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PREFACE 

Modern chemical themodynemics makes Yery- extensive use ot heat 

oa~aeity data, The most obvious application is in calculating the 

ori,ui ·e in heat content o-f a eyats , hen 1 t is heated or cooled.. The 

equations which set forth t.ne. tunotional relationships between· heat 

or ea ti'on and temperature and f'ree energy ot reaetfon and tan.para.;. 

t re are developed from heat anpaot ty data tor the Sllbstanoe 1n1'01Yed. 

such data may also be Ellployed in calculating abeolu-;e entropies. The 

partial molal heat oapaeities of' solutions are extensively uaed in deal

ing W1 th many ot their properties., In view of all this._ the completing 

ot t he fragmentary in.tom.ation 1n this field is one ot the urgent tasks 

ot physical chemistry. 

The heat oapaei ties ot volatile substances,. ot those which are 

corrosive and ot those which readily suffer change on exposure to air 

have received less attention than those tor other eubstanoes because 

ot the ob't'ious experimental ditticul. ties. The study reported 1n this 

thesis had tor 1 ts ob jeot the developing ot apparatua and methods to 

be used w1 th sueh substances. 
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INTro:OOCTION 

The direct methods whioh have been used in detennining heat ca. 

r cities of solids anc. liquids may be div:tded into t'i.O cla sses. The 

simpler consists in supplying to the body whose heut ca:paoi ty is desired 

a known <.LUantity ot heat by elect:riccU heating or otherwise. and JTJ.eas

uring the rise in tanperuture which results. It is not ~2plicable to 

volatile li quids or those which &ler.ge on conts.ot ·1th air unless these 

be enclosed in sealed containers. This introduces consider ble comple:x;... 

i ty of apparutus. .FOr corrosive 1. qu · ds gl a ss or porcelain vessels are 

most feasible, though they may be constracted of gold, platinum, or 

tantalum. 

A. fairly si11i-ple appara.tu.s me.y be smployed if the second of the 

above methods,. called the method of mixtures is used. In thi C' method 

the sample is sealed hel'!lletically tn a gl ass tub e or a tube ade or an 

inert metal, •hioh is b!':>u ht to some constant temperature ·thin the 

rang to be coverac nd then. dI~ppe~ into a ~uentity or water in a 

Guloruneter. from the change ot tooi.perature of t he sample and t he 

chan e i n heat content ot t h e calorimeter, the heat ca.:paci ty ot the 

substance may be calculated. 

Sample heaters in aalorLiietric work are n.ot discussed very tul.ly 

in the 11 terature. Apparently little importance is placed on the f'act 

that a. suitable heater is necessary tor good results. The :prime req_ui

si te o:r the heater is that it hold a oo.nstant tsaperature tor a suff'i

oient time to allow the sample to attain the tanperature o:t the heater. 



'!'his t€1llperature must be high if' wide ranges of temperature are to be 

coTered. Certain workers have gone to tanperatures ot 000° to 750° c,. 

It is desirable to secure a constancy ot *0. 05° c. if' possible though 

this is dit.rioult at high temperatures. 

The oldest heater which fulf'illed the aboTe requiranents is the 

Regnaul t vapor heater. Regnaul t' s apparatus consisted o~ a boiler 

from 1thi oh the vapor o-r a boiling 11 quid was passed to an annular space 

around the heater tube. This trpe heater maintains the tEmperature 

constant except when a change in barometric pressure causes a change 

in the boiling point ot the liquid. The heater and boiler are rather 

bulky, and the temperatures at which the heater can be operated are 

limited to the number or neutral, nont'l.ammable liquids which have the 

proper boiling temperatures.. · 

.Another type of heater is that manufactured by the Gaertner Scienti-

tic Corporation_., It oonsists ot a th1n insulated wire wound heater 

tube in which the sample is placed.. It 1s heated by a current from 
' 

batteries oontrolled w1 th the ajj)o·/-rheostats. Frederick and Hild&-

b rand (1) an.ployed a modification of this tom consisting or a copper 

block with a hole bored lengthwise and wrapped with resistance wire. A 

emall hole was bored in the block tor a thermocouple. The resistance 

wire was electrically insulated by means or asbestos and a heavy lag. 

ging o-r the same material minimized the leak o-t heat from the heat$r 

bloak. The current tor the heating was connected through a manually 

controlled resistance. A set ot lead ~torage batteries would be the 

most convenient source ot current. The chief dii'fioul ty wi th these 

heaters lies in the neoessity ot controlling the heating manually. 

This almost necessitates the aa.ployment o-t a second operator. 



The earliest work in calorimetry which can lay reasonable claims 

to accuracy is that or Regnaul t.. His calorimeter was essentially an 

open can filled with water provided w1 th a stirrer and a thennometer. 

Its primitive nature introduced important errors in. hie dete:m.inations-. 

The Bunsen ice calorimeter in spite o:t certain disadvantages ia 

still in many respecis unsurpassed tor use in the method ot mixtures. 

