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 Chapter l

Introduction

     The classical thermodynamics based on the First and Second

Law of Thermodynainics forms a completely closed system. In l906

Nernst put fo]rward the Heat Theorem, which has become the Third

Law of Thermodynaniics. The entropy derived in the Second Law

appears also in the Third Law of [Vhermodyna"iies, where the ther-

modynarnics and the statistics are connected by the entropy.

The history of the third-law entropy is that of the investigations

of simple moZecular substances on modern thermodynamics. In

the early stage of the history (in the 1920's and the l930's),

                                       28)
the Third Law enunciated by F.E.Simon                                           was verified by experi-
                                  l)
ments'carried out by W.F.Giauque,                                      F.E.Simon and several other
investigators and their coworkers.2)'3) The caiorimetry and

related thermodynamie measurements on simple molecular substances

were made with high precision, and the values of the third-law

entropy compared favorably with those of the spectroseopic entropy

ealculated from the struetural and speetroscopic data. Someeimes,

however, there have been the non-zero residual entropies defined

as the difference between the two kinds of entropies. The ex-

planation for the differenees has been one of the principal prob--

lems in such investigations. After eliminating the causes for

errors in the measurements and calcuiations, there still remain

-2-



two possibilities; (a) non-equilibrium state frozen in solid

state, (b) anomaly of heat capacity below the lowest temperature

measured. Glassy states certainly belong to the first category.

In the case of some molecular crystals, however, the explanations

for the residual entropies have been made insufficiently because

of several causes; the insufficient precision of calorimetry and

the rather high temperature to which the calorimetry was limited,

etc. Many efforts have been devoted by several investigators

for obtaining more precise data down to lower temperature region.

In the history, one of most brilliant works was made by J.A.
                                                              7)
Morrison, et al. on methane and the deuterated derivatives.

They obtained precise heat eapacity data of rnethane and the

deuterated derivatives down to about 2.5 K, and found some anom-

alies in the lowest temperature region, which required to take

the contribution of nuclear spins into consideration. More

recently, the heat capaeities of deuterated methanes have been
measured down to about o.4 K.i9)'20) However, the entire fea-

tures of the anomalies are still to be explored.

     The precise heat eapacity measurements for obtaining the

residual entropies have also brought about the investigations of

molecular dynamics in crystals, which dealt with the relation

between the macroscopic-thermodynamic properties and the molecu-

lar or atomic behaviors in crystaJ.s. The investigation of lat-

tice dynarnics in crystals has been started by the splendid a-
ehievement oÅí A.Einstein in lg07.U5) This was extended by P.

-• 3-



               4)
                    Both these two models have been widely used asDebye in l912.

yet partieularly in phenomenological analyses. At the $ame time
                                                        46)as that of P.Debye (in 1912), M.Born and Th.von Karman                                                            pub --

lished their investigation of the lattice dynamics based on the

mieroscopic model where each individual atomic interaction was

taken explicitly into account. Based on this atomic model,

many theoretical investigations of lattice dynamics have been

developed for obtaining the frequency distribution g(v). The

                                                 75)
root sampling method was devised by M.BÅ}ackman.                                                       The moment
trace method has been developed by H.Thirring,42) E.w.Montron,U7)

            U8)                             76)
                                 introduced an approximate method                  W.V.Houstonand others.

for calculating g(v) for a few symmetrie directions in a eubic

crystal. The numerical calculations have been made by using

high speed computers. Lately, self-consistent phonon approxi-

mation has been developed. In the case of molecular erystals,

inert gas crystals have been wide]"r investigated, and recently,

the investigation has been extended to diatomic molecular crystals.

     There has been no commercial precision calorimeter for heat

capacity determination avaUable. For determining third-law

entropies of simple moleeular substances, of which alrnost aU

substances are gaseous at room temperature, the heat capaeities

and related thermodynamie quantities should be measured with high

preeision. The first aim of this investigation is to construct

a new precision calorimeter for use with eondensed gases from

1.8 K to room temperature. The author wishes to report the

-4-



performance of the condensed gas calorimeter, of which the pre-

cision and accuracy are higher than any previous apparatus.5)'8)'

IO),12),etc.
               The second is to measure the heat capaeities and

related thermodynarnic properties of simple molecular substances;

dinitrogen oxide and tetramethylstanname. The present thesis

gives the results of the measurements and the analyses and dis--

cussions in detail.

-5-
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                         Chapter 2

Construction of a precision adiabatic Nernst type calorimeter

adapted to condensed gases from 1.8 K to room temperature

2.1. Introduction

     Because of their simple molecular and crystal structures,

some molecular crystals which are gaseous at room temperature

have been widely investigated. The precision calorimetry and

related therrnodynamic measurements on condensed gases provide

basic information about their properties, but the construction

and operation of these apparata are very difficult and compli-

cated. There is no commercial precision calorimeter available.

The heat capacÅ}ties and related thermodynamic data of these sub-

stances by w.F.Giauque,i) K.ciusius2) and other severai invest-

      3)         and their coworkers have been receiving high reputationgators

for a long time. However, their measurements were limited to

above 15 K, and heat capacities were extrapolated to O K by the

            4)       3DebyeT law               to obtain the third-law entropies, on the assump-

tion that there were no anomaly below the lowest temperatures

measured. It seemed desirable that more complete and more ac-

curate information on the thermodynamic properties of some of

condensed gases should be provided. In 196i J.A.Morrison et al.

reported the precise heat capacities and related thermodynamic

5) ,6)

-7-



                                                   .properties of argon and krypton together with a detal ed analysis.

                                             9),10),11)                                                           11)                           7)                                 8)                                       8)The heat capacities of CH                                                        NO,                                          co,                              Ne,                                    Xe,                         4'
N2,ii)'i2) o2,ii)'i3) siH4,i4) cF4,i5)'i6) co2,i7) NH3,i8) ete.

have been measured more precisely down to about 3 K. More

recently, the heat capacities of deuterated methanes have been

                             19),20)                                     tracing out the low temper-measured down to about O.4 K,

ature heat capacity anornalies which had been partly detected in

                                   7)the earlier work of Morrison et al.

     In this investigation, a new calorimeter for use with eon-

densed gases from 1.8 K to room temperature which is the more

                              10)                                  has been constructed, and theimproved than the earlier one,

                                               21)measuring system described in the earlier paper                                                   has been

modified and improved. The present chapter deals with detailed

description of the cryostat and calorimeter, and their design

and performance.

-8-



2.2. Calorimeter and cryostat

2.2.1. General assembly

     Several types of cryostats for calorimetry on condensed gases

                    5),8),10),12),etc.have been developed,                                       and the temperature region

of measurements has been extended to liquid helium region.

However, the precision of measurements in this region is much

lower than that in higher temperature region. In this investi-

gation, a new type of cryostat for calorimetry by the adiabatic

Nernst method has been deviced and constructed, which proved to

give an improved performance. It can be used for continuous

measurements from 1.8 K to room temperature.

     The general calorimeter assembly is shown as a sectional

drawing and as a photograph of the interior of the cryostat in

Figures 1 and 2, respectively. The feature of the cryostat is

that it has a cooling system of vertical cascade type with two

refrigerant containers E (brass, internal volume = 43o cm3)

and I (brass, internal volume = 1770 cm3), which we call the

helium can and the hydrogen can, respectively, above the calo-

rimeter vessel A (gold, internal volume = 44 cm3) and its sur-

roundings B (copper) and C (copper). This cascade system is

very economical of liquid helium at low temperature region.

The radiation shield D (O.2 mm in wall thickness) and the inner

jacket H (1 mm in wall thickness) are made of copper to Tnaintain

thermal homogeneity and connected with Wood's alloy to the

helium can and the hydrogen can, respectively, while the outer

                             -9-
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jacket J (1.2 mrn in wall thickness, conneted to the top plate

(brass) of the cryostat with Wood's alloy) is made of brass.

All these cans and jackets are chromium plated and polished.

In order to minimize the heat exchange through gases, the entire

system can be evacuated through the pipes c (SUS-27 stainless

steel, l3 mm in outer diameter, O.15 mm in wall thickness) and

f (15 mm in outer diameter). These inner jacket and outer jacket

evacuation pipes are connected separately to the different evac-

uation systems, each of which consists of a mechanical pump

(Tokuda Seisakusho Ltd., type MG-50A, 50 literlmin), an oil dif-

fusion pump (Shimadzu Seisakusho Ltd., type OD-4, 400 liter/s),

liquid nitrogen traps and the several other equipments. All

the tubes a-f are made of SUS-27 stainless steel, non-plated,

and non-polished, and have outer diarneters of 10-16 mm and O.15

mm in wall thickness. These tubes a-e except the outer jacket

evacuation tube f have thermal economy sheaths (brass, 1 mm in

wall thickness, 100 nm in iength). The sarnple filling tube F

(Gerrnan silver, l rm in outer diameter, O.1 mm in wall thickness)

connects the calorimeter vessel A with the outside system for

sample-measuring and pressure determinations (Figure 6). The

length of the filling tube from the calorimeter vessel A to the

point just outside the cryostat at room temperature is 1630 mm.

Heat leak along the filling tube is anchored through the thermal

shunt G (copper tube, 4 mm in outer diameter, 1 mm in wall thick-

ness, 150 mm in length) to the bottom of the hydrogen can I.

-Z2-



Over the entire length of the filling tube F, is closely wound

non-inductively double silk-insulated B.S. fS36 manganin wire

heaters from the point where F ernerges from the cryostat to the

top of the adiabatic shield (Figure 3), the wire varnished with

glyptal lacquer (G.E. adhesive No. 7031). The heaters are

wound in 7 separate parts so that each portion may be heated in-

dependently; This was necessary to maintain the tube at a prede-

termined temperature. The temperatures of different parts of

the filling tube are monitored and measured with seven constantan
                                  t'- 'vii•:X
versus chromel-P thermocouples of w/<tchA,temperature scale has been

established in our laboratory (Figure 7). The temperatures of

the 4 lower parts of the filling tube are also measured by carbon

resistance thermometers (Allen-Bradley, nominal value of 10 9)

in the low ternperature region. The temperatures of several other

points in the cryostat are also measured with the constantan

versus chromel-P thermocouples. The total number of the electric

lead wires including some spares are 76, and each runs about IO

m from the calorimeter vessel to the terminal box outside the

cryostat. All lead wires except for the thermocouples are doub!e

silk insulated B.S. IS36 copper wires. The lead wires enter the

cryostat at the head of the cryostat through picein cement (Figure

5?, and pass through the evacuation tube c, turning around the

sample filling tube F. They are brought to the temperature of

the refrigerant container I, being wound closely at its bottom

and fixed with glyptal lacquer. They are also in good thermal

                            -l3-



contact with the refrigerant container E at tts bottorn.

2.2.2. Calorimeter vessel and its surroundings

     Figure 3 shows the lower part of the cryostat. After heat

exchange with the helium can P at the bottom, lead wires B are

wound closely on the thermal station ring N ( copper, weighing

450 g), of which the temperature is maintained in between the

temperatures of the helium can and of the adiabatic shield I, in

order to minimize the temperature gradient on the adiabatic shield

and help to make adiabatic eontrolling operation easy. The ring
N is of three year-ring shaped construction foi lfll8;oAg thermai

contact between wires and the ring. The adiabatic shield consists

of three parts, top L, side I and bottom A, which are made of

copper, the wall being 2 mm thick and its total weight is 750 g.

The lead wires are wound closely on the side of the adiabatic

shield I, and enter the inside of the shield through the small

holes on the circumference around the bottom of the side I.

The lead wires between the calorimeter vessel and the side of the

adiabatic shield I except for the thermocouples, D, H and K are

double silk insulated B.S. Vt38 copper wires and about 500 mm long.

The lead wires from the calorimeter vessel are soldered inside

the adiabatic shield and have not any other soldered connections

between the calorimeter vessel and the terminal box outside the
                                                        '
cryostat. In the adiabatic Nernst type calorimetry, the adabatic

shield must be rnaintained at the same temperature as the calorim-

                            - llt -
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eter vessel all the time. The temperature differences if any are

detected with gold + 2.1 mole per cent cobalt versus copper ther-

mocouples (one thermocouple D, three thermopiles H and K), and

temperatures of the three parts, top, side and bottom are con-

trolled separately. The adiabatic condition is controlled auto-
          22)                The block diagram of the system is shown in Figurematically.

4 (a), together with a chart trace of controller performance in

Figure 4 (b). The e.m.f. of the thermocouples is amplified and

fed into a thyratron relay. The relay energizes the switch that

short-circuits a resistance in the circuit of the shield heater.

The rheostats A and B, the switches D and E, and the Slidac C are

controlled manually. The switch E, on closing, increases the

heater eurrent by about three times and the switeh D mt"kes the

heater current zero when the relay is off. These two switches

help to make manual operation easy. Similar ampifier- relay

circuits are used for the side and the bottom. A recorder chart

trace of controller performance in Figure 4 (b) shows the tem-

perature difference between the calorimeter and the side of the
                                              '
adiabatic shield. The oscillation of the temperature is small

enough to ensure that no correction is necessary for heat input.

The calorimeter vessel is made of gold, internal volume of about

     344 cm      , about 76 g in weight, and has eight vanes for the inside

thermal uniformity. The calorimeter vessel is equipped with a

platinum resistance thermometer G (Leeds & Northrup Company, type

8164, calibrated at the U. S. National Bureau of Standards on the

                           -z6-
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NBS-55 temperature scale), a germanium resistance thermometer

(in the early stage of this investigation, Minn .eapolis-Honeywell

Regulator Cornpany, type MHSP 2401, and lator, Cryocal, Inc.,

CryoResitor type CR 1000), the calorimeter heater E (B.S. #36

KARMA wire, Driver--Harris Cornpany, resistance of about 150 st)

which is wound non-inductively around the platinurn resistance
                  .•1 eJ}t.v " g" Y-

thermometer and alsoAthe bottom quarter of the calorimeter vessel.
                    .r' X

The cap C (copper, O.2 mm in wall thickness) serves as a radiation

trap and thermocouple junction post is soldered on the side of the

vessel. The platinum resistance thermometer wound with the

KARMA heater wire is cast in the re-entrant well at the center

of the vessel with Wood's alloy and the germanium resistance

thermometer is placed in the copper sheath with high vacuum

silicone grease for good thermal contact, the sheath being sol-

dered on to the bottom face. The sample filling tube runs down

through the top of the adiabatic shield L, being thermally con-

nected to the top, and connected to the top of the calorimeter

vessel. The calorimeter vessel is suspended with three nylon

threads from the top of the adiabatic shield.

     Figure 5 (a) is a photograph of the head of the cryostat.

A photograph of the calorimeter vessel is given in Figure 5 (b).
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2.3. System of measurements

2.3.1. Sample filling and vapor pressure measurement

     The system for sample purification and measurement and for

measurements,of vapor pressure and of heat of vaporization is

shown in Figure 6. The whole system is made of pyrex glass, and

high vacuum grease (silicone lubricant, Dow Corning Co.) is used

for stop-cocks and joints. The outer diameters of the pyrex

glass tubes are 20-10 mm for sample preparation part, whi!e ca-

pillary tubes with 2 mm inner diameter are used for pressure

measurement part to make the volume of dead space as small as

                                             3possible. The sample gas was stored in 5 dm flask before con-

densing it into the calorimeter vessel. In the case of dini-

trogen oxide, for example, the gas was first dried over P20s,

and then condensed at the trap 1 whtch is immersed in liquid ni--

trogen Dewar vessel (not shown in Figure 6). The traps 1-4

were then used for distillation of the condensed gas. The a-

mount of the sample gas is determined by the P-V-T measurements

using the calibrated 5 liter volume (s372.0! cm3 at 23.8 Oc).

The 5 liter volume was determined by weighing the flask filled

with freshly distilled water. The flask is contained in a ther-

rnally insulated box. Pressures were measured with the mercury

manometer A and also in the later stage of investigation by the

quartz Bourdon gauge (Texas Instruments Incorporated, type 144-

Ol). The rnercury manorneter A was designed so as not to require

corrections for capillary depression. The meniscus height of
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either arm was measured by a pair of travelling telescopes

cathetometer (Å} O.Oi mm precision, Rika Seiki Kogyo Co.) by

locating the meniscus in reference to a calibrated steel scale

mounted between the manometer arms (not shown in Figure 6).

                                                       *The quartz Bourdon gauge has a precision of Å} O.Ol Torr ; it has

advantages of small and unchanged dead volume (1.536 cm3) and

simplicity in operatÅ}on. Another mercury manometer B (not il-

lustrated) was used for monitoring the pressure over the condensed

gas during distillation. The total dead volume of the capillary

                                       3line except the manometer A is 9.779 cm . The capillary line is

connected to the German silver filiing tube of the cryostat with

picein cement.
rk

  1 Torr is defined as (1013251760)Pa.

2.3.2. Electricai measurernents

     Because part of the sarnple gas is in the filling tube and

the pressure gauge at higher temperatures, it is necessary to

determine the amount of the gas outside of the calorimeter vessel

and to apply corrections to the solid heat capacity. This was

done by measuring the temperature gradient along the length of the

filling tube with seven thermocouples. The measurements were

also necessary while the sample gas was being aondensed in the

calorimeter vessel in order to prevent the gas from condensing

in the filling tube. The therrnocouple outputs and a!so the

potential and current across the calorimeter heater were recorded

.- 23 -



on the automatic data acquisition system, the block diagram of

which is shown in Figure 7. The system has ten channels which

are scanned for their d.c. e.m.f. with a scanner (Takeda Riken

    trndusAFy Co., Ltd., type TR-72i6-20S and TR-7513) whieh consists

of crossbar switches (James Cunningham Son and Cornpany, Inc.,

type A crossbar, specially modified for lowering thermal e.m.f.

(about O.3 yV) and contact resistance) and controller, and has

several kinds of program funetions. The e.m.f.s are determined

by a digital voltmeter (Hewlett-Packard, type 3450 A, multi-

function meter) which has 5 full digits, 20 per cent overrange

and 1 uV sensitivity on the 100 mV range. The output levels of

the HP-3450A are converted to the same voltages of the TR-system

by the TR-level converter to connect to the TR-system with BCD

(1-2-4-8) codes. The digital clock ([[R-7414, with several options)

operates as both a clock and a timer. The digital printer records

the time (minutes and seconds), channel number (O-9), and the

outputs of the multifunction meter HP-3450A. The nominal sen-

sitivity is better than Å}l uV on the IOO mV range. The heating

time is determined by an electronic counter (TR-124B) to the

nearest 1!100 s. Resistances of the platinum and germanium

resistance thermometeiSare determined by the potentiornetric meth-

od using a six-dial double thermofree microvolt potentiometer

(Minneapolis Honeywell Regulator Co., Rubicon Instruments Division).
             $L•
The current 9.rough the thermometer and the standard resistor is
             N.
reversed at each reading in order to cansel the possibie extra-
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neous e.m.f. Unsaturated cadmium standard cells (The Epply

Laboratory, Inc. Scientific Instruments) and standard resistors

(Shimadzu Seisakusho Ltd.) were used, which are stored in a ther-

mostat regulated at 29 eC. For all high precision circuits,

electrically shielded wires (Fujikura Cable Works, Ltd., type

3C-2V) are used outside the cryostat, and low thermal e.m.f.

and contact resistance switches (Leeds & Northrup Company, type

3294, pinch-type switch) are also used. All dc power was sup-

plied from a bank of batteries.
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2.4. Temperature scales

2.4.!. Piatinum resistance thermometer

     The International Practical Temperature Scale of l968 (!PTS-

1968) was adopted at the meeting of the International Committee

on Weight and Measures, after the recommendation of its Interna-

                                                  23)tional Committee on Thermometry, in October 1968.                                                        Since

January 1, 1969, it has replaced the International Practicai

Temperature Scale of l948 (IPTS-1948, amended in 1960). The

following changes have been introduced:

     a). The name kelvin and the synbol K are used as the unit

     of temperature.

     b). Ail values of the defining fixed points except of the

     triple point of water (273.16 K = O.Ol OC) are changed.

     c). The lower limit of Range 1 is extended to the triple

     point of hydrogen (13.81 K = -259.34 OC).

     d). The lower limit of resistance ratio RloolRo of the

     platinum resistance thermometer for Ranges 1 and 2 is

     changed to 1.3925.

     e). Range 1 is divided into four parts; the triple point

     of hydrogen the boiling point of hydrogen (20.28 K)

     the triple point of oxygen (54.361 K) the boiling point

     of oxygen (90.188 K) the freezing point of water

     (273.15 K= O eC).

     f). rn Range 1, the Callender - Van Dusen equation is

     replaced by a new reference function which is calcu!ated

-27-



     by an eleetronic computer in each part.

     g). In Range 2 (O OC 630.74 OC), the Callendar equation

     is modified by a correction term.

     h). !n Range 4 (above 1064.43 eC), the second radiation con-

     stant c2 is changed to O.O14388 meter kelvins.

