min for temperature measurement ";AMAX
LPRINT USING "Maximum time for temperature measurement U min";AMAX
NTrMEMAXtFIX(AMAX"2)
RETURN
*:NTERVALOFHEATINGCHANGE
INPUT "Heating interval / min ";AHr
INTERVALOFHEATINGtFIX(60*AHr)
RETVRN
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