It is made by sealing a snall glass tube within. another in the manner 
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of a Dewar tlaak:. To the bottom ot the outer tube is sealed a capillary 

tube whi oh curYes around the calorimeter to the top ot the apparatus; 

then, in one :f'onn, extends horizontall.y along a scale. In another rom, 

illustrated in Fig. I, the capillary tube is drawn down to a tip which 

dips into mercury in a Elllall dish. The space between the cylinders 

contains air :tree water over 111.erc.ru.ry, which fills the bottom or the 

vessel and extends into the capillary tube. The body ot the caJ.orinleter 

is surrounded by an ice bath to k•ep the environing tElllperature ot the 

ealorlmeter at zero degrees Centigrade. 

In operation the water around the inner tube is :frozen by introduc

ing an ether -solid carbon dioxide mixture in a yet snaller tube into it. 

By controlling the treezi.ng rate a suitable mantle of ice may be fonned. 

l)lring the freezing the mercury is partially expelled due to the :t'orm.ation 

or ice ,vi th 1 ts aoaompanying increase in volume. When a hot ob Jeot is 

dropped into the inner tube, the mercury is drawn back along the capil

lary tube as the i oe melts. The volume of mercury drawn baolc along the 

tube in the first :t'onn ot the apparatus, or the weight or mercury drawn 

from the dish in the second is a measure of the quantity o~ the ice 

melted and so indi oa tes the quan t1 ty ot heat in troduoed. Bunsen used. 
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the calorimeter to determine the heat c0.paci ties of severw. of the las-

ser known elanents and their oxides. The proo:t' or the instrument's 

versatility is shown by the :fact that 1 t has been used to dete.nnine 

such quantities as heats or adsorption of hydrogen on platinum blaalc 

(2) and t he adsorption ot oxygen on charcoal. (3) 

In the wrds ot White ( 4) 

"The Bunsen ic-e calorimeter is the best dertce tor eliminating 
thermal leakage introduced so tar'., 

This statement is rather rsnarlcable sinoe the ice calorillleter was :tirs'i 

built in l8'it>• and White published his monograph "The Modem Calorimeter" 

in 1928. 

There are SOlil& dis dvan tages in the case or the i ce calorimeter 

which should be mentioned., The error most frequently disoussed 1n the 

literature is the error oaused by the variation ot the density or 1oe .. 

(5) Experiments show that i ce does not .form with unif'onn. density. 

Several investigators have studied this variation in density.. They re-

port results which do not agree. Nichols {6) g1Tes for the density 

0-.91616 !o.00009. Vincent ( 7) g1 Tee 0.,9160 and Leduc ( 8} reports 

0 .. 9176 .. More recent work by Grif':tiths {5) states th.at the density ot 

ioe is 0.-9161 -m th an error ot t'IIO parts in ten thousand. Grlf:ti ths 

also states that the discr~anoy in the results of the several invest!-

gators is due to traces ot air dissolved in the water. 

The literature already referred to mentions other errors but proper 

construotion and modification eliminates than. There is a depression 

ot the freezing point ot water by the pressure ot the Jllercury in the 

capillary column which amounts to ,.005 degree 1.r the capillary height 

ls 00 centimeters, but in later apparatus an equalizing oolwan o-r mer-

oury compensates tor this error., 



Two disadvantages, not errors are also encountered in work: with 

the ice calorimeter. The apparatus is constructed entirely or glass 

and is therefore neoessarily fragile. The other di.tfi.cul ty is that 

the calorimeter oan be operated only at zero Centigrade. Because ot 

the dif'f'ioulties inTolved, we decided against its use. 

The conventional calorimeter without control of the temperature 

ot the environment involves too many sources of error to be acceptable 

in accurate work when the qua.nt1 ty of water used is Elllall.i as 1 t must 

be in these experimen:ts • 

.Another type ealonmeter which may be employed is the adiabatic 

calorimeter. It consists ot a calorimeter cup supported within a con ... 

vection shield and mounted in a specially designed outer j a cket filled 

JJi. th liquid which can be circulated. A li quid tight lid tits over the 

oup and shield with appropriate holes tor stirrer shaft._ tcnperature 

meae11ring instrument and tube :for the in,troduetion or the sample. The 

d.1.f'f'erenoe between the adiabatic calorimeter and the ordinary type 

calorinleter lies in the fact that the tElllperature or the ja.clcet is so 

altered as to .tallow the tC:lllperature or the water in the calorimeter 

oup. 

This procedure maintains zero thermal head between the cup and 

Jaclcet and eliminates themal losees. The adiabatic calorimeter was 

designed by Richards (9) and his a tu.dents. It is suited to the m.eas

uremen ts of slow and small temperature changes. With the ordinary type 

calorill1eter slow or small tanperature oha.nges can not be measured With 

accuracy since the radiation losses ~rom the calorimeter are large. 