     The platinum resistance thermometer on the present calorimeter

(calibrated at the U.S. National Bureau of Standards; laboratory

designation, thermometer B) is the one calibrated against the

IPTS-48 and the NBS-55 temperature scale below the temperature of

the boiling point of oxygen. The relationship between the IPTS-

68 and the NBS-55 temperature scale is given in the reference 23).

(c). Therefore, the temperature scale of the platinum thermom-

eter 6 has been converted to the rPTS-68 using the NEAC 2200-500

computer system at the Computer Center of Osaka URiversity.

2.4.2. Germanium resistance thermometer

     Recently, germanium resistance thermometers have been used

widely in the world below about 20 K because of their high sen-

sitivity and good reproducibility with respect to time and ther-

            24)mal cycling.                  Because there is no simple relation between the

resistance and the temperature, which is one disadvantage of ger-

manium resistance thermometers, an electronic computer was used

to determine the calibration formula.

     In this investigation the germanium scale was fixed by using

different method for each of the three temperature re 3ions:

                            -28-



(a) the lgss 4He vapor pressure temperature scale25) below 4.2 K,

(b) the 4He gas thermodynamic temperature scale between 4.2 K and

l3.81 K, (c) the IPTS-68 above 13.81 K.

The gerrnanium resistance thermometer used in the early stage of

this investigation bears the laboratory designation, the germa-

nium thermometer ct, and the one used at aV later stage the germa-

nium thermometer y. The germanium thermometer y is of a better

quality than the ct : small size and high sensitivity, etc.

     The germanium thermometer ct was calibrated by the following

methods .

(a). Below 4.2 K, the thermometer ct was calibrated against the

 4  He vapor pressure. The apparatus is illustrated in Figure 8.

Here, pure helium is condensed into the copper block (about 1.5

  3cm in volume) through the stainless steel tubing (2 mm in outer

diameter, O.15 mm in wall thickness) which is used also for vapor

pressure measurements and which has an outer sheath for preventing

the film flow of liquid helium-II below the X-point from causing

the pressure fluetuation. The sensor ct is placed in a hole

drilled in the copper block. The outer liquid helium bath is

pumped on with a mechanical pump, and the iowest callibration

point was at 1.425 K (Table 1).

(b). Between 4.2 K and l3.81 K, the thermometer ct was calibrated

            4against the He gas thermometer. This condensed gas calorimeter

can be used as a gas thermometer. The sensor ct is mounted on

the calorimeter vessel, purified helium gas is introduced into

-. 29 -
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the calorimeter vessel through the sample filling tube, and the

vapor pressure measurernent system is used. Due to the large

volume of the calorimeter vessel (44 cm3) compared with the volume

of the filling tube (1 cm3 altogether) and of the dead space at

room temperature (about 3o cm3 in the case of mercury manometer,

     310 cm in the case of Bourdon gauge), the calibration sensitivity

was sufficiently high (Table'sl,2). The corrections for thermal

                                                 26)expansion of the volume of the calorimeter vessel                                                     and for the
  '                                   27)seeond virial coefficient of helium                                       were applied. No correc-

tion was made for the adsorption of gas on the inside wall.

(c). Above 13.81 K, the therrnometer ct was calibrated on the IPTS-

68. The germanium resistance thermometer ct and the platinum

resistance thermometer B, both of which are mounted on the calo-

rimeter vessel, can be compared with each other in situ.

Although the germanium thermometer was used only below 13.81 K,

its ealibration procedure was extended up to 15 K to assure smooth

connection between these two re !}ions. The calibration points

obtained (27 points) are tabulated in Table l. The following

two functions were examÅ}ned for computer fitting by the method
 '
of least squares,

               b.                     1-a                                        , (l, a)     loglo R =ZAi T
              i=1

               b.                               1-a     10glo R "i:i.IllAi ( loglo T) , (1, b)
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  TABLE 1. THE
THERIbifOMETER ct.

CALIBRAT!ON POINTS FOR THEGERMANIU]ytRES!STANCE

T R T R

K st K st

1
1
l
1
2
2
2
2
2
3
3
3
4
4

.

.

.

.

.

.

.

.

.

.

.

.

.

.

42523
71508
92602
98909
27736
46599
47337
98178
99615
35981
55492
89230
0979
20879

9638
5822
4346
3984
2858
2383
2370
1567
1482
1185
1090
 908
 807
 776

.97

.21

.47

.63

.57

.28

.20

.87

.612

.175

.482

.795

.104

.533

4
4
4
5
6
8
8
9

10
12
13
14
15

.20917

.21386

.8345

.8930

.9134

.1060

.7864

.6426

.4617

.2714

.3073

.2191

.1988

777
776
584
391
278
195
163
131
109
 78
 65
 57
 50

.

.

.

.

.

.

.

.

.

.

.

.

.

101
263
833
717
877
9521
1749
9649
9944
1906
9716
7029
6600

  TABLE 2. THE
THERIMOIYllITER ct.

CALIBRATION FORMULA FORTHE GERJuaNIU),I RESISTANCE

loglo

     lloi

R= X Ai T
    i=1

i-2

A

A

A

A

A

1

2

3

4

5

= -o

=6
= -2

=o
= --o

.0722156087

.1827664995

.4344128577

.8842873514

.1998328862

A6 = O.
A = -O. 7
As = O.
A = -O.9

   = o.A 10

0281957798

O025095935

OOOI371840

OOOO042058

OOOOOO0553

 27

x(
i=l

loglo R i(calc.) - iOgio R i(obs.)
)2 . o. OO042887
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where R is the resistance in absolute ohm and A are constants.                                               i
The best fit was obtained by employing the formula:

                10                       i-•2     loglo R= iillll Ai T. • (2)

The ten coeffÅ}cients Al-Alo are listed in Table 2, together wtth

the sum of deviations:

     Aloglo R= loglo Rcalc. - loglo R.bs. • (3)

The deviation plot is given in Iifgure 9.

     This gerrnanium resistance thermometer ct was used as the

working thermometer for the heat capacity measurements of dinitrogen

oxide in its first seTies of runs. Later, in the second series

of the heat capacity measurements of dinitrogen oxide, the ct has

been replaced by the germanium resistance thermometer y, which

was calibrated by comparison with the resistance of the ct.

                                                     4However, below 4.2 K it was recalibrated on the 1958 He vapor

pressure temperature scale. For this purpose this condensed gas

calorimeter was used as a vapor pressure thermometer. Purified

helium was condensed into the calorimeter vessel through the

sarnple filling tube, and the vapor pressure was measured.

The lowest ealibration temperature was 1.819 I( (Table 3).

The calibration points are tabulated in Table 3, and the coeffi--

cients of the formula that gave the best fit between 1.8 K and
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  TABLE 3.

IVHERMOMIETER

THE CALIBRATION POINTS FOR
y BETWEEN l.8 K AND 4.2 K.

THE GER)vlANIUMRESISTANCE

T

K

R

st

T

K

R

st

l.81921
l.88212
2.oo7ns
2.I5U59
2.4426g
2.75215
2.95518

5206.052
4791.032
4o89.l95
3454.223
2598.533
2o07.690
1730.737

3
2
2
3
3
3
4

.

.

.

.

.

.

.

l346o
27U61
99370
30217
51371
73901
20917

l533.056
3054.I86
l686.293
l38o.678
l219.I83
I079.971
 853.295

  TABLE U.

THER!vfOMETER

THE CALIBRATION FORMUILA FOR

Y BE[VWEEN l.8 K AND 4.2 K.

[VHE GERMAJNflUMRESISTANCE

log
       7
lo R =g Ai T
      i=l

i-4

Ai

A2

A3

AU

= -ll.26614U77o6

= 2U.l382990601
= --l9.8015576148

= l3.l433175470

A = -•25

A6 = o
A =-O7

.

.

.

7850755249

3716358oUo

o2U956379

 IU

x(
i=1

loglo R i(eaic.) "- iOgio Ri (obs.)
)2 . o.

OOOOO077
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4.2 K:

                7                       i-4     loglo R= XAiT , (4)
               i=1

are given in Table 4. By including the calibration points at

higher temperatures which are based on the ct scale, a single

formula good between 1.7 K and 15 K was determined as

               IO.                      1-4     loglo R= :X AiT . (s)
              i=1

The calibration points are tabulated in Table 5, and the ten

coefficients are given in Table 6. The difference between the

two formulas (4) and (5) for the temperature resion from 1.8 K

to 4.2 K was negligible. The deviation plots are given in

figure 10.
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  TABLE 5.

THERMOM[ETER

THE CAL!BRATION POINTS FOR

y BETWEE)l 1.7 K AND i5 K.

THEGERMANIUMRES!STANCE

T

K

R

9

T

K

R

st

l.71508
l.81921
l.88212
2.00745
2.I5459
2.4426g
2.752L5
2.95518
3.1346o
2.27U61
2.99370
3.30217
3.51371
3.73901

6013.51U
5206.052
4791.032
U089.I95
3U54.223
2598.533
2007.690
Z730.737
l533.056
3054.186
l686.293
138o.678
l219.I83
I077.971

 4.2o879
 U.20917
 4.21386
 U.8345
 5.8930
 6.913U
 8.Io6o
 8.7864
 g.6426
lo.4617
l2.2714
l3.3073
IU.2191
l5.1988

8s2.67U
853.295
852.379
642.ogL
428.712
3o4.676
214.784
l79.704
lh6.5U5
l23.310
 89.705
 76.7s4
 67.958
 6o.427

  TABLE 6.

THERMOMIETER

THE CAI,IBRATION FORMUta FOR

y BE[PWEEN 1.7 K AND l5 K.

THE GERMANIU[MRESISTANCE

log
      lo
lo R == Ai T
      i=l

i-4

 28

x(i=l

Al

A2

A3

A4

As

= -9.9045028235

= l9.518g446673

=-l4.3g88441226

= IO.2554923447

= -2.09332U9566

log     R   10

A6 = o
A = -O7

As= o
A = -O9

A = O IO

i(cale.) - IOglo R

.

.

.

.

.

3Ul8143002

0374955679

o025284079

OOoog34843

oooool4433

i(obs.)
)2 . o. OOOO0791
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2.5. 0peration and performance

2.5.1. 0peration

     The standard method of operation of the cryostat is as fol-

Zows. The metal Dewar vessel K (Eigure l) is filled with liquid

nitrogen, and different refrigerants are introduced into the re-

frigerant containers E and I (ELgure 1) depending on the temper--

ature region to be studied. R)r the measurements above 200 K,

the E and I contained no liquids, but helium gas at atmospherie

pressure. The container I is filled with liquid nitrogen and

solid nitrogen for the temperature region from 100 K to 200 K and

from 55 K to 100 K, respectively, while the container E is empty.

Liquid and solid hydrogen are charged in the hydrogen can I for

the measurements between 22 K and 55 K, and between 11 K and 22 K,

respectively, while the helium can E contained helium gas at at-

mospheric pressure. For the measurements from 2.6 K to 11 K,

the helium can E is filled with liquid helium which, by a single

charging, lasts about twenty hours, whereas the hydrogen can con-

tains solid hydrogen. R)r the measurements of the lowest tem-

perature region down to 1.8 K, both containers, the helium can E

and the hydrogen can I, are filled with liquid helium in which

                                                ncase the refrigerants last about ten hours. Co.tainers E and I
                  ff se orteI •
can be pumped on an e inside and outside vacuums are maintained
                  --6better than 1 x 10 Torr during measurements. The calorimeter

is cooled by breaking the vacuum with small amount of helium ex-

                          -2change gas at about 1Å~ 10 Torr down to about 15 K. Below
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about l5 K, the calorimeter is cooled only by the heat conduction

through the electrical lead wires. In the temperature region

where the vapor pressure of the sarnple in the calorimeter vessel

is negligibly small, the heat capacity measurements are carried

out under strict adiabatic conditions as for the solid calorimeter.22)

However, when the vapor pressure of the material in the calorimeter

vessel cannot be ignored, the temperature of filling tube is main-

tained above its boiling point, and the top of the adiabatic shield

L (Etgure 3) is maintained about O.5 K on the warmer side compared

with the calorimeter vessel to prevent distillation of the specimen.

The heat leak due to such a temperature head can be adequately

taken into account of by tracing the temperature drift after the

heat input was turned off. The temperature of the therma1 sta-

tion ring (Etgure 3) is controlled manually. However, in the low

temperature region below about 150 K, it does not need heat supply

to maintain the ternperature of the ring in between the tempera-

tures of the helium can and of the adiabatic shield I (Etgure 3),

while in the higher temperature region to room temperature, sig-

nificant current must be supplied. The time of the heat input

to the calorimeter vessel for heat capacity measurement is about

two minutes irl<the lowest temperature region below about 15 K,

and increases to twelve minutes in the higher temperature region

at room temperature. No helium gas is introduced into the cal-

orimeter vessel for heat exchange.
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2.5.2. Performance

     This condensed gas calorimeter can be used for continuous

measurements from 1.8 K to room temperature. The time for ther-

mal equilibrium in the calorimeter vessel is a few seconds at the

lowest temperature resion, about one minute at about 20 K, a few

minutes at about 50 K, and increases to tenor more minutes at room

temperature.

     The precision of this calorimeter is very high. The scatter

 of the measured points of heat capacity of dinitrogen oxide is

at most Å} 3 per cent at 4 K, Å} 1 per cent at 10 K, Å} O.1 per cent

above 20 K, and Å} O.3 per cent in the high temperature region

where vapor pressure of dinitrogen oxide is significantly high.

rn the case of the first series of measurements on dinitrogen

oxide, the calorimeter vessel contributed about 40 pencent of the

total heat capacity. The cornparison of the present results with

                                                          1)the previously published reliable data by Blue and Giauque                                                             will

give some idea about the accuracy of our measurements (Table 9).

The more sensitive comparison can be made in terms of the Debye

characteristic temperature, which is shown in Iligure 1! in the

low temperature region below 50 K. In the lowest temperature
                                                        elltcret
region below 4 K, there are large differences between the,,.of the

two series of measurernents obtained with the germanium thermom-

eters ct and y(Å} 10-20 per cent of C ). There may be two rea-
                                     p
sons for this systematic discrepancy:

     a). the nature of dinitrogen oxide related to thermal history.
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     b). difference in the temperature scale between the germanium

     thermometers ct and y.

The temperature scale differences due to the forrnulas (2), (4),

(6) can not cause such large differences, because the discrepancies

in the temperature scales which are very small distribute at random.

At present, the origin of the discrepancy can not be assessed.

In the absence of other sensible measures, the differences may be

considered as the accuracy. Nevertheless, the precisipn and the

accuracy of this condensed gas calorimeter may be higher than any

previous apparatus.5),8),19),12),etc.
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The heat capacity, vapor pressure and related thermodynamic

             properties of dinitrogen oxide
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     3.3•2. Fusion

     3.3.3. Heat of vaporization
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     3.3.5. Thermodynamic functions

          '
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     3.b.l. Residual entropy
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     3.4.3. Zero point pToperties

     3.4.4. Lattice modes in the low temperature region

     3.4.5• Premelting
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                        Capter 3

The heat capaeity, vapor pressure and related theumodynamic

             properties of dinitrogen oxide

3.l. Introduetion

     The entropy of a gaseous system can be caluculated by the

statistical thermodynamies using the structural and spectroseopic

data, while the calorimetry and related therrnodynarnic measurements

of it provide the third-law entropy. Comparison between these

two kinds of entropies have been made by F.E.Simon, W.F.Giauque

and several other investigators and their coworkers, verifying
                                28)
the Third Law of [Dhermodynainies.                                      On some simple molecular

systems, however, there have been the residual entropies defined

as:

     S8 = S?statisticai) - S?third-iaw) ' (6)

which have been explained in terms of the orientational disorder

frozen in solid state.

                                29)     In l964, Melhuish and Scott                                    caluculated eleetrostatic

energies of some molecular crystals, and provided the Curie

temperatures of 5 K and ll K for dipole orientation in CO and

N20, respectively• In l966, the heat eapacity and related

thermodynamic properties of carbon monooxide were reported by

                           .- 45 -



                                                  9) ,IO)
the author and J.A.Morrison and their coworkers.                                                            The

third-law entropy of carbon monoxide was determined and the

residual entropy was estimated as s8 = (3.3 Å} o.s) JK-lmoSl,

                                                                    -l                                                               -1which showed significant difference from the value of U.7 JK                                                                 mol

approximating to Rln 2 = s.76 JK-lmol-1 obtained by J.o.clayton

                 l)                                        30)
                                            eonsidered the kineticsand W.F.Giauque.                      K,S.Pitzer et al.

of the order-disorder transition in solid carbon monoxide by a

tunneling mechanism in 1968. In 1969, J.C.Burford and G.M.
      Il)
           reported the heat capacity of carbon monoxide in theGrahaJn

lower temperature region from O.8 K to 4.2 K, where no anomalous

behavior was found. At present, there is no reasonable expla-

nation of the residual entropy of carbon monoxide.

     Dinitrogen oxide has similar aspeets to carbon monoxide;

lin ear molecule wlth small electric dipole moment of O.l66 Å~

  -l8
10 e.s.u. cm, cubic erystal structure of P213, etc.

Recently, the molecular dynamics in simple molecular crystals

has been improved, and the precision calorimetry and related

thermodynainie measurements seerned fruitful investigations.

In this ehapter, the measurements of heat eapaeity and related

thermodynarnie properties of dinitrogen oxide are described,

and are analyzed in detail.
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3.2. Experimental

3.2.I. Material

     The sample of dinitrogen oxide which, was in l3 glass flasks

(l liter, at 760 Torr, equipped with breatkable seal) was purehased

from Takaehiho Kagaku Kogyo Co., Ltd. and the claimed pixrity was

99.9 mol per cent. It was further purified in the sarnple prep-

aration system described in the preceding chapter (Figure 6).

Dried over P20 s, dinierogen oxide was distilled twice by means

of the traps l- 4. The final purity was 99.997 mol per cent

determined by the fractional melting method in the calorimetry.

Gas-ehromatographie and mass-spectrographic analyses gave no

deteetable impurities. The quantities of the purified dinitrogen

oxide used in the Åëalorimetry were determined by the P-V-T meas-

urements, corrected for non-ideality using published values of
the seeond virial coefficients;31) (o.U26s Å} o.oo16) moÅ} in the

first series and O.1800 mol in the second series.

3.2.2• Calorimetry

     In the first series of the calorimetry, the germanium re-

sistanee thermometer ct was used, and the pressure was measured

with the mercury manometer. The ealorimetry in the whole tem-

perature region from 2.6 K to l84 K (heat capacity, heat of

fusion, heat of vaporization and vapor pressure measurements)

was earried out in the first series.

     In the second series, the germanium resistance thermometer
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y was used, and the pressure was measured with the quartz Bourdon

gauge. The heat capacity measurement below 5 K down to l.9 K,

and the calorimetry above the triple point were earried out in

the second seri6s.

     Above l20 K, where the vapor pressure of dinitrogen oxide

was significant, the foUowing eorrections were neeessary: (a)

the heat of vaporization caused by the vapor pressure increase

during heat input, (b) the heat of compression of the dinitrogen

oxide gas in the free vapor volume over the condensed dinitrogen

oxide in the calorimeter vessel, and (e) heat eapacity of the gas

of dinitrogen oxide. After a heat input, the dinitrogen oxide

in condensed state (liquid and solid) decreased by the ainount of

these contributions, of whieh value was used for the calculation

of heat capacity of condensed dinitrogen oxide. For these cor--

reetions, the distributions of dinitrogen oxide in the calorimeter

vessel, Å}n the fiUing tube and in the dead volume for pressure

measurement were determined. The free volume in the calorirneter

vessel was cal eulated by means of the densities of liquid and
                       32)solid dinitrogen oxide. (Because only two valutes of density

of solid dinitrogen oxide at 20 K and 83 K were available, the

value of density at any temperature was obtained by the method

of linear extrapolation.) The heat of vaporization at each

temperature was estimated by Kirchhoff's law:

     d(AH)/dT = Cp(gas) -' Cp(condensed) ' (7)

                            -48-



where AH denotes enthalpy change, and the C p(gas) was ealculated

from the classical model for translational and rotational molec--

ular motions and from the infrared and Raman spectral data for

intramolecular vibrations in the harmonie approximation. The

gas imperfection eorrections were made by using the second virial
              31)                   (Because the second virial coefficients werecoeffieients.

given only above l97 K, the values below this temperature were

obtained by the method of smooth extrapolation.) A typical

exarnple of these eorrections is given in Table 7. The operation
                    '
and performamee of the ealorimetry are described in Section 2.5.

The heat capaeity value obtained is not C at constant pressure
                                           p
but C under its saturated vapor pressure. However, the differ--
     s
ence between C and C given by the equation,
               sp

     C, - Cp = [(6H16P)T - V]'(6P/6T)s , (8)

is negligible, and the data are tabulated as C .
                                                p
     The system for sarnple filling and vapor pyessure measurement

shown in Figure 6 was used for measurement of heat of vaporization.

The calibrated 5 liter flask was used as sample storage volume of

the dinitrogen oxide evaporated from the calorimeter vessel, and

during heat input, the pressure was controlled manual Ly within

Å}l Torr by adjusting a stop-cock, being monitored with the pres-

sure gauge.
                            '
     In the lowest temperature region below IO K, the adiabatie
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    TABI[,E 7. A TYPICAI, EXAMPLE OF THE CORRECTIONS FOR THE

  CA]]ORIMETRY OF THE SECOND SERIES. The ngd, ngf and ngc denote

  the arnount of the gaseous dinitrogen oxide in the dead volume for

  the vapor pressure measurements at room temperature, in the fill-
  ing tube and in the free volume (V ) in the calorimeter vessel,
                                    ge
  respectively. The n is the amount of the eondensed dinitrogen
                       cc
  oxide in the calorimeter vessel.

  STARTING POINT: FINAL POIN[I]:
TEMPERATURE TI = 183.9367 K TEMPERATURE T2 = l8lt.9170 K
VAPOR PRESSURE ?l = 724.208 Torr VAPOR PRESSURE P2 = 768.207 Torr

DISTRIBUi]]ION OF DINITROGEN OX!DE; DISTRIBU[I]ION OF DINITROGEN OXIDE;

  ngdz = O'OOOU093 MOI ngd2 = O•OO04341 Mol
  ngfl = O•OOO0356 MOI ngf2 = O•OOO0379 MOI
  n =O.O024206 mol n                                          = o.oo2ss66 mol
   gcl                                      gc2
  n,cl = O•1771345 mol n.,2 = O•1769714 mol

                 TEMPERINTU[RE INCREASE AT = O.98032 K

                 VAPOR PRESSURE INCREASE AP = 43.999 Torr

                 HEAT IDifPU[V AE = 31.937 J

                 CORRECTIONS:

                     .AH = -O.4U J                 An                   gd vap
                     .AH = -O.038 J                 An                   gf vap
                 An 'AH = -2.256 J
                   gc                        vap
                 ngc'Cp(g.,)'A[I] " -O'078 J

                 AP.V = +O.219 J
                     gc
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3.3. Results

3.3.l. Heat capacity

     The measu]ced heat capacity values of dinitrogen oxide with-

out curvature corrections are tabulated in Table 8. [Dhe data

are shown graphically in Figure l2. The smoothed values at

rounded temperatures are given in Table 9, together with the

deviations derived from the eomparison with the values obtained
                    l)
by Blue and Giauque.                         The values show very good agreement in

the entire temperature region. The more sensitive comparison

in the temperature region below 50 K is shown in Figure 11 in

seetion 2.5.2., which is given in terms of the Debye eharacteristie

temperatures derived from the measured heat capacity values.

The scatter of the present results is much smaller than that of

the results by Blue and Giauque. The eomparison of the measured

heat capacities in the region of liquid dinitrogen oxide given

in Figure l3 shows rather large scatter of the present data,

which is caused by the large corrections in the first series of

the calorimetry, where the mercury manometer A was used for the

vapor pressure measurements (section 2.3.1.).

3.3.2. Fusion

     The heat of fusion of dinitrogen oxide was determined in

the usual manner illustrated schematically in Figure l4. [Pwo

series of measurements are sumnarized in Table IO, where the
average value is eompared with that of Blue and Giauque.l)
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TABLE8. r'{eesured

   oxide.

   1 mol N         2

 heat capacity

O = 44.0128 g

values of dinitrogen

   IPTS-1968
'

[D

K

   c    p
 -1      -i   mo1as

[v

K

   Cp

      -1 "i   mo1zz

 2.676
 5.002
 5.414
 5e824
 4.260
 4.755
 5.506
 5.881
 6.457
 6.969
 7.454
 7.887
 8e5Z5
 8.768
 9.261
 9.787
iO.552
IO.979
ll.650

SERIES I
(Run 1)

    O.O142
    O.0205
    O.0299
    O.0414
    O.0575
    o.o'7ss
    O.1082
    O.1484
    O.1958
    O.2525
    O.5148
    O.5801
    O.4480
    O.5541
    O.6550
    O.7655
    O.9245
    1.1150
    1.5294

 2.955
 5.555
 S.762
 4.202
 4.688
 5.I75
 5.650
 6.110
 6.567
 7.028
 7.48!
 7.920
 8.555
 8.802
 9.274
 9.775
10.529

 5.017
 5.447

(Run

(Run

2)

O.O189
O.0279
O.0588
O.O542
O.O725
O.0985
O.I292
O.I658
O . P-O7LI-

O.2587
O.5170
O.5810
O.4515
O.5561
O.6586
O.7645
O.9057
5)

O.O209
o.oso2
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MAB]Z,E 8 (continued)

[I]

K

c
p [I]

K

c
p

  -1      -1   molJK.       -1  -1   molzz

     (Run
 5.078
 5.487
 5.895
 4.559
     (Run
11.582
12.105
l2.725
15.542
15.970
     (Run
11.647
12.257
l2.871
15.49i
14.125
14.795
15.509
16.290
17.165
18.150
19.215
20.505
21.272
22.148

4)

 O.0215
 O.0526
 o.o4.gs

 O.0585
5)

 i.5062
 le5114
 l.766
 2.054
 2.545
6)

 1.5562
 l.5789
 l.850
 2.121
 2.45i
 2.800
 5.221
 5.682
 4.275
 4.956
 5.720
 6.544
 7.299
 8.000

(Run

!l.675
12.574
1i5e062

15.755
14.467
15e20.?i

15.957
16.744
17.650
l8.650
19.658

(Run

20.886
21.911
22.948
24.011
25.li4
26.556
27e718
29e064
50.574
51e751
55.i55
54e 4-91

55.824

7)

 1.5547
 1.629S
 1.922
 2.261
 2.624
 5 . 0 i"o

 5.490
 5.984
 4.605
 5.509
 6.045
8)

 7.006
 7.817
 8.654
 9.519
10.424
11.457
l2.565
15.655
l4.701
l5.78
16.85
l7.88
i8.84
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TABI,IE 8 (continued)

(I!

K

c
p T

K

c
p-

      -1  -1   mo1an       -1  -i   mo1,] Ki

(Run

50.456
51.997
55.524
5S.055
56.557
58.i52
59.866
41.598
45.578
45.198
47.069
49.005
51.050
52.018

(Run

50.575
52.585
54.468
56.481
58.455
60.552
61e769
65.471
65.184
66.894
68.604

9)

 14.74
 l5.97
 17.15
 18.24
 19.52
 20.45
 21.57
 22.65
 25.71
 24. 75

 25.77
 26.77
 27.79
 28.16
10)

 27.41
 28.55
 29.28
 50.Il
 I50e87

 51.59
 52.11
 52.68
 55.25
 55.74
 54.25

7e.516
72.047
75.815
75.625
77.478
79.558
81.249
85.I54

(Run

82.i59
84' e 241

s6.29.5

88.521
90.522
92.501
94.260
96.195
98.1!1

(Run
 g6.41(l

 98.456
100.419
I02.404
104.572
106.525
108.274
UO . 225

54.72
55.22
55.69
56.16
56.62
57e09
57.52
57,94

ll)
 .5 7. 71

 58.19
 .58.62

 59.07
 59.47
 59.86
 40.19
 40.6!
 41.05
12)
 ZiO . 62

 oo.98
 4'1 e 56

 41.66
42.01
42.42
42.81
43 22 .-
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MABLE8 (contÅ}nued)

{D

K

c
p [r

K

c
p

as-1 mol •- 1       -i  -1   molzz•

ll2.I59
U4.080
U6. 005
U7. 956
    (Run
118.749
120.956
125.228
125.875
128.812
151.789
154.878
158.008
141.181
144.457

(Run

147.686
l50.955
154.174
157.408
160.654
165.841
167e025
l70.194
l72.864
i75.018
l77.Z52
179.199

 45.54
 45.85
 4-Zi- . 20

 44.52
15)

44.57
44.85
45.44
45.92
46.5]
47.04
47.64
48.25
4'8e 87

49e55
14)

50.I9
50.95
51.67
52.58
55.19
55.99
54.85
55.46
56.27
56.85
57e57
58.14

i81.097 58.74
   (fusion)
X85.215 76.79
l84.24! 77.45
    (Run 15)
l85.096 76.45
l85.995 76.46
    (Run 16)

72.756
74.656
76.61l
78.565
80.517
82.485
84.448
86e560
88.825

55.57
55.90
56.59
56.95
57.52
57.82
58.28
58.75
59.18

(Run 17)
165.421
167.246
17i.151
l74.742
l77.929
i80.558

55.62
54.S8
55.65
56.56
57.58
58.29

   (fusion)
185.062 76.19
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TABLE8 (continued)

[D

K

C
p [I]

K

c
p

      -l -i   mo1ut       -i  -1   mo1as

SERIES II
(Run l)

1.907
2.195
2.570
2.988
5.400
5.850
4.248
4.655

     (Run.
  5 e 4"55

  5.957
 4.490
  5.009
     (Run
184.427

O.O046
O.O077

 O.OI09
 O.Ol82
 O.0262
 O.0582
 O.0555
 O.0695
2)

 O.0279
 O.0450
O.0622

 O.0875
5)

78.00
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TABLE 9. Srnoothed

oxide at

1 mol N20

heat capaeity values of

rounded temperatures.

 = 44.0128 g , XPTS-1968

dinÅ}trogen

[v

K

   co
    p

JLK-1mo!-1
Deviation"
    %

2

5

4
5

6
7

8

9

10
11
12
15
14
15
l6
l7
18
19
20
21

o.O05s
O.O19
O.045
O.089
O.156
O.256
O.595
O.580
O.822
1.Il7
i.472
!.892
2.574
2.918
5.516
4.162
4.847
5.565
6.509
7.090

+ O. 16

* Deviation = [Cp (Blue and Giauque)
 Cp ( [Dhi s )] X IOO/Cp ( Thi s )
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TABLE9 (eontinued)

[I]

K

co
p Deviation"

      -1  -1   molJK
91o

22
25
24
25
26
27
28
29
50
51
52
55
54
55
56
57
58
59
40
41
42
45
44
zl 5

46
47
48

 7e885
 8.694
 9. 5U
]-Oe l526

il.I4
ll.97
12.79
15.60
14.40
15.20
15.97
l6.74
l r!. so

18.25
l8.95
19.65
20.55
21.00
21.65
22.28
22e90
25.50
24.08
24.65
25.20
25.75
26.25

+ O. 56

- O.84
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MABLE9 (continued)

[Ii

K

co
p Deviation'

       -1  --1   mo1JK
o/o

49
50
51
52
55
54
55
56
57
58
59
60
61
62
65
64
65
or6

67
68
69
70
71
72
75
7zv

75

26.76
27.25
27.72
28.18
28.65
29.07
29.50
29.92
50.52
50e71
51.10
51.47
51.85
52.18
52.52
52.85
55.l7
55.48
55.78
54.07
54.56
54.64
54.92
55.19
55.46
55.75
55.99

+ O. 15

+ O.54

+ O.52
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TABLE9 (continued)

[D

K

Co
p Deviation"

       -l  -1JK    mol
9/o

 76
 77
 78
 79
 80
 8.l

 82
 85
 84
 85
 86
 87
 88
 89
 9o
 91
 92
 95
 94
 95
 96
 97
 98
 99
100
101
102
I05

56.25
56.50
56.75
56.99
57.25
57.46
57.69
57.92
58.I4
58.56
58. S. 8

58.79
59.0o
59.21
59.41
59.61
59.80
59.99
40.18
40.57
40.55
40.75
40.92
4Z.10
41.28
41.46
41.64
41.82

+ O.62

+ O. 25

+ O. 56
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MABLE9 (eontinued)

[[i

K

co
lp Deviation'

      -l -1   mo1JK %

l04
105
106
107
i08
i09
110
111
ll2
115
l14
115
116
l17

U8
119
l20
121
122
125
124
125
126
127
128
l29
150

42.00
42.18
42.56
42. 54

42. 72

42.90
45.07
45.24
45.42
45.60
45.78
45.96
4-4e14

44.52
44.50
4Lv.68

op.86
Li'5e 04

45e22
45.40
45.58
45.77
45.96
46.I4
46.52
46.51
46.70

+ Oe 28

+ Oe47

+ Oe81
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TAB],E 9 (continued)

[[]

K..

Co
 p. Deviation"

      -l  -1   moiJK
o/o

l51
l52
155
154
155
l56
157
158
159
140
141
l42
l45
1op
i45
146
l47
148
i49
150
151
152
155
154
155
156
157

46.89
47.08
47.27
47.46
47.65
47. 84

48.05
48.25
48.45
48.65
48.85
49.05
49.25
49.op
Z;'9e65

49.86
50.07
50.28
50.49
50.70
50.92
51.14
51.56
51.58
51.80
52.02
52.25

+ O. 86

+ O.65
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TABI,E 9 (eontinued)

[I]

K

co
p Deviation'

      -l  -1   mo1wt
o/o

158
159
160
i61
i62
165
164
l65
!66
167
l68
169
170
17!
172
175
l74
l75
l76
177
178
179
180
181
182
l85
184
185

52.48
52.71
?r 2. 9 5

55.I9
55.45
55.68
55.95
54.18
54.45
5Zl'e69

54.95
55.21
55.48
55.75
56.02
56.29
56.57
56.85
57.15
57.41
57.70
57.99
58.28
58.58
58.88
76.75
77.10
'! 7. 5 0

+ O.45

+ O. 52

+ O. 59

+ O. 28
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The value of the heat of fusion of dinitrogen oxide is (6516 Å}

2o) Jmol-l.

     The triple point of pure dinitrogen oxide was determined

as (l82.408 Å} O.O02) K from the fractional melting curve, which

is given in Figure l5. (The melting point of the dinitrogen

oxide used in this calorimetry was l82.4077 K,) The amount of

impurity was estimated as O.O03 mol per cent frorn this curve.

The data of the triple point of dinitrogen oxide are sumnarized

in Table ll.

3.3.3. Heat of vaporization

     The heat of vaporization at fixed temperatures and vapor

pressures were measured and the corrections were applied in the
                   '
saJne manner as for the heat of fusion iUustrated in Figure LU.

The measvtrements of heat of vaporization are summarized in Table
                                               l)
                                                    The value ofl2, together with the data of Blue and Giauque.

the heat of vaporization of dinitrogen oxide is (l65U4 Å} 20) J

   -l      at l84.81 K and 763 Torr.mol

3.3.k. Vapor pressure

     The vapor pressure of solid and liquid dinitrogen oxide were

measured concurrently with the heat capacity measurements.

The data are tabulated in Table l3, together with the deviations

eompared with the values derived from the equations (9) and (IO),

and shown graphically in Figure l6. ('ehe gravitational accel-

                            -67-
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TABLE IO. THE
( i)

HEAT OF
. o.U265

FUSION OF

mol, 2).
DINITROGEN OXIDE.
O.2007 mol )

Temperature

          K

interval Heat input

J

.2J.2,i2[!-d.T

   J

An .AH
..-g-.--yL

   J

 AH   f
     -lJ.mol

Z82.2100 -

l81.6269 -

l84.2g46

l83.82o8

2864.77

l368.U3

99.87

65.97

  4.g6

 l2.26

average

  6511

  6521

6sl6 Å} 2o

TABLEll. THETRIP]L,E

   R.W.Blue and W.F

POINT OF DXNITROGEN

.Gi auque

OXIDE.

(1935)

     6s41

Fraetion melted
Temperature

     K

Pressure

  Torr

The

 o.16g

 O.302
 o.435

 o.s68

 O.702
 o.835

 o.g68

(1.000)

 triple point

       l82.4o4o

       182.4o43

       182.4o4g

       l82.4osL

       l82.4059

       l82,4o6s

       l82.U075

      (l82,4077)

of pure dinitrogen

       659.72

       659.79

       659.39

       659.37

       65g.36

       659.99

       6sg.4s

oxide = (l82.408 Å} O.02) K

K.Clusius, et al• (l930) l82

  -

.4K;

69 --

Blue and Giauque (1935) l82 .26K.
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[I]ABLE 12. THE HEAT OF VAIPORIZATION OFDINITROGENOXIDE.

 STARTING POINT
              -2(T/K, P/dyne crn                )

FINAIJ

(TIK,

 POINT
        --2P/dyne cm          )

HEAT INPU[I]

  ( AE/c]` )

 AMOUNT OF
EVAPORIXTED N O           2 (An/mol)

  i). T

     P

 U). T

     P

iii). T

     P

 = l84.4132
l

 = 993589
l

 = l84.8oo3
l

 = 1017080
l

 = l84.6745
L

 = 1009276
l

T=2
P=2

T=2
P=2

T= 2

P= 2

184.6673

IO08573

l8U.8162

1017802

l84.6841

IO09503

   Average

AE=

AE=

AE=

I096.05

I07o.96

lo66.27

AH =(l65U4 Å} 20)
  v

An=

An=

An=

J

at

o.o6s36i5

o.o647o8o

 o.o644g31

   -lmol
 184.81 K

Blue and Giauque (l935)

AH =
  v

(l6s64 Å} 13)     -1J.mol at l84•59 K •
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                                                   -2eration at our laboratory was eaken as 979.71 cms for the

mercury manometer which was used in the first series of the

caJ-orimetry.) The following equations for ternperature dependenee

of the vapor pressures of dinitrogen oxide were determined by the

method of least squares:

     a) l46 K triple point (solid)

           (p/Torr) = -1270.4/T + 9.95563 -- O.OO094122T , (9)     log        IO

     b) triple point l85 K (liquid)

     loglo(p/Torr) = -I036.6/T + g.3i6o8 -- o.oo446o2T . (lo)

The normal boiling point of dinitrogen oxide is obtained as l84.74

K from the equation (IO). The smoothed values at rounded tem-

peratures derived from these equations are given in Table l4,

                                                            1)
together with the equations obta;ned by Blue and Giauque.

From the temperature dependence of vapor pressure described above,

the heat of vaporization can be obtained by Clapeyron-Clausius

equation:

     dP/dT=AH /TAV , (ll)                v

whieh is compared with the value cal culated from Kirehhoff's

law in Figure l7, showing good agreement.

- 72 .ny



TABLE 15. VA[E)ORP[RESSURE OFDINIIiROGENOXIDE.

T

K
P deviation

      -2dyne.em
iogio(Pobs .-Psmoothed)

146.07Z
l49.501
i52.566
155.781
159.054
162.254
165.447
168.605
171.784
171.785
l75.945
i76.091
l78.174
180.222
l8i.975
181.758
182.2ZO
161.506
l65. .5 55

169.I55
l75.105
175.l15
176.569
l79.489
181.626

 l7648
 26977
 40602
 59904
 87458
124788
176001
245407
555541
555254
409968
500974
605579
726880
846778
85i .5 59

864616
ii6182
174887
258296
5794i5
579591
514657
682008
822455

(Solid)

.- o . OO095

-o.oooio
 O.OOI57
 O.OOI52
 O.OO071
 O.OO090
 o.OO059
 O.OO054
 O.OO055
 O.OO060
 O.OO049
 O.OO04!
 O.OO044
 O.OO025
 O.OOOII
 O.OOO06
-O.OOO07
-O.O0269
-O.OOI76
-O.OOI20
-- o . oooso

-O.OO051
-o.oool7
-O.OOOI7
-O.OO022
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TABLE15 (continued)

[ID

K
P deviation

      -2dyne.cm iogio(Pobs
.

"" Psmoothed)

l81 .627

184.295
l82.405
182.408
i84.875
182.617
Z85.815
185.822
l84.660
185.577
184.41O
184.415
184.667
185.821
l82.482
l85.645
184.679
Z84.089
l82.407
l82.407
l85.957
185.957
184.917
l84.800
184.816
l84.674
l84.684

822455

 98655i
 8791Z5
 879226
1021457
 890855
 9580op
 958408
IO08075
 944722
 995589
 995589
1008575
 959165
 885024
 9490i8
IO09759
 974774
 879782
 8797i8
 965506
 965560
I024222
10i7080
1017802
IO09276
IO09505

(Liquid)
-- O.OOOI9

 O.OOO02
 O.OO025
 O.OO026
-O.OOOOI
 O.OOOi5
 O.OOOI5
 O.OO024
 O.OOOI5
 O.OOO05
-O.OOO08
 O.OOOOI
 O.OOOII
-O.OOOI5
-O.OO061
-0.00021
-O.OOOII
-O.OOO15
-O.OOO04
-O.OOOOI
 O.OOO05
 O.OOO05
-- O . OOOIi

-o.OOO09
 O.OOO02
•- o . ooooo       4
 O.OOOI5
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  TABLE

OXIDE AT

l4. SMOOTHED VALUES

 ROUINDED TEMPERATURES

OF

.

VAPORPRESSUREOF DIN![I]ROGIE]N

I). l46 K triple point (soli d)

log

II).

10
(PITorr) =

triple

-l270

point

.4/T + 9.

l85

95563 - o.

K (liquid)

OO094122T

log 10
(P/Torr) = -lo36. 6/T + 9.316o8 - o.oo446o2T

[I]

K

P [I]

K

P

       -2dyne.cm        -2dyne.cm

l46

l50

l55

16o

l65

l70

175

I

 l7U43

 29504

 54751

 97683

l6816o

280203

453193

l8o

l82

182.5

183

l84

l85

II

713233

84goOl

 8847s4

 912246

 969255

I029038

Blue

   I)

and

.

 Gi auque

solid

(l935)

log   IO

II).

P = -1286/T +

li quid

9.l3061 - o. oOl4o38T

log   IO
p = -893 .s6/T + 6. 72158
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3•3.5. Therrnodynamic funetions

     Thermodynarnic functions of dinitrogen oxide

from the smoothed heat capaeity values and other

above, being tabulated in Table l5, where S6 and

residual entropy and the heat of sublimation at O

The contribution of the heat capaeities below the

ature measured (i.9 K) was estimated by a smooth

which was negligibly small.

are obtained

data described

   denote theHo
 o

 K, respectively.

 1.owest temper-

extrapolation,
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TABLE15. Thermodynamic

    oxide.

funetions of dinitrogen

[I[,

K

(Ho .-H8 ) (so- s8) (HO-H8)/T
-.

 ( Go -.H8 )/ or

   'iJmo1       'i  -1   mo1JK   -1      -1   mo1JK   -1zz mo1-1

 10
 20
 50
 40
 50
 60
 70
 80
 90
100
110
120
l50
l40
150
l60
170
l80
182.4
!82.4
184.8
i84.8

   l.957
   55.58
  156.74
  518.54
  564.14
  858.65
 ll89.94
 l549.66
 l955.15
 2556.72
 2758.52
 5198.12
 5655.84
 4152.59
 4628.95
 5147.02
 5688.92
 6257.51
 6598.25
12914.25
l5099.00
29645.00

  O.2556
  2.215
  6e294
 ll.467
 16.95
 22.29
 27.59
 52.19
 56.70
 z4-O.95

 z"4.97
 48. 79

 52.46
 55.99
 59.41
 62.76
 66.04
 69.29
 70.07
105.79
106.80
196.52

  O.1957
  1.669
  4.558
  7.958
 11.28
 14e51
 17.00
 19.57
 21.48
 25.57
 25.08
 26.65
 28.12
 29.52
 50.86
 52.17
 55.46
 54.76
 55.08
 70.80
 70.88
160.40

 O.060
 O. 546

 1.756
 5.509
 5.65
 7.98
10.59
12.82
15.22
17.58
19.89
22.14
24.54
26.47
28.55
50.59
52.58
54.55
54.99
54.99
55.92
55.92
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3.4. Analysis and discussion

3.4.I. Residual entropy

     The third-law entropy of dinitrogen oxide was determined as

Qg6.3 Å} l.o) J K-lmol-l at l84.81 K and 763 Torr for the actual

gas, and as (lg6.8 Å} l.o) J K'lmol-l corrected to the ideal state

at its normal boiling point (l84.74 K). The calcuLation is sum-

marized in Table 16, where the correetion for gas imperfection was

made by using the tempeyature dependence of second virial coeffi-
     31)
cient         and the relation:

                                    2     As =R in p+ ([l-;/-) p+ (g};/-) i + --- , (i2)

where B and C denote the second and third virial eoefficients,

respeetively.

     On the other hand, the spectroscopic entropy of dinitrogen

oxide was caleulated by the statistical thermodynamic relations:

     S(translationao = R ( 2 ln T + {ihln M - ln p + l2.664), (l3)

    S(rotational) =R( ln rT + 89•408) , (l4)

    S(vibrationaO =R[ exl l- ln (l'- 5X) ],

                  (x = hcv/kT) , (15)

                            -. 80 -



                                                                     -lwhere M is the molecular weight of dinitrogen oxide (44.0128 g mol                                                                       ))

  . . --2                                and r is the moment of inertia ofP is the pressure in dyne cm

dinitrogen oxide (6.647 Å~ io-39 g cm2 derived from the distances

of ww rm for N-N and Å}g!ig68 nm for N-O). The wavenumbers
   att 2sn o, t}g6B                                                          -l                                        -lof intramolecular vibrations of l277 cm for vl, 589 cm for

v2 (doubly degenerate) and 2224 em-l for v3 were used for the

ealculation of vibrational aontribution in the harmonic approxi-

mation (equation (l5)). The spectroscopic entropy was determined

as 2o2.8 J K-lmol-l at l8U.74 K.

     The residual entropy of dinitrogen oxide was derived from

the differenee between these two values of entropies, which is
                                      l)given in Table l6. Blue and Giauque                                          obtained the residual

entropy of U.8 J K-lmol-l, and explained the difference from

R ln 2 = s.8 J K-lmol-l as due to a partial ordering of the end-

for-end orientational disorder before the orientational degrees

of freedom is frozen in the solid state. The small amount of

short-range order in the solid state has been suggested also by
                                                         33)Harnilton and Petrie (from neutron diffraction patbern).

                                                           -l                                                                 -lHowever, the residual entropy of dinitrogen oxide 6.0 J K                                                             mol

obtained in this investigation is very elose to R ln 2, which

fact suggests freezing-in of the perfect disorder of end-for-end

orientation in the solid state. The perfect disorder model is

not incompatible with the results derived in the foUowing discus-

 .szon .
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  TABLE l6. THE THIRD ]IAW ENTROPY OF DINITROGEN OXIDE.

                                                 -l                                                      -l     Contribution SO/JK                                                   mol

OK 2K(smooth extrapolation) O.O02
2K 182.41K(graphical) 70•07
Fusion (65161182.Ul) 35•72
l82.UL K l84.81 K(gr aphical) l.Ol
vaporization (l65bUll8U.81) 89•52
The entropy of actual gas at 184.81 K l96.32 Å} l•O

The entropy of ideal gas at L84.74 K l96.8Å} 1.0

     The spectroscopic entropy
S(t...,.)= R[5/21n(T) ' 312:n(M) " ln(P) + l2.66U] Z45.gg

        =R[ln(IT)+89.408] 55.87s (rot.)
S(.ib.) = R[x/(eX - l) -- ln(l - e-X)] o.g6
          (x = hcv/kT)

The speetroscopic entropy at 184.74 K 202.8

The residual entropy 6.0Å}LO
Blue and Giauque (Å}935) so = U.8

 o
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3.4.2. Structure and librational motion in solid state

     There are two possibilities for the discrepancy between the

two values of entropies derived above; (a) anomaly of heat capac-

ity below the lowest temperature measured, (b) non-equilibrium

state frozen in solid state. In the first case, for exaJnple,

there may be a lainbda-type transition of end-for-end orientational

order-disorder below the lowest temperature measured, and the

orientational molecular motion may be significantly excited above

the transition.

     The motions in rnolecular erystals were first stvLdied by L.

        3U)
               There are two extreme cases in the molecular motions;Pauling.

primarily rotating and oscillating states. Hydrogen and methane

and their deuterated derivatives are primarily rotating in solid

state. In this case) the intermoleeular potential can be con-

sidered as a perturbaeion on the free rotational motion. Most

other heavy molecuiar erystals belong to the second category.

                                                              -39The moment of inertia of dinitrogen oxide is I = 6.647 Å~ IO

g cm2, and the free rotator energy levels are l.2 K, 3.6 K and

7.3 K for J = 1, 2 and 3, respectively. The maximum height of
                                                                -lthe barrier hindering the rotation is estimated to be 2900 cm

(4000 K) in the harmonie approximation by a small-angle expansion

of the simplest potential form:

     v(e) = vo (l - cos 2e) ,
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                    1/2     v= l/ff•(Vo/I) , (l6)

where v is the librational frequency (7o cm-l). It seems very

Ukely that the moleeule of dinitrogen oxide can not be reoriented

in the crystal in the lontX emperature region and there may be no

transition below the lowest temperatu]ce measured.

     The crystalline dinitrogen oxide has a cubic symmetry of
T4 (p2i3),32)'33) which is simiiar to the structure of co2 (Th6-

     35)Pa3),         and both of these two crystals have no.. solid phase tran-

sition. There are another pair of crystals, which have identieal
                                                        37)                                            36)                                                             (theirstructures with those of this group; ct-CO                                                and ct-N                                                       2
lower temperature phase below phase transitions). The crystal

strueture of dinitrogen oxide is iUvtstrated in Figure l8, and

the lattiee paramieters and molecular constants are listed in

T ab le 17.

     In lg6U, Melhuish and scott29) caleulated eletronic energies

of these crystals by use of slightly different molecular constants,

and obtained the Curie temperatures of 5 K and ll K at which dipole

ordering is to occur in solid CO and N20, respeetively, if it

should oceur at all. The values of electrostatic contributions

obtained by Melhuish and Scott are given in Table l8. Apparently,

the effect of dipolar interactions is very small, and the principal

eontribution to the molecuiar orientation must come from the

quadrupolar interaetions.
                                 30)     In 1968, K.S.Pitzer, et al.                                     considered another possibility;
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FIGUIRE l8. THE CRYSTAL S[PRUC[VURE OF DINITROGEN OXIDE.

   TABLE l7. [VHE LATTICE PARAMETERS AND MOLECULAR CONSTANTS OF
 SOME SIIyEpLE MoLEculJEs.32)'33)'35)'36)'37)'38) I, Moment of inertia;

 a, Lattice eonstant; (x,x,x),(y,y,y), Positions of the terminal

 nuc:ei in units of a; v, Dipole moment; e, Quadrupole moment.

      io-39gcm2 io-8cm X Y io-i8esucm io-26esucm
        6.647                                                o.I66                5.65 (83 K) NO                               O.Il7                                       O.Il7                                                          -3.0  2
        7.187 5.553(20 K) O.ll7 O.U7 O -4.3 co   2
ct-CO l.4L8 s.63 (20 K) o.o67 O.042 O.ll2 -2.5
                5.6UU(25 K) O.070 O.039 O        l.401                                                          --l . 4ct-N
   2

2
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  TABI,E

PROVIDED

l8.

 BY

 THE LA[POVrCE

MIE]LHUISH AND

ENERGIES A[ND

SCOTT (lg64)
ELECTROSTATIC CONTR!BUTIONS

. Gn cal.mol'1)

E 1attice

E dipole-dipole

E dipole-octopole

Total E       dipoles

E quad rup ole-quadrupole

E quadrupole-hexadecapole

TotaZ E       quadrupoles

 ct --N
    2

-16sO

    o

    o

    o

(-l6o)

  (+6)

(-150)

  ct-co

-1900

   --4.39

   -O.I2

   -4.51

(-l80)

   +7

(-l70)

  co    2

-- 64so

    o

    o

    o

-28oo

 +500

-2300

  NO   2

-- 58oo

   -9•

   -l.

  -IO.

(-g4o)

(+170)

(-77o)

54

20

72
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the kinetics of the order-disorder transition in solid carbon

monoxide by a tunneling mechanism. They obtained an approximate

form of the probability that molecule number p originally in the

torsional state 2 emits a phonon and faUs to state l one per

unit time as:

           kT oo 2 co 2 6 1n v 6 1n to
     rp = s. p 2is t (-'::g:iti-"L2- )2 ( 6 A t)2 . (i7)

Using approximate values of the splitting between the two levels

              12                      -1
al o = l.2 Å~ 10 rad s , the density p (from the molar volume of

about 4o cm3), the iongitudinal sound velocity ci = 2 Å~ lo5 cm s-1

the derivative 61n V2/ 6A = IO (V2 is the barrier height of about

6oo cm'l andA is the cubical duation), the tunneling freqvtency

               -1
cot = 3.2 rad s , and the quantity of 61n cot/ 61n V2 = 6.82, they

found that the rate of ordering in solid carbon monoxide would

                                            -l Ybe unobservably slow; rp = 5.s Å~ lo-7 year . AppLLing their

theory to a heavier molecule, N20, by using about the samie values

as for CO, it seems apparent that the orientation of dinitrogen

oxide is frozen in solid state.

     Raman and infrared spectroscopic studies of molecular motion

in solid dinitrogen oxide have been carried out by several inves-
tigators.39) The correiation diagrams for dinitrogen oxide and

carbon dioxide are shown in Figure 19. The lattice frequencies

of K = O for some sirnple molecular crystals are listed in Table
   39)19. The librational frequencies of ct-Co and ct-N2 compare

                              -87-
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Mode

)21,V,,T

IL2a,Txy,

z

Rxy

Motecular Site Unit Cett
Symmetry Symmetry Symmetry

 Ccov C3 T
:asBiI"2((Ri'1"kx"2,[,:Rl,,)

    (a). for N20

Mode

 Vl
 Rxy
)'3i,Tz

)72 ,T Å~y

Molecutar
Symmetry
 Dcoh
 Ee( R)

 n g(R)

 2,"(ir)

  n,(ir)

     (b)

  Site Unit Ce"
 Symmetry Symmetry

   S6 Th
   2,gE,R]xEi{llxik(Ej,

   2:(,lr,lx(.E,g[i,l,

. for CO     2

FIGURE l9. THE CORRELATIONDIAGRAMSFOR N O AND CO .   22
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  TABLE l9. THE FREQUENCIES OF LATTICE MODES IN SIMPLE MOLECULAR
CRYSTALS OBTAINED FROM RAMA]l AND INFRARED spEcTRA. (in cm-l)
                                                             39)L: Librational, T: Translational (obtained by several investigators                                                                )

               co                                      ct-N                 22        l5K 18K 79K l6K l8K
!J(E ) 73.5 75 .5 73.5 33.5 32   gL(T) 91.5 9U 91 37.5 36.5   gL(T) l32 l3U 131 60   g
T(A )
   u
T(E )
   u

   u

   u

               NO ct-•CO                2

        l5K l8K 79K 12K 18K
L(E) 68 7o.5 67.5 44
IL(T) 82 83 80 U7.5 52
L(T) l24.5 L26.5 l21.5 90.5

T(T) 66.s
T( [P) il3
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favorably with those given by the formula,

     v.=C.Q (I ao5)-l!2 , (l8)

where the C are coefficients deduced from lattice sums ineluding
            n
the second and more distant neighbour interaetions in the point

quadrupole model, Q is the quadrupole moment, I the molecular

moment of inertia, ao the lattice constant. In the case of larger

rod--like molecules N20 and C02, this formula does not give so good
                                                -26                                                                 -26agreement, where assumed Q values of 6.05 Å~ IO                                                    and 6.4 Å~ IO

      2esu cm are needed to get the best agreement with the observed

librational freguencies, whereas the recomended values are 3.0
    -26                     -26 2        and 4.3 Å~ IO esu cm , respectively, and thereforeÅ~ IO

the point model for molecular interactions is invalid. The

librational eontributions caleulated for N                                             O from the values of
                                            2
     -1                   -l                                    -1                                        (T) were subtracted from         (E), 83 em                      (T) and l26 cm70 crn

the total heat capacity of dinitrigen oxide, and the remains,

lattice heat eapacity, is analyzed in Section 3.4,.4.

     The vapor pressures also provide sorne informations about
                                         Uo) ,41)                                                                     4o)molecular motion in crystalline sDlids. In 1963, L.Salter

derived a vapor pressure equation for monatimie crystals, which
                                               41)
has been extended by H.Chihara and N.Nakamura                                                   to some simple

molecular crystals. The Gibbs energy of a rnolecular crystal

may be expressed as a sum of contributions of several types of

molecular motion:

                              -90-



     GC = GErans + Ggib + GCrot + Ggxp , (l9)

where the superscript c denotes 'crystal' and the terms represent

the contributions from translational, vibrational (intramolecular),

and rotational (librational) motions and from thermal expansion.

By using the high temperature Thirring expansion,U2) the transla-

tional contribution in high temperature region (T>OD/IO) may be

expressed as:

     Ggr.n, = E6 + 31VkT[ ln(hvg/kT) +.:Ll(-l)n--IB2./2n(2n)!

                          2n                  (h/2TkfTT) ] , (20)             xv                2n

where v is the geometric mean frequency for
       g
lattice modes, B2n the Bernoulli number, U2n

the translational lattice frequency spectrum,

staticLattice energy, which is related to the

          byenergy E        o

the translational

the 2nth moment of

 and E'        the pseudo-      o

 static lattice

E = Ef --• E oo z,lib '
(21)

because the

zero point

 translationaUy static

kinetie energy E                      of                z,Zib

lattice may

 molecular

 still possess the

libration. The
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contribution of intramolecular vÅ}brations in the harmonic approx-

imation is given in standard textbooks as:

     GC.ib = NkT i [ ln(hvf./kT) - hvg./2kT + ( i4 )(hv.C./kT)2 + ---]

           +z Nhv9/2 , (22)
             ,2             1

where v9 is the frequeney of the ith intramolecular vibration mode
       z
and the last term is the vibrational zero point energy. The

rotational eontribution may be expressed in two extreme cases,

primarily oscillating and rotating states, which aregiven by the

equation (22) and the equation,

     G.C.t -- -NkE i ln[(1/nj)(8T2i)kT/h2)Z/2] , (23)

respeetively, where I, is the moment of inertia and n. is the
                     JJ
syrnrnetry number of the rotational potential. The foUowing

anaLysis is made in this approximation. The contribution from

thermal expansion is given by

     GC =Npv , (2U)      exp c

where P and V are the pressure and the molar volume, respectively.
             c
The corresponding Gibbs energy of vapor is given by
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     Glr = GZrans + GIIib + GrVot + GeVxp ' (25)

where v denotes 'vapor' and the terms on the right-hand side

                                                    cvgiven in standard textbooks. From the condition of G = G

vapor-solid equilibrium, the following relation is obtained:

     ln (pTn/2)=a/T+b , (26)

are

for

where the

two axes

 exponent

in solid

 n is 3 for

state and a

a

.IS

linear

  . glven

molecule

by

oscillating ab out

a = E6/Nk .
(27)

b is related to

b = ln[s"2

where it has

 the geometric rnean frequency

(2Tmik)3/2.i/a .i.v3viv3ntra/v

been assumed that

v as: g

intra     ]
v

'
(28)

hv ./kT < 2
  2

  Z/2n      /2TkT << 2hu
  2n

B(T)/V << 2
      v

t

t

.

(29)
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                       n/2A linear plot of ln(PT                          ) against l/T gives the static lattice

energy from its slope, and its intereept b should give the geo-
metric mean frequency. The good iinearvity of in(pT3/2) against

l/T for dinitrogen oxide is shown in Figure 20. The static

lattice energy (25gl3 J mol-l) and geometric mean frequency (

        l2 -16.g x lo s               ) derived from this analysis are used in the fol-

lowing analyses.

3.4.3. Zero point propereies

     The molar heat of sublimation at O K can be obtained from

calorine+.ric quantj+.ies by the relation:

                                                      dB                  TT 2     HZ = AHOT -foCp (g..) dT + foCp (..zi d) dT + RPT (7t ), (30)

The heat of sublimation of dinitrogen oxide at O K was determined

as 2U214 J mol-l (s787 eal mol-l). From the slope a in the

analysisXof vapor pressure deseribed above, the pseudo-statÅ}e

latttice energy E8 was obtained as 2sgl3 J mol-l. The trans-

lationat"z"ero point energy of crystal of dinitrogen oxide is

                      -lderived as l699 J mol                         frorn the difference between these two

values:

     E =E,-HO . (31)                  oo      zttrans

The approximate value of librational zero point energy is calcu-
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                   -llated as ll50 J rnol from the librational frequencies mentioned

in Section 3.4.2., and the total zero point energy of solid di-

                                         -1nitrogen oxide is estimated as 2849 J mol . On the other hand,

from the analysis of low temperature lattice mode, whieh will be

described in the following section, the translational zero point

                                                                 -lenergy of erystal of dinitrogen oxide is determined as l338 J mol

                                                        -land the total zero point energy is derived as 2488 j mol .

     The Debye characteristic temperatures of dinitrogen oxide

derived from measured hectt eapacities are shown in Figure ll, and

the limiting value at O K ean be obtained by the method of smooth

extrapolation. The more sensitive derivation is carried out by

using the low temperatixre expansion of heat capacity:

                 57           3     C=aT +bT +cT +.... . (32)

The intereept of the curve of c IT3 against i]2 gives the vaiue of
                               p
a (Figure 21), and eD can be obtained by the relation:

            l943d7                    l/3     eD=(-) . (33)              a

Assuming 5N degrees of freedorn, of which 3N degrees of freedom

correspond to the translational lattice modes and the remaining

2N to the librational modes, the Debye characteristic temperature

at O K is determined as (l67.4 Å} l.O) K. Assuming 3N degrees

of freedom, the Debye characteristic temperature of dinitrogen
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oxide at OK is determined as (IUI.O Å} l.O) K. In the latter

                              )/T3 against T2, where the librationalcase, the curve of (C -C
                           lib                      p
contribution has been subtracted from the total heat capacity,

also gives the same value of eD as from the curve of Cp/T3 against

                                              --T2, because the librational con ribution is negUgibly smaU in

the lowest temperature region. The temperature dependences of

the Debye characteristic temperatures of dinitrogen oxide assuming

these two values of degrees of freedorn are shown in Figure 22.

The zero point properties of dinitrogen oxide are sumarized in

Table 20, together with those of some other simple molecular
                                                                   l),
erystals ealeulated from previous data of several investigators.
9) ,l2) ,l7) ,41)

3.4.4. Lattiee modes in the low temperature region

     The lattiee dynamics dealing with the relation between the

macroscopie-thernnodynaJnic properties and the molecular or atomic

behaviors in crystals has been improved, especially for monatomic

erystals and simple ionic erystals. In the case of moleeular

crystals, inertXgas crystals have been widely investigated, and

recently, the investigation has been extended to diatomic molecular
crystais, especially by far-infrared and Raman spectroscopy?9)'43)

Dinitrogen oxide is a molecule of interest for extending sueh

studies.

     In the first approximation, the heat capacity C                                                        may be
                                                      p
divided into various contributions:
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     Cp -- Ctrans + Czib + Cintra + (CiCv) ' (34)

where the terms represent the contributions from translational

lattice modes, molecular librational motions and intrainolecular

vibrations and ehe correction for C - C . The sarne method as
                                    pv
for monatomic crystals may be applied to the analysis of the

contribution of translational lattice heat eapacity separated.

     The intramolecular contribution C                                              was calculated on the                                        intra

assumption that the vibrations were harmonic and were not coupled

to other modes of oscillations, beeause of their high frequencies;

             -l                            -lvl = 1293 cm , v2 = 590 cm (doubly degenerate), and v3 = 2240
  --l 39)
cm .
     The (C -- C) contribution was estimated at 20 K as in the
           pv
following. The thermal expansivity B was estimated as O.OOOI76

                                        density                                                   dinitrogen oxide                                                of              latticeK         the    fr om                               and                                   the                      eonstant
                                   32)at -l90 OC and 20 K, respectively.                                         Assuming the Gruneisen

constant y being 2.0, the (C - C ) contribution was estimated
                             pv
as o.ou3 J K-imol-l by using the thermodynamic reiations:

          BV

          Xs Cp

                  B2 v

     X[v"Xs+ T ,                  Cp

                  2     C-C=LtT . (35)      pv XT

- IOI -



The (Cp - Cv) contribution is negligibly small below about 25 K,

and the foUowing analysis (below about 25 K) was made without

this correction.

     The lattice heat capacity of rnoleeular crystals have been
                              39),43),4U)
studied by many investigators.                                            A large number of
                                                               4)
studies of molecular crystals have been made by using the Debye
                    U5)
and Einstein models.                          0n the other hand, there are several

numerical methods for lattice dynarnics based on the microscopic
                                                     U6)
model whieh was first studied by Born and von Karman.                                                           The
                                                               47)                                                   42)
moment trace method has been developed by Thirring, Montroll,
           48)                 In this methods, the distribution function g(v)and others.

of the fyequencies v of the crystal lattice is given by a series

e)rpansion in Legendre polynomials of which the coefficients are

linear combinations of the moments, and this is not so good method

for obtaining the map of g(v). However, this rnoment method is

a most eonvenient one for ealculating thermodynainic quantities.

     In the first approximation, the librational contribution

may be subtracted from the total lattice heat capacity on the

assumption that the vibrations are harmonic and independent of

other modes of oscillations. The librational contribution C                                                             lib
in solid dinitrogen oxide was estimated from the frequencies of

     -l                  -1                                    -l        (E), 83 cm                     (T), and l26 cm                                       (T) for 2N degrees of70 cm

freedom. From the translational lattice heat capacity thus

separated, eorresponding to whieh the Debye characteristic tem-

perature is shown in Figure 23, the values of moments of the
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1

5
co

l
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frequency speetrun were obtained by using the relations derived

in the moment rnethod. The nth moment of the frequency spectrum

is defined by the expression:

            l     u= foo vng(v) dv . (36)
      n 3N o

The high temperature expansion of lattice heat capacity derived
            42)
by Thirring                was eonverted into the form of the eorresponding
Debye characteristic temeprature by Domb and saiter:49)

                      ee     eS -- egg [l-A(2)2.B( co )4-.---] ,
                      TT

     o.- h, (k'2 )i/2 ,
                  3

     A- ,g, (i•l - 2i) •

     B= tsi oo [( i-lt --ISti2-5)-iooA] , (37)

                                                               U2)
which converges more rapidly than that obtained by Thirring.

[rhe plot of eS against YT2, which is shown in Figure 24, gives

the va2ue of e. from the extrapolation to l/T2 = o, and the eo-

efficients A and B are detemined from the intercept and slope

of the piot of [i - (eD/e.)2]/(e./T)2 against (o./T)2 as shown

in Figure 25. From these values, the moments p2, uu and Y6 Of

the frequency spectrum of the translational lattice modes of solid
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                                                    24 -2,dinitrogen oxide were obtained as (5.45 Å} O.06) IO s ,

                48 -4                                         78 -6(37•9 Å} l.l)Å~10 s and (295 Å} l5)xlO s                                               , respectively.

Different moments are eonveniently compared by using the v
                                                            D

function:

     vD(n) =[] (n+3) p.]iln ; (n > -3) . (3s)

This is equivalent to the cut-off frequency of the hypothetical

Debye spectrum which would give the same nth moment of the actual

spectrum in question. In Figure 26, vD(n) is plotted against n

for n up to 6. Here vD(--3) was calculated from Oo = (l41.0 Å}

i.o) K obtained from a piot of c/T3 against T2 by the reiation:

     vD(-3)=keo/h , (3g)

and vD(2) was calculated from e. = (l44.6 Å} l.O) K by the relation:

     vD(2)=ke./h . (4o)

The vD(4) and vD(6) were ealculated from the values of pij and u6

mentioned above. The vD(O) and vD(l) were obtained from the

                        S = IUI K and from the approximate relationapproximate value of e
                       co
         9of Ez = - g- Nke., respectively, by the relations:

                    s l/3     vD(O)=i e,, =e vg , (40

                             .- I07 -
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              8 Ez
     VD(l)=g Nh • (42)

vD(n) for other values of n could not be obtained, because of the

poor convergence of the expansion equations where some corrections

for anharmonicity, which have been neglected in this analysis for

low temperature region, are neeessary.

     As shown in Figure 26, a most plausible curve ean be drawn

by smooth interpolation, and the trnslational zero point energy

was determined as l338 J mol-1 by the equation (42). This value

agrees very closely with the translational zero point energy l699

     -l        obtained from the analysis of vapor pressure of solidJ mol

dinitrogen oxide (in Section 3.4.3.). The discrepancy of 361

     --1        may be mainly due to the rather uncertain value of theJ mol

pseudo-static lattice energy determined by the analysis of vapor

pressure in higher temperature region in the harmonic approximation,

where the anharmonicity of vibrations seems significant. This

is suggested also by the faet that the v obtained coneurrently
                                      g
with the determination of the pseudo-static Zattice energy (from

the b and a, respectivelt, described in Section 3.U.2) gives the

vD(O) of about 3 times larger value than the value of about 2.95

xlol2 s-l as shown in Figure 26. The anomalous behavior in the

higher temperature region is described in the following section.

     To obtain the frequeney spectrum of the crystal vibration,

an attempt of the direet inversion of the heat capacity curve was

-109 -



made by using a digital computer, which was not suceessful because

of the insuffieient precision of the calorimetry and the limited

number of the significant figures in the computer.

     On the other hand, the self-consistent phonon approximation

may be a logical starting point for the caleulation of the lattiee

dynaJnics of moLecular crystals, whieh is unavailable for the pres-

ent time.

3.4.5. Premelting

     In the higher temperature region beZow the triple point

(from about l20 K to l82.U K), the solid dinitrogen oxide shows

anomalous increase of heat capacity, whieh is shown in Figure 27.

Such anomaly as this type of increase of heat capacity below the

thermodynamic first-order transition has been called 'premelting'

and not been taken notice for a long time. In 1961, however,

J.A.Morrison, et al. reported the precise thermodynamic properties
of argon and krypton,5)'6) which sho' ."ed anomalous increases of

heat capacity below the triple points. They concluded that the

major cause of the rise in heat capaeity is the thermai creation

of imperfections, in paticular the creation of lattiee vacancies

of Schott]ry type, and calculated the enthalpies of formation;

(l28o Å} l3o) cal mol-l for argon and (177o Å} 2oo) cal mol-l for

                                       50)krypton. In Å}969, T.Shinoda, et al.                                          measured the heat capacity

of high purity neopentane C(CH3)4, which showed anomalous increase

below the triple point, and they also attributed the anomaly to

                               - llO --
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the formation of lattiee vacaneies. It seems very likely that

the anomalous increases of heat eapacities of molecular crystals

below the melting points are not only caused by the impurity eÅí-

fect, but also due to the intrinsic characteristics of the mate-

riaLs; the therrnal creation of lattice vacaneies. In the case

of dinitrogen oxide, however, there is another p2ssibility; the

creation of orientational deffects. Because of the faet that

there is no phase transition in solid dinitrogen oxide, it seems

that the rotational phase transition may exist above the melting

point. The therinal ereation of orientational disorders in the

erystal field of cubie symetry may oceur below the melting point.

In this investigation, in fact, it has been found that the heat

eapacity of tetramethylstannane also showed anomalous behavior

below the triple point, implying two kinds of mechanism for ere-

ations of imperfections, which will be described in the next

chapter.

     The normal heat capacity C                                           of soZid dinitrogen                                p(normal)

oxide shown by a solid line in Figure 27 was obtained by the

method of smooth extrapolation of the heat eapacity from the

lower ternperature region. ll]he excess heat eapaeity AC was
                                                         p
obtained from the difference between the C                                                      and the meas-                                            p(normal)

ured he at cap ae ity C s AC = C - C                                                  Besides the two                     P p p p(normal)'
potential minima (most stable end-for-end orientations), it seerns

that there is no other sueh deep minimum in the site symmetry C                                                                  3

in the crystal of dinitrogen oxide. However, there may be
   '
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several very shallow minima in between these two minima. As the

temperature increases, the orientational disorder may occur.

It costs an enthalpy AH to make a orientational defect but
                        or
gains entropy S due to the disorder associated with the entropy

of mixing of defects with the normal orientations. By applying

the equation of Schottky defect, the slope of the plot of

        T2) against T-1 (shown in Figure 28) gives the enthalpylog(AC
      p
of the formation of orientational defeet; AH = (10800 Å} 500)
                                              or
     -l                -l                   = l300 K). This value may be compared         (900 cmJ mol

with the height of the barrier hindering the rotation obtained

                                                     -1from the simplest model in Section 3.U.2.; (2900 cm = UOOOK).

Therefore, it may be assumed that the metastable orientations do not

exist at about the top of the ]potential barrier and theXAHor is

very ciose trlt{gelellg-91ti` figofeight of the barrier hindering the moiecuiar

reorientation.

     Solid carbon dioxide also has no phase transition, and shows

the similar rise in heat capaeity, whieh was measurecl by W.F.
                      I)
Giauque and C.J.Egan.                           From the same ana]"rsis applied to the

anomaly in the heat capacity measured by Giauque and Egan, the

approximate vaZue of the energy of the formation of orientational

defect in solid cabon dioxide is obtained as about 2oooo J mol'l.

     Carbon monoxide has two thermodynaznic first-order transitions;

the solid phase transition from the ct to B phase at 61.57 K and

                                                                     IO)the fusion frorn the B to liquid phase at the triple point 68.l5 K.

The disorder of molecular end-for-end orientation of earbon rnonoxide

                              - 113 -
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is aLso frozen in the ct phase, but the rotational motion is sig-

nificantly exited above the solid phase transition and the entropy

of fusion is smau; i2.3o J K-imoi'-i.iO) in this ease, aiso

there are anomalous inereases in heat eapaeity below the solid

phase transition and the triple point, which correspond to the

formation of orientational defect and the formation of lattice

vacancy, respectively. From the same analysis applied to the

anomaly below the solid>(phase transition, the energy of the for-

mation of orientational defect in ct-CO is obtained as about 3000

     -lJ mol .

     Nitrogen has similar aspects to carbon monoxide, and the

                          ' -iapproximate value of AH zs obtained as about 2000 J mol                                                            from
                       or
                                                      l)
the heat capacity data of W.F.Giauque and J.O.Clayton.
                                                   50)     From the data of C(CH3)4 of T.Shinoda, et al.,                                                       whieh

shows anomalous increase in heat capaeity below the solid phase
                  '                              .. -ltransition, the value of AH is obtained as 9700 J mol .
                           or
     These are summarized in Table 21. It seems that the values

of AHorlH8 and AHor/Tf are convenient parameters: In the ease of

the substances which have no rotational solid phase transition,

the values of AHor/H8 and AHor/[Df are lager than the values of

about o.U and sg J K-lmorl, respectively.

3.4.6. General discussion

  '     The caZorimetry on dinitrogen oxide was carried out from

l.9 K to !8U K. The temperature dependences of the heat capacity,
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                                           cvapor pressure and other thermodynamic funAtions of dinitrogen

oxide were obtained and tabulated in Tables 8,l3 and 15. The

triple point and heat of fusion were determined as (l82.408 Å}

                               -lO.O02) K and (6516 Å} 20) J mol                                 , respectively. The heat of

                                                 --1vaporization was obtained as (l6544 Å} 20) J mol                                                    at l8i"-81 K

and 763 Torr, and the normal boiling point was determined as

l84.74 K from the vapor pressure-temperature equation, which was

obtained from the vapor pressure data by the method of least
                                                        '
square$. The rather large uncertainties of the data are caused

by the large corrections for the manometry with the mercury ma-

nometer used in the first series of the calorimetry.

                                                     -l                                                          -l     The third--law entropy was obtained asl96.8 J K                                                       moZ cor-

rected to the ideal state at the boiling point, and the spectro-

                                            -l -l .scopic entropy was calculated as 202.8 J K                                                       using the                                              mol                                                    by

recent values of moiecular constants. The residual entropy of
dinitrogenoxide was determined as (6.o Å} l.o) J K-lrnol-l, which

                                                      -l                                                           -lagrees very closely with the value of RÅ}n2 = 5.8 J K                                                        mol                                                               and

suggests the perfect disordey of end-for--end orientation frozen

in solid state. Nthough the uncertainty of the value of the

residual entropy is ratherA5arge, it may be coneluded that

dinitrogen oxide does not show the saJne phenomenon (abnormal

value of residual entropy) as for carbon monoxide of whieh the

residual entropy is (3.3 Å} o.8) J K'lmol-1. In the ease of

carbon monoxide, the discrepancy between the measi=red residual

entropy (3.3 J K"lmol-l) and bhe expected value (Rin2 = s.8 J Kptlmoi
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has not been explained as yet. Such 'abnormal' values of the

residual entropies have been found also in some other simple

molecular substanees; SOo = 5.6 J K-lmol-l for POF3 (the expected

value = Rln4 = u.s J K-lmol-l),77) s8 = 6.2 J K-lmol-l for so2F2

(the expected vaiue = Rin6 = iU.g J K-imoi-i)78) and ss = io.i

J K-imoi-i for cio3F (the expected vaiue = Rin4= n.s J K-imoi-i),})

etc. In these eases, however, the calorimetric measurements,
                                                              '
which were less precise, have been carried out only above about

l5 K. Therefore, it seems desirable that more precise data of

thermodynamic properties are obtained down to lower temperature

region for these substanees.

     The rnolecular motion in solid dinitrogen oxide is analyzed

successfully in the harmonic approximation. The translational

zero•point energy obtained from the anaZysis of the contribution

of lattice modes of the heat capacity in the lowest temperature

                     -1region is l338 J mol , whieh compares favorably with the value

              -1of l699 J mol                 derived from the difference between the heat of

                                -lsublimation at O K (24214 J mol                                   ) and the pseudo-static lattice

                    -lenergy (25913 J mol                      ) obtained from the analysis of vapor pres-

sure of solid dinitrogen oxide in the higher temperature region.

The temperature dependence of the Debye characteristic temperatures

derived from the measured heat capacity values also impl;es the

characteristics of the vibrations of lattice modes. In general,

the anha]rmonicity of the lattice vibrations causes the Debye

eharacteristic temperature to drop down rapidly in the higher
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temperature region. The rather little temperature dependence

of the Debye characteristie temperatixres corresponding to the

measured heat capacity values of dinitrogen oxide maitained in

the higher temperature region (given partly in Figure 22) shows

also this situation of good approximation of the harmonic analyses.

                                        -l     The discrepancy of about 361 J mol                                           between these two values

of translational zero point energies may be mainly due to the

rather uncertain value of the pseudo-static lattice energy deter-

mined by the analysis of vapor pressure in the higher temperature

region in the harmonic approximation, where the anharmonicity of

vibrations is probably significant. On the other hand, however,

the uncertainty of the value of translational zero point energy

obtained from the analysis of the lattice modes in the lowest

temperature region principally come from two causes. One is the

approximate estimation of librational contribution ealculated

from the freguencies of 7o cm-l (E), s3 cm-1 (T) and 126 cm"1 (T)

for 2N degrees of freedom, of which the uncertainty can not be

                  'estimated because their dispersion relations are not known.

Another cause is the assumption that the saJne method as for

monatomic crystals may be appMed to the analysis of the eontri-

bution of translational lattice heat capacity thus separated.
             '
As described in Section 3.4.2., the lattiee frequeneies of k = O

in the crystal of dinitrogen oxide can not be explained by the

point model and the atom--atom interaetions should be taken into

account, whereas the point model is applied successfully to the
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smaller molecules ct-CO and ct-N2. The uncertainly coming from

this cause also can not be estimated. Therefore the value of
                            '
the transÅ}ational zero point energy may be adopted as (1500 Å} 200)

     -l                                                             -1J mol . The librational zero point energy of ll50 J rnol

                                                       -l                                          -l                                                           (T) and                                             (E), 83 cmcalculated from the frequencies of 70 cm

      -1126 cm          (T) for 2N degrees of freedom is rather good approximate

value, because the librational contribution to the zero point

energy obtained frorn simpZe sumation of the frequency distribution

is dependent only on the average frequencies.

     The zero point properties of a series of simple molecular

crystals (N20, C02, CO and N2) tabulated in Table 20 show good

internal consistency. The Debye characteristic temperatures,

heats of sublimation at O K and zero point energies show the same

tendency as for the melting temperatures given in Table 21.

These substances have also similar aspects as given in Tables 17

and l8. Therefore the comparative study of these substances are

very interesting. For co2,l7) N2,ll),i2) and co,9),IO),ll)

however, no complete data of heat capacity and related thermo-

dynamic properties in the entire temperature region other than
                                l)
the data of W.F.Giauque, et al.                                   have been available. For

exanple, therefore, the heats of sublimation at O K for these

substances ean not be estimated precisely.

     The lattice modes of solid dinitrogen oxide was analyzed by

the moment trace method, which is a most convenient one for ob--

taining the thermodynamic" iguantities, and the vD(n) function gives

    '
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the relation of the moments of the frequeey speetrum from which

the feature of the frequency speetrum may be suggested. The

graph of Figure 26 shows a shallow minimum. This minimum cor-

responds to the shallow minimum in the graph of the Debye char-

acteristic temperatures given in Figure 23. The minima suggest

a hump deviating from the frequency spectrum g(v) expected by the

Debye model. The features of vD(n) for C02, N2 and CO, which

have not been obtained, can not be calculated from the previous
datal),9),10),ll)'l2)'l7) because of their insufficient precision.

However, the shallow well feature may be very common in the case

of simple molecuiar crystals because of the weak intermolecular

forces sueh as van der Waals force. In the cases of ionic crys-

tals and covalent bonded crystals, deeper and sharper minima have

been found, which correspond to the sharp peaks in the frequency

spectra.

     Zt seems very likely that the anomalous increases of heat

capaeities of molecular erystals below their thermodynaniic first

order phase transitions are not only caused by the impurity ef-

feet, but also due to the intrinsic characteristics of the sub-

stances; such as thermal creation of lattice defeets. As shown

in TabZe 21, the values of AHor/H8 and AHor/Tf may be convenient

pararneters. Xn the case of the substances which have rotational

solid phase transitions, AHor/HO o and AHor/Tf are smalZer than the

values of about o.4 and sg J K-lrnol-'1, respectively. These

values for CO, N2 and C(CH3)u show the same tendency as their
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temperatures of the rotational phase transitions. In the case

of N20, the values of AHor/H8 and AHor/Tf are O.45 and 59.2 J K-lmol

which are very close to the values for carbon monoxide. There-

fore, it seems that the rotational phase transition of dinitrogen

oxide rnay exist just above the melting point. In the case oÅí

carbon dioxide, the rotational phase transition may exist at more

or iess higher temperature than for dinitrogen oxide.

-l
 '
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                       Chapter 4

The heat capacity, vapor pressure and related thermodynamic

              properties of tetramethylstannane

4.l. Introduction

     The simple molecular crystals are grouped into two classes

according to their molecular structure; (a) rod--like mo:ecules,

(b) spherical molecules. Dinitrogen oxide belongs to the first

group. A molecuie of the tetrahedral type MX4 is the simplest

in the second group. The molecules of the type M(CH3)u, where

M = C, Si, Ge and Sn, also belong to the sirnplest type in the

second group, and have another degree of internal freedom; the

internal rotation of the methl groups. The heat capacities and

related thermodynamic properties of C(CH3)4 and Si(CH3)4 Were

measured bY J.G.Aston, et al.51) in lg36 and lg41, respectively,

                               50) ,52)
and recently T.Shinoda, et al.                                        reported the more preeise

data of both of them but in the limited temperature regions;

4.1 - 20 K and 62 - 260 K for C(CH3)4, and 2.2 - 26 K and 106 -

:77 K for Si(CH3)ut From their data, the banrriers to reorien-
                               '                                                                   -ltation of the methyl groups have been determined as 4300 cal mol

                 -1                    for C(CH3)4 and Si(CH3)4, respeetively.and l300 cal mol

In the case of C(CH3)ij, theXvalue of the barrier is eompared

favorably with those of the series c(cH3).H4-n; 2g3o,53) 3s7s,54)

3goo55) and 43oo56) cai moi-i for ethane, propane, isobutane and
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neopentane, respectively, obtained by the microwave techniques.

As the nurnber of methyl groups increases the barrier increases,

which is explained as the intramolecular interaction of methyl

groups with one another. In the case of Si(CH3)nH4-n, hOWeVer,
                                         57)                                                            58)
the potential barriers in methylsilane, dimethylsilane,
                59)                                          56)
                                              have been determinedtrimethylsilane                    and tetramethylsilane

as l670, l647, l830 and 2ooo cal mol-l from the microwave speetra.

                                                  -lIn this case, aZthough the vaXue of l300 cal mol                                                     for tetra-
methylsilane determined by J.G.Aston, et al.51) is rather less

precise, it seems that the number of methyl groups exerts less

influence on the barrier height than for C(CH3)nH4-n, beCaUSe OÅí

the longer Si - C bond. More recently, A.J.Valerga and J.E.
          6o)
              measured the heat capacÅ}ty and related thermodynaxnicKUp at ri ck

properties of Ge(CH3)4, and obtained the barrier height of 750

                                                     61)       -lcal mol . The barrier heights for methylgermane,                                                         dimethyZ-
       62)                                  56)                                      have been obtained as l240,           and tetramethylge]rmanege]rmane

u8o and l3oo eal mol-l , respectively, from the mierowave spectra.

                                             -lIn this case, also the value of 750 cal mol                                                for tetramethyl-

germane derived from the thermodynamic measurements is smaller

than the value derived from the microwave techniques. It seems

that there is no relation between the number of methyl groups

and the barrier height.

     On the other hand, the erystal of C(CH3)4 has a phase tran-

sition below its melting point, and the crystal of Si(CH3)4 has

                                                   63)
                                                         Neitherno phase transition but has two metastable forrns.
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phase transition nor metastable polymorphs have been found in the
                                  6U)crystals of Ge(CH3)u and Sn(CH3)u• In the cases of C(CH3)u

and Si(CH3)4, T•Shinoda, et al. analyzed the premelting phenornena

and obtained the enthalpies of formation of lattice vacancies as

            -l                              -l3240 eal mol               and 28 kcaZ mol                                , respectively. In the case of

the metastable form of Si(CH3)u, they found two values of 30 and

47 kcj:L mol-l. They considerecl(that the values for Si(CH3)4 were

extremely large than the value of the enthalpy of formation of

lattice vacancies for C(CH3)4, which might be due to simultaneous

positional and orientational transitions at melting point.

The heat eapacity data by A.J.Valerga and J.E.Kilpatrick are

rather less precise and can not be analyzed in detail.

     Tetra methylstannane is a molecuÅ}e of interest for extending

such studies described above. In this chapter, the measurements

of heat capaeity and related thermodynanic properties of tetra-

methylstannane are described, and analyzed in detail.
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U.2. Experimental

4.2.I. Material

     Commereial reagent grade tetramethylstannane purchased from

Nakarai Chemicals, Ltd. contained a few pereent of impurities

such as methyl iodide, and was purified by fractional distillation

severaZ times. The resultant pixrity,which was monitored by gas-

ehromatography, was higher than 99.9 rnol per cent. It was then

                                             'deaerated in vacuum by a freeze-and-thaw technique and re-purified

                               aby distillation in vaeuum and tgnsferred directly into the calo-

rimetervessel ct, which is similar to the method described in the
                                      22)
earlier paper of carbon tetrachloride.                                            The final purity was

higher than 99.9 mol per cent determined by the gas-chromatographic

analysis. The fractional melting method in the calorimetry
                                                         'gave the rather approximate value of purity of about 99.85 mol

per eent, because the crystal of tetramethyZ stannane showed em

abnormally large premelting phenomenon, which is described in the

following section. The 60 MHz mm speetrum of the sample of

tetramethylstannane showed the existenee of a traee of water
                                        '
(:ess than about O.05 rnol per cent). The purity of the sainple

of tetrarnethylstannane used in the calorimetry may be higher than

99.85 mol per eent. The examination of the purity of the sample

after the measurements indicated that no contamination had

occurred during the experiment.

     The tetramethylstannane in the calorimeter had a mass of

43.l82 g (O.2U:47 mol).
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4.2.2. Calorimetry

     The boiling point of tetramethyistannane is 7s oc,65) and

therefore the specimen ean be treated easily in condensed phase

(liquid) at room temperature and the heat capacity was measured

                                                                66)
by using the solid calorimeter eonstructed by Minoru Nakainura
                                    22)
as described in the earlier paper,                                        because it gave more precise

data than the eondensed gas calorimeter which needed several kinds

of corrections. The system for measurements was the same as that

for dinitrogen oxide. The vapor pressure measurement was made
          '         '     '
by using the condensed gas calorimeter, which will be deseribed

in the ne' xt section.

                                                                 3     The gold calorimeter vessel ct (internal volume = 47.65 crn

at IU OC) was used, which was equipped with the platinum resistance

thermometer ct and the germanium resistance thermometer B, which

were of the same type as those of the eondensed gas ealorimeter.

The temperature scale of the germanium resistance thermometer B

was determined by the eomparison with the germanium resistance

thermometer y in the temperaturE2egion from l.7 K to l5 K, which

is summarized in Table 22. The temperature scale of the platinum

                                                             66)
resistance thermometer ct was determined by Minoru Nakamura on

the IPTS-48 for the temperature region from 90 K to 45 OC and on

the NBS-55 temperature scale for the temperature region from U K

to 90 K• Because the difference between the IPTS-68 amd IPTS-48

(and NBS-55) is negligibly small for caleuiating the heat capacity,

the temperature scale of the platinuin resistanee thermometer ct
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  TABLE 22.

THERIY[OMIETER
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was not converted to the IPTS-68.

     The calorimeter di(l!tot contain any helium gas for heat ex-

change. The corrections for vaporization caused by the vapor

pressure increase during heat input were estimated approximateZy

from the data of vapor pressure, heat of vaporization, density

of liquid tetranethylstannane and the volume of the calorimeter
        '
vessel, whieh were negligibly small. The correction of (C -
                                                              s
Cp) was also neglected. The sample contributed about.80 per

cent at 5 K, 70 percent at 30 K, 60 per cent at IOO K, and 70

per cent at 250 K of the total heat capaeity.

4.2.3. Vapor pressure measurement

     The vapor pressure and heat of vaporization of tetrainethyl-

stannane were measured by using the condensed gas calorimeter.

After the heat capacity measurement, the sample of tetrainethyl-

stannane was re-distilled in the system of the eondensed gas

                        rcalorimeter and transfer.ed into the calorirneter vessel by the

sarne method as for dinitrogen oxide. In this case, therefore,

the temperature scale was on the IPTS-68.

     The vapor pressure of tetramethylstannane was measured with

the quartz Bourdon gauge in the temperatixre region from 222 K to

280 K. The heats of vaporization were measured at 276.56 K and
               'at 278.37 K by the same method as for dinitrogen oxide, but the

amount of tetrarnethylstannane evaporated from the calorimeter

vessel was determined by measuring the weight of the sample,
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whieh was condensed in a small pybex glass tube connected to the

system shown in Figure 6 and fused off frorn the system.

4.2.4. Rarnan spectra

     After the vapor pressure measurement, the sample of tetra-

methylstannane was deaerated and distil:ed in the system of the

vacuum line, and the center portion was taken in a small thin-

wall glass tube (2 mm in outer diameter, 40 mm in length), and

then it was fused off from the system by using liquid nitrogen

as the refrigerant.

     Raman speetra of liquid and solid tetrarnethylstannane (at

room temperature, at l58 K and at 95 K) were obtained with the

laser exeitation of argon ion; 514.5 nm. The Laser Rainan Spee-

trophotometer Model R750 of Japan Spectroscopie Co., Ltd. was

used.
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4.3. Results

4.3.Å}. Heat capacity

     The heat capacity of solid and liquid tetrainethylstannane

was measured in the temperature region from 3.8 K to 299 K.

The measured values of heat eapaeity without curvature corrections

are tabulated in Table 23. The data are shown graphically in

Figure 29. The seatter of the measured points of heat capacity

is at most 'O.5 per cent at l5 K and O.l per cent above 25 K.

The smooth values at rounded temperatures are given in Table 2U,

together with the deviations derived from the comparison with the
                                         64)
values obtained by L.A.K.Staveley, et al.                                               In spite of the

less precise measurements by L.A.K.Staveley, et al., the data

of the smoothed values of heat capacity show rather good agree-

ment.

4.3.2. Fusion

     The solid tetramethylstannane shows anomalous increase of

heat capacity below its melting point and the heat of fusion ean

not be detemined in the usual manner illustrated schernatieaUy

in Figure IU; An approximate value of about 77so J mol-1 was

obtained in:Vhis method. Taking account of the enthalpy of

                          67)
premeltimg due to irnpurity                              assumed as o.l5 moL per cent, the

heat of fusion of tetramethylstannane was obtained as 8030 J mol-:.

On the other hand, including the total enthalpy of premelting

below the triple point, the enthalpy of fusion was g24o J mol'1,
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TABLE 25. Measured heat capaeity values of

    tetramethylstannane.
    1 mol Sn(CHs)4 = 178.8288g, OOc = 275.l5 K

[[]

K

c
p T

K

c
p

      •-1  -1   mo1ms       -'i  -1   mo1JK

(Run
182.157
l84.541
186.940
Z89.58Lv

191e860
194.515
l96.747
l99e226
201.758
204.251
206.784

209.547
211.810
215.965
215.580
216.552

221.560

220.224

(Run

(fusion)

 (Run

1)

 l57.57
 l58.55
 l59.64
 !41.12
 142. 55

 145.97
 145.71
 147.21
 150.51
 155.67
 159.59
2)

 169.61
 191.25
 246.97
 418. 74

 877e57

 179.i4
5)

 l79.19

(Run

221.658
248.245
251.659
2S5.014
258.576
261.726
265.064
268.592
271.695
274.980
278.250
281.507
284.7ag

 ll.7i2
 l2.525
 12.989
 l5.679
 14.577
 15.100
 l5.942

(Run

4)

 179.19
 l84eng
 185.78
 l86.65
 187.21
 187.89
 188.60
 189.77
 190.52
 19ie29
 192.06
 195.59
 195.87
.5)

   8.061
   9.168
  IO.102
  11.258
  l2.582
  15.527
  14.924
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T.llliSLE 25. (continued)

CI]`

K

c
p [D

K

c
p

       -l  --1    mo1JK        -1  -1    mo1JK

16.874
l7.784
i8.682
19.579
     (Run
lle652
12.297
15.029
15.779
14.541
l5.419
16.584
17.519
18.258
19.151
20.067
20.997
2i.944

6)

(-R.un 7)

2i.585
22.751
25.916
25.118
26.555
27.668
29.082
50.910

l6.491
17.960
19.417
20.987

 7.985
 9.057
ZO.148
li.420
l2.685
l4.115
l5.692
17.245
18.674
20.256
21.726
25.506
24.950

24.577
26.278
28.509
50.427
52.48
54.69
57.09
40.18

55.079
55.i76
57.l8i
59.119
4i.O08
42.975
45.000
46.956
48.862
50.728
52.561
54.570

(Run

51.255
55e067
54.859
56.655
58.594
60.268
62 e 25Z4'

64.251
66.204
68.176
70e151
72.156
74.254
76.505

8)

45.86
47.55
50.55
55.57
56.40
59.22
62.16
64.86
67.56
69.71
71.81
75.88

70.48
72.51
74.49
76.41
78.27
80.17
82.09
85.95
85.60
87.11
88.55
89.95
91.59
92.92
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MAIBitE 25.(eontinued)

T
K

c
p m

K

c
p

      -l  -1   mo1as       --1  -i   moias

78.765
81.055
85.524
85.650
87.950
90.228
92.555
94.907
97e262
99.626

(Run

5.898
4.580
4.884
5.595
5.966
6.645
7.52S
7.926
8.502
9.074
9.660

      (Run
 97.967
100.565
102.795
105.252

  94.49
  95.94
  97.59
  98.75
 iOO.02
 101.09
 102.i9
 i05.19
 104.17
 I05.06
9)

O.295
O.454
O.668
O.957
i.502
l.829
2.452
5.074
5.755
4.455
5.184

10)

 104.24
 105.19
 106.16
 107.20

I07.679
llO.I47
112.621
ll5.105
Z17.595
120.078
122.556
125.049
126.956

(Run
126.769
129.590
i52.ill
l54.845
157.494
140.i58
i42.858
145.555
IL;'8 e 242i'

150.969
155.709
156.t"67
159.242
162.054
164.842
167.668
Z70.502
175.510

108.16
109.12
110.09
lll.08
111.95
i12.94
U5. 84
114.49
i15.48

11)

115.52
i16.25
X17.24
n8. 55
li9.65
120.54
12!e42
122. tro

125.45
l24.47
125.47
126.66
127.75
128.91
129.87
150.97
151.82
155.47
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TA[BLE 25.(eontinued)

m

K

Cp
T
K

c
p

      -1  -1   mo1zz        -•1  --1    me1ms

(Run 12)
i75.000
175.i67
177.524
180.149
182.919
185.75i
Z88.590
l91.455
i94.519
197.145

155.iO
154.24
155e20
156.65
157.58
i58.90
140.49
l42.15
145.84
145.95

(Run 15)
191.756
195.005
198.2i2
201.574
204.528
207.647
210.621
215.294
215.51i

142.00
1op.06
i46.57
i49e57
154.08
161.64
Z 76. 71

218.87
566.25

     (Åíu$ion)

220.81S l78.89
255.7ZA 179.77
     (Run 14)

227.048 179.91
250.050 180.69

255.045
256.095
259.128
242 . IZV6

245.155
248.151
251.458
255.I54
259.005
262.852
266.790
270.880
274.949
278.998
285.028
287.054
291.007
294.966
298.950

(Run

205.516
207.649
209.902
212.018
215.889
21S.548

i81.15
182e05
182.8i
185.58
i84.05
184.55
185.41
l86.56
187.24
188.12
189.21
190.04
Z91.iO
192.15
195.16
194.55
195.75
195.7i
197.57

i5)

155.45
i6i.i7
171.05
191.99
242.15
572.95

-- l36 -



TAB[E 25. (continued)

CII

K

    c
     p

  -1       -1    rao1as

T
K

    c
     p

       -1  -1    moZzz

2i6.512 690.05
     (fusion)

220.668 178.74
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TABI,E 24. Smoothed vaiues of heat capaeity of
tetramethylstennene.
1 mol Sn(CHs)4 = 178.8288 g,
oec m 275.15 K

T
K

   co
    p

  -1       -1JKl    mo1

Deviation"
%

  5
 io
 15
 20
 50
 oo
 50

ac
 70
 80
 90
ioo
ilO
120
150
lt")

l50

(Solid)
  O.725
  5.647
 15.40
 21.61
 58.64
 54. 90

 68e82
 79.92
 88.44
 95.22
leo.99
105.i5
109.09
112.85
IZ6.55
i20.50
124. 10

+ o.7
-- O.1

- O.5
- O.4
+ O.2
+ 1.5

" Deviation = [Cp(Staveley, et al.) - Cp(tr!his)]

        x--}9t9-O
          Cp(Mhis)
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TABIiE 24 (centinued)

m

K

co
p

      -1  -1   molzz

Deviation"
%

160
170
180
190
200
210

128.00
152.01
156.55
l41.27
i48.28
171.80

+ l.5
+ O.5
- 1.5

(Mquid)
220
250
2tie

250
260
270
280
29Q
500

178.80
180.7i
182.81
i85.10
187.50
190.00
192.45
i94.95
197.45

+ 2.5
+ 2.5

- lijO -



                                                  -lwhich compares favorably with the value 9439 J mol                                                     obtained
by L.A.K.staveiey, et al.6lj) in the temperature intervai from

                                                            -labout 190 K to about 223 K. The value of (92UO Å} 50) J mol

was adopted as the enthalpy of fusion of tetramethylstannane.

     The triple point of pure tetraJnethylstannane was determined

as (218.l3 Å} O.08) K frorn the fractional melting curve assuming

the meltinEl(region from 217.20 K to 218.03 K, which is shown in

Figure 30. The triple point of the t.etramethylstannane used in

this calorimet]ry whieh was given as the value at l/f = l in Figure

30 was 218.03 K. The anount oÅí impurity was estimated as o.15

                                                      64)
mol per eent from this curve. L.A.K.Staveley, et al.                                                          obtained

the triple point of pure tetraniethy!stannane as 218.l8 K from

their measurements of the sarnple eontaining the impurity ef about

O.26 mol pereent. The data of the fusion of tetramethylstannane

ar'e suinmarized in Table 25.

L.3.3. Vapor pressure and heat of vaporization

     The vapor pressure oÅí the liquid tetrainethylstannane of

higher purity was measured in the system of the condensed gas

calorimeter on the IPTS-68. The measured values of vapor pres-

sure are tabulated in Table 26, together with the deviations from

the empirical equation:

     log ( p/dyne em-2) = -2304.27/T + l5•02058 - O•O0715727 , (43)

- l41 -
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TABLE

a)•

 25. IETUSION OF [I]ETRAME[[[EI>CLSTANNANE.

THE HEAT OF IFUSION OF TE[I][RAMETHYLSTANNANE

TEMPERATUIRE INTERVAL: 216.0942 K -

HEAT IN?UT: 2171.69J
                         129.63 JfCp(normai)dT:

            dT: 82.34Jfc  p(impurity)

           dT: l70.96Jfc  p(anomaly)

2:9 .3467 K

(OK 216.0942 K)
             dT: fc  p(impurity)

 fc            dT:  p(anomaly)

67.37 J

L21.46 J

AHf = 9240 Å} 50 J    -lmol

b). THE

     L.A.K.Staveley, et al. (l954)

                     AHf = 9439 J

TRIPLE POINT OF TETRAME[I]HY]Z,STA[DINA[NE

mol-l

Fraction melted
    T

    K

     O.I58

     O.320
     o.484

     o.648

     O.813

     O.979
    (l.OOO)

The triple point

         217.478

         217.66g

         217.781
         217.867
         217.947

         218.0135
         218.03

of tetramethylstannane = 218.L3 Å} O.08 K

L.A.K.Staveley, et al. (1954)

  d IL3 -

Tf = 218 .l8 K



TABLE26. VAPORPRESSURIE OF[I]ETRAME[[]HYLS[I]ANNA])ifE.

[v

K

P Deviation

      -2dyne cm log   (P
IO   Obs

          )-P. smoothed

222.7610

228.82o4

236.366g

244.go26

25lt.2553

264.2397

275.0765

225.5356

232.5503

239.566g

246.8728

25U.6274

262.2351

26g.4025

274.5631

274.6816

274.76oU

276.6466

276.4663

278.4234

278.3138

280.3553

 1200

 2080

 3746

 716o

13773

25759

47477

 l573

 284o

 488o

 8333

:4079

22732

34585

U6144

46U64

46sg8

51544

50744

s6344

55864

62157

o

o

-o

-o

-o

-o

-o

-o

-o

-o

o

-- o

-o

-o

-o

 o

 o

 o

 o

.oo6so

.O0391

.OOZ05

.OOI97

.OOI55

.o0585

.ooo86

. OOIOO

.OOO03

.ooooo

.OO023

.OOI:7

.ool4o

.ooo8o

.OO09U

.OO171

.oo083

.O0207

.OOI39

- 144 -



which was determined by the method of least squares. The data

are shown graphically in Figure 31, which shows good agreement

with the previous data in thehigher temperature region above O OC
                           '                                          65)
obtained by R.H.Bullard and A.C.Haussmann.                                                The smoothed

values of vapor pressure at rounded temperatures derived from

the equation (43) are given in Table 27.

     The heat of vaporization of tetrainethystannane also was

measured in the system of the eondensed gas calorimeter, on the

IPTS-68, and in the same manner as for dinitrogen oxide. The

measurements of heat of vaporization are suinrnarized in Table 28.

The value of the heat of vaporization of tetramethylstannane is
(3.416 Å} o.olU) Å~ lo4 J mol-l at 277.46 K and at 4o.27 Torr•

The approximate value of heat of.Vvaporization calculated by the

Clapeyron-Clausius eguation was about 5 per cent smaller than

this value obtained by direct measurements.

4.3.4. Thermodynamie functions

     Thermodynamie Åíunctions of tetranethylstannane were obtained

frorllkft he data deserived above, beineitablated in Table 29, where

SoO and HoOdenote the residual entropy and the heat of subiimation

                                 '
at O K, respectively. The contribution of the heat capacity

below the lowest tem]paeFgature measured (3.8 K) was estirnated by

a method of smooth extrapolation.

- l45 -
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MABI E 27. Smoothed vaiues ot vapor pressure of
tetramethylstannane at rounded
temperatures.
ieg(p/dyne cm'2) = -•250 tt27/T

           + 15.02058 - O.O0715727ee

T

K
P

dyne   .2
em

N
K

   P
       -2dyne cm

250
255
24e
245
250
255

 2269
 5415
 5051
 7275
10552
14425

260
265
270
275
280

19820
26824
55790
47i14
61254

TABM 28. 1!he heat of

stannane.
vaporization oÅí tetramethyl-

Starting point
(M/K,
 P/dyme cm-2)

Finai point
(T/K,
P/dvne cm-2)

Heat Znput
  (AE/J)

  Amount of
Evaporated
  (An/mo1)

sn(CHs)4

i)

ii)

 Ml
276.6466

  Pl
 58.66

  Ml
278e4'254

  Pl
 42.25

  or2

276 . tl657

  P2
 58.05

  T2
278.5155

  P2
 41.89

212.949

210.549

O.O062054

O.O061908

Average tSHv-(5. 416 + o.o14)xlo4 J

 at 277.46 K
     40.27 Torr

   -1mo1

- l47 --



TABI,E 29. TH[ER[MODYNmaCFUNCTIONS OF[I]ETRAME[I]HYI,STA[NNA]DlfE.

[I]

K

(Ho-H8)

     -1J mol

(so-s8)

   -1             -z       -lJK    mol          JK

(HO-H8)/T -.
 ( GO -H8 ) IT

   -lmol        -l   -l    molJK

 IO
 20
 30
 4o

 50
 6o

 70
 8o

 90
100

llO

Z20

l30

l4o

15O
l6o

170

l8o

19O

200

2LO

218.03

220

230
24o

250

26o

270

280

290

   25
  l50
  451

  920
 l54o

 2286

 3131
 4oso

 5032
 6o63

 7134

 8244

 9391

Z0575

ll797

l3058

l4355

l5699

l7086

l8529

2oog6

30378

30723

32528

34333

36L85

38o48

39936

41846

43775

  2.0
 IO.8

 22.7
 36.I

 50.0
 63.4

 76.4

 88.6

IOO.2

Ul.I
l21.3

l30.9

ZUO.I

IU8.8

l57.3
l6s.4

173.3

l80.9

l88.3

l95•7

203.2

250.5

252.I
26o.z

267.8

275.3
282.6

289.7

2g6.7

3o3.4

  l.5

  7•5

 l5.0

 23.0
 30.8

 38.I

 44.7

 50.6

 55•9
 6o.6

 6U.9

 68.7

 72.2

 75.5
 78.6

 81.6

 84.U

 87.2

 89.9

 92.6

 95•7

l39.3
l39.6

l41.4

IU3.0

l44.7

lh6.3

l47.9

14g.4

150.9

  O.5

  3.3

  7•7

 l3.I

 l9.2

 25.3

 31.7

 38.o
 4li.3

 50.5
 s6.4

 62.2

 67.9

 73.3

 78.7

 83.8

 88.9

 93.7
 98.4

103.1

Z07.5

lll.2

ll2.5

l18.7

l2U.8

l3o.6

136.3

l41.8

z47.3

l52.5

- l48 -



4•3.5. Raman spectra

     The Rainan spectra obtained on liquid and solid tetrainethyl--

stannane (at room temperature, at l58 K and at 95 K) are shown

in Figure 32. The assignments which are given in Table 30 are
                                      68)
those of E.R.Lipincott and M.C.Tobin,                                          and these values of

frequencies were used for evaluating the intrasuiolecular contri-

bution to the thermodynamic quantities. However, an additionai

band at 284o cm"l was found in this experiment on liquid tetra-

methylstannane at room temperature, of which the assignment still
                                      'remains to be aV problem. In the crystalline state, $ome Davydov

splittings are Åíound. The lattice frequencies are found at
                            '           -l                                 -l              and at about 80 cmabout 39 cm                                    in the crystalline state, whieh
 '
shift to higher fregueneies as the sample is eooled. [Vhe crystal

structure has not been known, and therefore the Zattiee modes

can not be analyzed in detail.

- 149 -
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TABLE 30. RAMANSPECTRAOF TE[VRAME[I]HYI[1,STmmANE.     --1(in em       )

vi (Al
v2 (Al
V3 (A:
v4 (A2
Vs (E)
V6 (E)
V7 (E)
Vs (E)
vg (Fl
vlo (Fl

vu (Fl
vl2 (Fl

vl3 (F2

vlu (F2

vls (F2

Vl6 (F2

vl7 (F2

Vls (F2

vlg (F2

)

)

)

)

)

)

)

)

)

)

)

)

)

)

)

Previous results

     2912

     L205

      507
  (CH      rotation)
     3
     2g88

     l4oo

      772
      IU5

    (2988)

    (1451)

    ( 772)
  (CH      rotation)
     3
     29 88

     2912
     l451

     ugh
      772

      532
      i6o

68)         This
Room temp.

   2913
   l206

    512

   2985

   l4o5

    770

    150

 770

2985

2913

l455

ll96

 770

 531

 l50

284o

results
 l58 K

 29Å}2

 ll97

  512

 2989

 l405

  770
  l68

 770

2989

2912

IU6o

ll89

 770

 531
 l76

2845

  77

  38

95 K

2911

l197

 512

2989

IU05

 770
 169

 770

2989

2911
i46o

ll88

 770

 531
 l78

28U5

  81

  39

- l53 -



4.U. Analysis and discussion

U.U.l. The third-law entropy and internal rotation of methyl groups

     The third-law entropy of tetrarnethylstannane was determined

as (Ul8.o Å} o.8) J K-lmol-l at 277.U6 K and at Uo.27 Torr, and

as (Ul8.l Å} o.g) J K-lmol-1 corrected to ideal state at this point•

The eorreetion for gas imperfection was made by using the Berthelot's

relation:

     Sideaz- Sreal = 27RTc3P/32T3Pc , (44)

where the critical constants T and P were estimated as 52U K
                              cc
and as 29 atm, respectively, by the method of R.F.Curl and K.S.
       69)
Pitzer.

     The spectroscopic entropy of tetramethylstannane was calcu-

lated at 277.46 K and at LO.27 Torr, in the same manner as for

                               '
dinitrogen oxide. The molecular moment of inertia of 373.l

    -4o 2Å~ 10 g crn was used for the caleulation of the rotational

contribution by the equation:

     S(rotatio..z) = 23 R+ Rzn 8"2(8"3fh3)31/2(kT)3/2 , (us)

and the symmetry number was taken as l2, assuming the free inter-

nal rotation of methyl groups. The contribution of fbree internal

rotation of methyL groups was calculated by using the equation:

- 154 •-



                                                  2/2                           2                                            38                                    2.7930     S(interna2 rotation)= 2R+RZn u (10 rrT) , (46)

where the reduced moment of inertia I of methyl group was taken
                                    r
            -4o 2as 5.45 Å~ 10 g cm . For calculating the eontribution of other

modes of intramoleeular vibrations, the frequencies tabulated in

Table 30 were used in the harmonic approximation (equation (l5)).

The spectroscopie entropy of tetramethylstannane was determined

as U18.o J K-lmol-l at 277.46 K and at Uo.27 Torr, on the assump-

tion of free internal rotation of methyl groups.

     The caleulations of the third--law entropy and the spectro-

seopic entropy are sumarized in Table 31. The differenee be-

tween these two values of entropies is zero within the error of

measurements. It seems that the model of free internal rotation

of methyl groups is valid, and the barrier height to reorientation

of rnethyZ groups is very low. Assuming the differenee to be

As s o.8 J K-lrnol-l, the barrier height to reorientation of methyl

                                                           -lgroups in tetrarnethylstannane is estimated as V s 400 cal mol

                                         7o)
from the table of K.S.Pitzer and W.D.Gwinn.

     The barrier heights inthe molecules of the serieS M(CH3)nH4-n,

where M= C, Si, Ge and Sn, are sumarized in Table 32. In the

CaSe Of C(CH3)nH4-n, as the number of methyl groups inereases the

barrier increases, which is explained as the intramolecular in-

teraction of methyl groups with one another. In the case of

Si(CH3)nH4-n, the nUMber of methyl groups exerts less influence

                           - Z55 -



TABLE 31. THE ENTROPY OF TETBAMETHYLSTANNANE.

a). Calorimetric entropy

                                           -l     contribution S/JK                                             mol

   OK 217.20K 216.0
  217.2K 218.03 K(Fusion) 34.2

  218.03K 277.U6K 44.7
  Vaporization(3Ul60/277•46) l23.l

-l

b)

The

The

.

 eAtropy of actual gas

 entropy of ideal gas

Spectroscopic entropy

contribution

s (trans1ational)

s (rotational)

s (vibrationaZ)

.s
 (inte]mal rotation)

 at

at

 277

277•

.lt6 K

U7 K

418

418

l96

 94

 67

 59

.

.

.

.

.

.

o

l

36

49

66

46

Å}

Å}

o

o

.

.

8

9

The spectroscopic entropy at 277.46

   4o.27
K

Torr Ll8.o

[[he residual entropy So = -O.l Å} O.9

- Å}56 .



 TABLE 32
(in kcal

.

mol

TORSZONA[L
-l  )

BA[E{RIERSFORSOME(CH3)nMH4-nMOLEeULES.

Moleeule

CH ME[  33

(CH3)2MH2

(CH3)3MH

(CH3)4M

2

3

3

3

4

u

C

.

.

.

.

.

.

  53)
93

  73)
33

  54)
57

 55)
9

 56)
3

 51)
3

1

l

l

l

2

1

si

  7Z)
•70

   57).67

   58).65

   59)
.83

  56)
.o

  51)
.3

M

 Ge
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on the barrier height than for C(CH3)nHu-n• In the case of

Ge(CH3)nH4-n and Sn(CH3)nHu-n, it seems that there is no relation

between the number of methyi groups and the barrier height.

In all the eases, however, there is significant relation between

the distance of M-C and the barrier height to reorientation of

methyl groups. The barrier height is smaZler for the lager

central atom M. In the case of Sn(CH3)4, therefore, eaeh methyl

group may reorient independently and freely. Assurning that the

rotational motion of methyl groups in the moleeule of tetramethyl-

stannane is not coupled to other modes of oscillations, the heat

eapaeity eurve should show a hump due to the change from torsional

osciU.ation of methyl groups to hidered rotation, which in fact

is shown in Figure 33. The more sensitiVe CUrVe C p- C(intra)

was obtained by subtracting the contribution of intramoZecular

vibrations given in Tabie 30 from the total heat capacity.

There is a small hump at about UO - 70 K, the temperature which

                                               -1corresponds to a value of about 200 - 400 cal mol                                                  of barrier

           nheight to hi.dering uniaxial rotation of methyl groups if one uses

                                     70)
                                          This value of barrierthe table of K.S.Pitzer and W.D.Gwinn.

height is eonsistent with the value (< 4oo cal mol"l) derived

from the analysis of the entropy of tetramethylstannane deseribed

above. No hump has been reported in the heat eapacity of
neopentane,50)'51) tetramethylsizane5i)'52) and tetramethylgermane

In the case of neopentane, it is reasonable that no hump was
                                            Vtediscernible in the heat capacity curve beeauseAbarrier height
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will be higher and also because the methyl rotations are not

independent. In the case of tetramethylgermane, a hump eould

have been found in the heat capacity curve, if the heat eapacity
                         '
measurements had been of greater precision of A.J.Vaierga and

J.E.Kilpatriek. Tetramethylsilane is situatedV se'n the intermediate

condition, which can not be analyzed in the less precise data
                     51)
                         or the data in the limited temperatureof J.G.Aston, et al.
                            52)
region by T.Shinoda, et al.

4.4.2. Zero point properties
                                           .
     The molar heat of sublimation of tetrarnethylstannane at O K

was calculated in the saine way as for dinitrogen oxide. For the

enthalpy oÅí the gas, however, the rotational contibution of methyl

groups is dependent on the barrier height to reorientation of

methyl groups. Assuming the barrier height to reorientation of

methyl groups as 4oo cal mol-l or o cal mo:-l, the value H8 was

obtained as slooo J mol-lor s4ooo J mol'"l, respectively.

                                  '
     The Debye characteristie terrrperatures derived from the !neas-
         'ured heat capacities are shown in Figure 34, and the limiting

value at o K was dete]rmined from the plot of c /T3 against T2 by
                                                p
the sarne method as for dinitrogen oxide. Asuuming 6N degrees of

freedom, where 3N degrees of freedom correspond to the transla-

tional lattice modes and another 3N to the librational modes, the

Debye charaeteristic temperatuire at O K was determined as (99.0

Å} l.O ) K. Assuming only 3N degrees of freedom, the limiting

                             .- l6o -
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value at O K of tetramethylstannane was determined as (78.5 Å}

l.O) K.

     These are summarized in Table 33, together with the data of

other substanees of the series of M(CH3)4. The Debye character-

istic temperature of tetramethylgermane is an approximate value,

beeause the data of heat capacity has been reported only above

l5 K and the curve of the temperature dependence of the Debye

characteristic temperature must show a shallow minimum below l5

K, and therefore the limiting value at O K can not be estimated
                                                        '
from the data above l5 K. However, it is interesting to note

that the Debye characteristic temperature of neopentane at O K

is abnormally low as compared with those other substances in the

series of M(CH3)4, none the less the triple point of neopentane

is the highest ir}" l'

the series. The peculiarity of the properties

of neopentane is found also in Tables 21, 32 and 34. It is ap-

parent that neopentane has peeuliar properties, while the other

substances M(CH3)u (M = Si, Ge and Sn) form a group, in which the

properties show good internal &sistency . The normal boUing

point of neopentane is the lowest igV lthe series of M(CH3)u, while

the triple point is the highest. The very narrow temperature

region oÅí liquid phase is common in the very simp:e moZecular

substances such as N20, C02, CO and N2, ete., and the properties
              '
of neopentane (eoneerning intermolecular motion) are eomparable

with those of substances of this group, which are found in Tables

21 and 3U.
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TABLE
M(CH3)

33

u

. DEBYE
MOLECUILES

CHARAC[I]ERIS[I]IC

.

TEMEPRATURES AT O K OFSOME

c(CH3)u

eD(6N)

 K
 129

eD(3N)

 K
 I02

  Tb

 K
282.61

  Tf

 K
256.750

  Tt

  K

IUO. ij98

si(CH3)u l37 109 299.80 l74.0U9

Ge(CH3)4 (lo6) 316.6 l84.37

sn(CH3)4 99.0 78.5 351.2 218.13
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4.4.3. Premelting

     In the terrrperature region from about IOO K to about l60 K,

the heat capacity of solid tetramethylstannane can be expressed

satisfactorily by C = A + BT. By fitting the measured values
                  p
of heat capacity (from 100 K to l60 K) into this formuia, the

                              'constants were determined:

                                             '
     Cp (norinau -- O'3806T+ 67•Z4 , (47)

and it may be extended to the higher temperature region (from

l65 K to 218 K), where the total heat capacity may be expressed

as:

     Cp -- Cp(normau+ACp • (U8)

The solid tetrarnethylstannane shows anomalous inerease of heat

eapaeity in the high temperature region below the tripZe point

(from l65 K to 218 K), which is shown in Figure 35, and the excess

heat capacity ACp was estimated from the equations (47) and (48).

However, the sample of tetramethy:stannane contained significant

amount of impuyity, and the contribution of the impurity (O.l5

mol per cent), which is shown by the dashed eurve in Figure 35,

                    '                              67)
was caleulated by the equation:

     Acp. --- xRTZ /(To-T)2 , (ug)
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       .
                                                              '
where x denotes the mole fraction of the impurity and To is the

melting point of pure tetrainethylstannane. This contribution

was subtracted from the excess heat eapaeity obtained above, and

the rest (AC' = AC -- AC ) was analyzed in the same manner as
                          pm            pp
for dinitrogen oxide. The plot of log(Ac' [p2) against [e-1 is
                                            p
shown in Figure 36, where two siopes can be drawn and two values

of enthalpy of formation of imperfections can be obtained; 3.48

xio4 J moL-i and i.sxio 5 J moi-i. (By negiecting the impurity

effect, the piot of iog(Ac [p2) against [v-i gives aiso two vaiues;
                           p
2.s3xiok J moi-i and i.oxio5 J moi-'}) This implies that there

are two kinds of mechanism of thermal creation of imperfections

in solid tetramethylstannane just below its melting point.

It seems very likely that the two' values correspond to the enthalpy

of formation of orientational defects and of !attice vacaneies,

respectively. The value of the former may be smaUer than that

of the latter.

     The crystal of neopentane has a phase transition (at IUO.U98

K) below its melting point (256.750 K). The molecular rotatinal

motion is significantly excited above the phase transition, and

therefore the entropy change at the melting point is small (2.88

eai K-'imoi-i ). in this ease, there are anomaious increases of

heat capacity below each thermodynamic first order transitions
                                                                  50)(soMd phase transition and melting point). T.Shinoda, et al.

analyzed only the premelting phenomenon below the melting point

anofobtained the value of enthalpy of formation of lattiee vacan-
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                         --1cies; 3240 Å} 220 cal mol . In this investigation, however,

the anomalous increase of heat capacity below the phase transition

of neopentane was analyzed and the enthalpy of formation of ori•-

entational defects was obeained as g7oo J mol-l. The crystal

           hof tetrametiylstannane has no phase transition below its melting
                                          e ttsnSltib"
point, and it seems that the rotational may exist just above the

triple point, and therefore the thermal creations of imperfections

of the two kinds of mechanism may occur simultaneously.

     In the ease of tetrarnethylsilane, T.Shinoda, et al. obtained

only one value for the enthalpy of formation of lattice vaeaneies

in the. stable form; 28 keal mol-l. They eonsidered this value

(l.l7xlo5 J mol"l)' to be extremely large compared with the value

of Å}.36xio4 J moi-i for neopentane. However, this vaiue compares

                      '
fav rably with that of tetramethylstannane (Table 34). They

reported also two values for the metastable form of tetramethyl-

snane; 3o kcal mol-l and 47 kcal mol-l. In this case, however,

the seatter of the piot of iog(Ac ll]2) against [p-i is rather
                                  p
large, and therefore only one value also can be derived as l.5

Å~io5'J moi-i from their data.

     Tetrarnethylgermane is a molecule of interest for extending

sueh studies. However, the data by A.J.Valerga and J.E.Kilpatriek

are rather less precise and can not be analyzed in detail.

     [rhese are sumarized in Table 34, where the parentheses
                                              trom
denote the values which can not be caleulated.the3)ubZished data

but should be obtained from the more precise data.

- 168 -



t

Por
wo

l

Tb /K

TflK

 TtIK

       -l H8!gmoi

        -lAH /Jmol
  or
         -lAH /Jmol
  vac

AH..IHO
o

AH ![I]
      f  or

 NO  2

l84.7U

182.4o8

 -24200

 lo8oo

 o.4s

59.2

 co   2

l9U.67
    '

27000

20000

  o.74

103•

  co

81.61

68.15

61.57

 8ooo

 3000

()
 o.38

44.

  N2

 77.32

 63.14

 35.61

 6goo

 2000

()
 O.29

32.

C(CH3)4

 282.61

 256.750

 l4o.Ug8

 9700

l36oo

(

38.

)

si(CH3)4

 299.80

 174.o4g

ll7000

(

(

)

)

(

(

(

(

(

Ge(CH3)4

316.6

l8U.37

)

)

)

)

)

 Sn(CH
      3
    '

 351.2

 218.I3

,(;tgo,g)

 3U8oo(25300)

(lgg,osg)

(g128,)

(l2Z)

)
4

K9
g
g
III]

s
5
-gi:

E')

eB
es

ee
".
8
ag

%
II]Il

8
8
hi
es

fi

E
E
Q
ves

g
fi

g
8
g
fi

illil

ag

fi



i)'

2).

3).

.

                    REFERENCES

W.F.Giauque and his eoworkers, HCI: J. Arn. Chem. Soc., 50,

IOI (1928), HBr: ibid., Zt, 2193 (l928), HI: ibid., ILt,

1lt41 (1929), 02: ibid., EltL, 2300 (l929), NO: ibid., Zt,

3194 (l929), X2: ibid., Zt, 507 (1931), CO: ibid., Z4,

2610 (l932), N2: ibid., Zt, U875 (1933), N20: ibid•, Zt,

991 (l935), H2S: ibid., Z8, 831 (l936), H20: ibid., L8,

11U4 (1936), COS: ibid., Zt, 79 (1937), NH3: ibid•, Zt,

254 (l937), C02: J• Chem• Phys•, 2, 45 (l937), PH3: ibid•,

2, l49 (l937), S02: J. Am. Chem. Soc., SLt, l389 (l938),

N204: J• Chem. Phys., S, UO (l938), Cl2: J. Ain. Chem. Soc.,

S]t., l970 (l939), CHiCH-CH3: ibid., SltL, 2366 (l939), HCN:

ibid., S!t,, 2626 (l939), C2N2: ibid., S!tL, 2940 (1939),

CH3N02: ibid•, S:t, 983 (1947), COCI2: ibid., Lt, l20 (lg48)

and S2t., 2689 (l960), C2HsCl: ibid., Z9t., l506 (1948), AsH3:

ibid., Lt, 2154 (l955), CI03F: ibid., QLt, 2659 (l958), etc.

K.Clusius and his coworkers, N2, 02, CO: Z. physik. Chem.,

B 3, 41 (l929), CH4, CHnD4-.: Z' PhYSik' CheM', B 3, 41

(1929) and Physica, IL, ll05 (l937), N20: Z. physik. Chem.,

B 8, 427 (l930), NH3: Z, physik. Chem., B 8, 427 (l93o),

PH3: Z. f. Elektrochem., =t, 598 (l933), H2S, D2S, H2Se,

D2Se: Z. physik• Chem•, B 38, 156 (l937), HX, DX: Z. Natur--

forschg., 2Lt, 495 (l947), ete.

a). F.E.Simon and his eoworkers,

                        - l70 -



 4)

 5)

 6)

 7)

 8)

 9)

10)

ll)

l2)

l3)

14)

l5)

l6)

.

.

.

.

.

.

.

.

.

.

.

.

.

b). A.Eucken and his coworkers,

c). J.G.Aston and his coworkers,

d). L.A.K.Staveley and his coworkers,

e). E.L.Paee and his coworkers, et al.

P.P.Debye, Ann. Phys., Lpz. 39, 789 (l912).

P.Flubaeher, A.J.Leadbetter and J.A.Morrison, Proe. Phys.

soc., 78, l4Ug (lg61).

R.H.Beaumont, H.Chihara and J.A.Morrison, Proc. Phys. Soc.,

78, 1462 (lg60.

J.H.Colwell, E.K.Gill and J.A.Morrison, J. Chem. Phys., Z6,

2223 (l962), 23 , 635 (l963), Lt, 31UU (1965).

H.Fenichel and BSerin, Phys. Rev., IU2, U90 (l966).

E.K.Gill and J.A.Morrison, J. Chem. Phys., 45, l585 (l966).

T.Shinoda, T.Atake, H.Chihara, Y.Mashiko and S.Seki, Kogyo

Kagaku Zasshi, 69, l619 (l966).

J.C.Burford and G.M.GrahaJn, Canadian J. Phys., 47, 23 (l969)

M.I.Bagatskii, V.A.Kucheryavy, V.G.Manzhelii and V.A.Popov,

phys. stat. sol., a6, 4s3 (lg68).

C.-H.Fagerstroem and A.C.HoUis Hallett, J. Iow Temp. Phys.,

l, 3 (l969).

M.L.Klein, J.A.Morrison and R.D.Weir, Diseuss. Faraday Soc.,

48, g3 (l969)•

-
H.Enokido, T.Shinoda and Y.Mashiko, Bull. Chem. Soc. Japan,

42, 3Ul5 (1969).

M.I.Bagatskii, V.G.Manzhelii and V.A.Popov, Phys. Stat. Sol.

                       - l71 -

.

'



l7)

l8)

l9)

20)

21)

22)

23)

.

.

.

.

.

.

.

24).

                                                             '
37, 65 (l970).

V.G.Manzhelii, A.M.Tolkachev, M.I.Bagatskii and E.I.Voitovich,

Phys. Stat. Sol., (b)44, 39 (l971)•
                     .
V.A.Popov, V.G.Manzhelii and M.I.Bagatskii, J. Low Temp.

Phys., 2, 427 (1971)•

J.H.ColweU, J. Chem. Phys., 51, 3820 (l969).

J.A.Morrison and P.R.Norton, J. Chem. Phys., 2;6, IU57 (1972)•

T.Shinoda, H.Chihara and S.Seki, J. Phys. Soc. Japan, EL:t,

l637 (lg64).

T. Atake and H.Chihara, J. Chem. Thermodynamics, 3, 51

(l971)•

a). The International Practical Temperature Scale of l968.

Comptes Rendus de la l3me Coference Generale des Poids et

Mesures l967-68, Annex 2. Metrologia, 5, 35 (l969),

b). R.E.Bedford, H.Preston-Thomas, M.Durieux and R.Muijlwijk,

Metrologia, 5, 45 (l969),

e). R.E.Bedford, M,Durieux, R.Muijlwijk and C.R.Barber,

Metrologia, 5, 47 (l969).

a). J.T.Schriempf, Cryogenics, S2, 362 (l966),

b). D.W.Osborne, H.E.Flotow and F.Sehreiner, Ann. Acad.

Sci. Fennieae AVI, No. 210, 35 (l966),

c). G.Ahlers and J.F.Maere, Rev. Sei. !nstruments, 3Lt, 962

(lg66),

d). L.T.Claiborne, W.R.Hardin and N.G.Einspruch, Rev. Sci.

Instruments, 37, l422 (l966),
             -

                       - 172 -



25)

26)

27)

28)

29)

30)

31)

.

.

.

.

.

.

.

e). D.W.Osborne, H,E.Flotow and F.Schrener, Rev. Sci.

rnstruments, 38, l59 (l967),

f). J.S.Blakemore, J.Winstel and R.V.Edwards, Rev. Sci.

rnstrurnents, 41, 835 (1970),

g). E.Catalano, B.L.Shroyer and J.C.English, Rev. Sci.

Instruments, 41, 1663 (1970)•

F.G.Brickwedde, H.van Dijk, M.Durieux, J.R.Clement and J.K.

Logan, J. Res. Natl. Bur. Std. 64A, l (l960).

F.C.Nix and D.MacNair, Phys. Rev., 60, 597 (l941)•
                                   pt
a). J.E.Kilpatrick, W.E.Ke:ler, E.F.Ham]mel and N.Metropolis,

Phys. Rev., 94, 1103 (l954), 97, 9 (l955),

            --b). D.White, T.Rubin, P,Camky and H.L.Johnston, J. Phys.

chem., 6U, i6o7 Qg6o),

c). M.E.Boyd, S.Y.Larsen and H.Plumb, J. Res. Natl. Bur.

Std. 72A, l55 (l968),

d). J.Brewer and G.W.Vaughn, J. Chem. Phys., 50, 2960 (1969),
                                              -
e). M.E.Boyd, S.Y.Larsen and J.E.Kilpatrick, J. Chem. Phys.,

zo, 4o34 (lg6g).

a). F.E.Simon, Zeit. f. Phys., 41, 806 (l927),
                                .
b). F.E.Simon, Physica, LL, I089 (l937)•

M.W.Melhuish and R.L.Scott, J. Phys. Chem., 68, 2301 (l964).

R.F.CurL,Jr., H.P.Hopkins,Jr. and K.S.Pitzer, J. Chem. Phys.,

48, 4o64 (lg68).

-a). H.L.Johnston and H.R.Weimer, J. AM. Chem. Soc., 56,

625 (Z93U).

                       - l73 -



32).

33)

34)

35)

36)

37)

38)

39)

.

.

.

.

.

.

.

b). E.J.Couch and K.A.Kobe, J. Chem. Eng. Data, 6, 229

(l961).

a). J.deSmedt and W.H.Keesom, Koninkl. Ned. Akad. Wetenschap.

Proc., 27, 839 (l924),
       -
b). W.Heuse, Z. physik. Chern., Al47, 266 (l930),

e). L.Vegayd, Z. Physik., 71, 465 (l931),

d). A.J.Leadbetter, D.J.MayLor and B.Vineent, Canad. J.

Chem., 42, 2g30 (lg6U).

W.C.HaJnilton and M.Petrie, J. Phys. Chem., 65, l453 (l961).

L.Pauling, Phys. Rev., 36, 430 (Å}930).
                        .
W.H.Keesom and J.W.L.Kohler, Physica, l, 655 (l934).

L.Vegard, Z. Phys., SEtL, l85 (l930)•

a). T.H.Jordan, H.W.Smith, W.E.Streib and W.N.Libscomb, J.

Chem. Phys., 41, 756 (l964),

b). E.J.Wachtel, J. Chem. Phys., Z7, 5620 (l972)•

D.E.Stogryn and A.P.Stogryn, Mol. Phys., 1,!t., 371 (l966).

a). A.Anderson and S.H.Waimsley, Mol. Phys., 7, 583 (l96U),

b). A.Anderson and H.A.Gebbie, Spectrochim. Acta, 21, 883

(lg65),

c). J.E.Cahill, K.L.TreuU, R.E.MUIer and G.E.Leroi, J.

Chem. Phys•, Lt, 3678 (l967),

d). J.E.CahiU, K.L.Treuil, R.E.MUIer and G.E.Leroi, J.

Chem. Phys., 49, 3320 (l968),
             '
e). J.E.CahiU and G.E.Leroi, J. Chem. Pl]ys., Zt, 132U

(l969),

                       - l74 -



4o)

41)

U2)

43)

.

.

.

.

f). A.Anderson and T.S.Sun, Chem. Phys. Lett., Q, 537 (l971),

g). P.F.Krause and H.B.Friedrich, Chem. Phys. Lett., !L8,

l86 (l973)•

a). L.Salter, 7rrans. Faraday Soc., 2t;, 657 (l963),

b). A.J.Leadbetter and D.M.T.Newsharn, Wrans. Faraday Soe.,

61, l6h6 (l965).

'H.Chihara and N.Nakainura, Bull. Chem. Soc. Japan, Lt, l787

(l968).

H.Thirring, Phys. Z., L4, 867 (19i3); ]L5, L27, l80 (l914).

a). B.C.Kohin, J. Chem. Phys., Xt, 882 (l960),

b). A.Anderson and G.E.Leroi, J.Chem. Phys., Lt, 4359 (l966),

c). O.Schnepp and A.Ron, J.Chem. Phys., Lt, 3893, 3991 (1967),

d). J.E.Cahill and G.E.l]eroi, J.Chem. Phys•, 2EtL, 97 <l969),

e). M.Brith, A.Ron and O.Schnepp, J. Chem. Phys., Zt,

l318 (i969),

f). J.E.Cahill and G.E.Leroi,J. Chem. Phys., Zt, U514

(zg6g),

g). O.Schnepp and A.Ron, Discuss. Faraday Soc., Lt, 26

(l969),

h). T.-S.Kuan, A.Warshel and O.Sehnepp, J. Chem. Phys.,

52, 3012 (1970),

.i). A.Anderson, T.S.Sun and M.C.A.Donkersloot, Canadian

J. Phys., Lt, 2265 (1970),

j). N.Jacobi and O.Schnepp, J. Chem. Phys., 2L7, 2505, 2516

(l972)i Chem• Phys. Letters, l3, 344 (1972),

                      - 175 -



44).

45)

U6)

47)

48)

U9)

50)

51)

52)

53)

54)

55)

.

.

.

.

.

.

.

.

.

.

.

k). P.V.Dunmore, J. Chem. Phys., 57, 33U8 (l972).

a). H.Chihara and T.Shinoda, J. Phys. Soc. Japan, l7, 1395
                                                   .
(l962),

b). T.Shinoda and H.Enokido, J. Phys. Soc. Japan, 26, l353

(l969),

c). J.C.Raich and R.D.Etters, J. Chem. Phys., Zt, 3901 (l971)

A.Einstein, Ann. Phys., 22, l80 (1907).

M.Born and Th. von Karman, Phys. Z., l3, 297 (l912)i IU,
                                     ----- -
l5 (L913).

E.W.MontroU, J. Chern. Phys., LO, 218 (l942); ll, l5 (1943).
                              --
a). V.I.Peresada and V.N.Afanasev, Soviet Physics JETP 26,

389 (1968); 31, 78 (l970),

b). E.L.PoUock, J.Chem. Phys., 58, l966 (1973).
                                 -
C.Domb and L.Salter, Phil. Mag., U3, 1083 (Z952).

H.Enokido, T.Shinoda and Y.Mashiko, BuU. Chem. Soc. Japan,

42, 84 (l969).

'a). J.G.Aston and G.H.Messerly, J. Am. Chem. Soc., Z8,

2354 (l936),

b). J.G.Aston, R.M.Kennedy and G.H.Messerly, J. Ain. Chem.

soc., 63, 23U3 (lg41).

T.Shinoda, H.Enokido, Y.Maeda, H.Tomita and Y.Mashiko, BuZl.

Chem. Soc. Japan, 46, 48 (l973).
                  .
S.Weiss and G.E.Leroi, J. Chem. Phys., 48, 962 (l968).

J.R.Hoyland, J. Chem. Phys., 49, 1908 (l968).
                             "
D.R.Lide,Jr. and D.E.Mann, J.Chem. Phys., 2L8, 572 (l958)•

                      - 176 -

.



56)

57)

58)

59)

6o)

61)

62)

63)

64)

65)

66)

67)

.

.

.

.

.

.

.

.

.

.

.

.

68).

J.R.Durig, S.M.Craven and J.Bragin, J. Chem. Phys., 52,
                                                      -
2o46 (l970).

D.R.Hirschenbach, J. Chem. Phys., 31, 91 (l959).
                                   -
L.Pieree, J. Chem. Phys., 34, 498 (l961).

L.Pierce and D.H.Peterson, J. Chem. Phys., 33, 907 (1960).

A.J.VaLerga and J.E.Kilpatrick, J. Chem. Phys., 2:t, U545

(l970).

V.W.Laurie, J. Chem. Phys., 3;t, l210 (1959)•

E.C.Thomas and V.W.Laurie, J. Chem. Phys., 50, 3512 (1969).

M.Harada, et al. (to be published).

L.A.K.Staveley, J.B.Warren, H.P.Paget and D.J.Dowrick, J.

Chem. Soe., EL2152E4, 1992

R.H.BuUard and A.C.Haussmann, J. Phys. Chem., 34, 743 (l930)•

M. Nakaniura, thesis (Osaka University; l967).

a). E.L.Skau, J. Am. Chem. Soc., 57, 2U3 (l935),

b). J.G.Aston, M.R.Cines and H.L.Fink, J. Am. Chem. Soc.,

69, l532 (1947),

.c). S.V.R.Mastrangelo and R.W.Dornte, J. Am. Chem. Soc.,

77, 6200 (l955),

d). D.D.Tunnicliff and H.Stone, Anal. Chem., 27, 73 (l955),

e). A.R.Ubbelohde, Anal. Chim. Acta, Z7, 1 (l957),

f). Y.Mashiko, Japan Analyst, 2,;t, ll51 (l966).

a). E.R.Lippincott and M.C.Tobin, J. Am. Chem. Soc., Lt,

4141 (l953),

b). W.F.EdgeU and C.H.Ward, J. Am. Chem. Soc., Z7L, 6486(:955),

                       - 177 -



69)

70)

71)

72)

73)

74)

75)

76)

77)

78)

.

.

.

.

.

.

.

.

.

.

c). D.N.Waters and L.A.Woodward, Proc. Roy. Soc., A246,

l19 (l958),

d). S.C.Grahani, Speetrochim. Acta, A26, 345 (1970).
                                                             '
R.F.Curl,Jr. and K.S.Pitzer, Ind. Eng. Chem., 50, 265 (1958).

K.S.Pitzer and W.D.Gwinn, J.Chem. Phys., IO, 428 (1942).
                                           -
R.W.Kilb and l.Pierce, J. Chem. Phys., 27, 108 (1957).
                                        -
P.Cahill and S.S.Butcher, J.Chem. Phys., 35, 2255 (1962).
                                           -
D.R.Lide,Jr., J. Chern. Phys., gt, l514 (1960).

G.W.Smith, J.Chem. Phys., 42, 4229 (l965).
                           -
M.Blackman, Proc. Roy. Soc. London, AIU8, 365, 384 (l934),

Al59, 416 (l937); Phil. Trans. Roy. Soe. London, A236, I03

(l936); Proc. Cambridge Phil. Soc., 33, 94 (l937).
                                     -
W.V.Houston, Rev. Mod. Phys., 2StL, 161 (l9U8).

E.L.Paee and B.E.Jepson, J. Chem. Phys., 52, 9U (l970).
                                          -
a). F.J.Bockhoff, R.V.Petrella and E.L.Pace, J. Chem. Phys.,

799 (l96o),

b). E.J.Boekhoff and E.L.Pace, J. Chem. Phys., 36, 3502

(Z962).

- l78 -