In Richards' original calorimeter the jacket tanperature is raised by 

mixing solutions .of a.aid and base in the Jacket; the heat ot neutrali

zation tarnishing th$ heat. Later work w1 th the adiabatic calorimeter 
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employed other means ot controlling the jaaket temperature. Cohen and 

Moesveld (10) used an electrically heated ooil; Swientoelawski (11) 

employed injections o:t hot or cold -~ater ae the ocoasion dE'M!landed and 

could follow changes in the calorimeter as great as o. 3 degrees per 

minute. In still later worlc Williams and Daniels (12) filled the jacket 

with glycerol containing terrio ohloride to make the solution conducting 

and passed al temating ourrent th.rough the solution tor the desired 

heating etteot. 

Tile adiabatic calorimeter is cumbersome" and control of the jacket 

temperature is dif't'icult experimentally. We decided therefore not to 

auploy it. 

Moditications or the submerge~ typ e calorimeter are used to a greater 

extent then the other toms mentioned. The aonstruoUon of the apparatus 

is similar to that ot the adiabliltil3 calorimeter. A calorimet-er cup is 

supported in one or more convection shields. Tb.e QU.P and shield are 

plaoed in a can w1 th a liquid tight eove:r. The oover is pro'Vided w1 th 

'tubes leading into the oalorim:eter aham.ber f'or a thennometer, stirrer., 

and means or introducing the sample into the oup. The whole of the 

calorimeter is submerged in a the:rmostated liquid bath. With this. ar

rangement t he environing t(Dperature 0£ the calorimeter is held constant. 

The use ot the conveotion shields minimizes the radiation losses so that 

reliable correotions tor them.al leakage can bo made. 

Since this type oalorbneter le the type used in the present workt 

the errors will. be discussed. rather fully. Moat ot the discussion is 

from White "The Modern Calorimeter"' .. 

Thermal leakage is the most important source of error. il soon as 

the calorimeter temperatu.re changes heat will flow 1'rom or to 1.he calo-
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rimeter according to ~ ewtonl s law ot cooling. Dy use ot e uations for 

thermal head losses in the monograph referred to above the thermal leak. 

age constant can be calculated.. Direot evaluation of this differential 

equation however 1 s not usu.ally sati s:ractory. 

A second error is introduced by the heat gi Ten to the calorillleter 

by the st1 rrer. l!'or this correction White suggests the use ot an equation 

derived f'l'Olll hydraulics. The heat transterred to the water in the calo

rimeter cup can be found Yd th this equation after EDpirical constants in 

the equation have been eTaluated. The evaluation ot these constants is 

sometimes dit.ficult. 

The third is introduced by the variable evaporation ot the water 

1."l'Oll the calorimeter. This error is the most dit1·1cu1t of' tne three to 

evaluate; due to its Ya.riabili ty. It might sean. that with t.ne calori.m. ... 

eter in the thenuostatt external OOlldi tions would not al tar conditions 

in -the calorimeter. 

T]M!>ERA'RJRE MEA.&1RDLJ!NTS IN 

CALORDlErRr 

The accuracy ot temperature dateminations will affect the qual1 ty 

or the culorillletri c data. The original wo:rll: in ca.lo rimetry employed 

mercury in glass thermometers. Later the_se instruments were calibrated 

and various corrections made such as corrections. in capillary diameter 

and correction !'or exposed stan of the thennometer. .Another ditti cul ty 

li:,:y 1.n the fact that wide range a::id aoouraoy oould not be incorporated 

1n one instrument. The one type or mercury thermometer which 1 s still 

used to some erlent is the Beeimann the~ometer. Barry {13) has made 

an extensi ve study of its use tor this purpose and etatee that the a.a... 



• 
cu.racy is limited to about .0005 degrees. Re also states that tor 

sati sfe.ctory pert'ormance t h e thread must not stiok or change on t appir1S• 

There is commonly a l g o:t about thirty seconds with a Beclanann. Work 

in oalorimetry has turned ot late from 1uercury thennometers. The:rmooou.. 

ples and resistance the:rmo.meters h ve replaced thEill. when :possible. The 

themooouples are i ther single or multiple Junction according to the 

accuracy desired. Resistance the:m.ometers give satisraotory results, 

especially in conjunction with a Mueller bridge.. Tlle :tact ra ills• ho·-N

ever~ that no othe:r themometric dav:i. ae approaches the Baal::ms.un 'c;hemom

eter in oonvenienoe. It was used in this investigation. 
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EXPERIMlHT.AL 

DESCRIPTION 01 C.ALORIM].'TER 

Earl L .. Richardson (14') has EID.ployed the Bunsen ioe calorimeter 

in some preliminary- wort: on determinations or speciti c hea't. He tound 

that tt is slow in operation. It k:ms also t"ow:.d to be subject to ob

scure changes suoh that results could not be checked. This was 1"1n~y 

traoed to e. slight oraalc from ·which vrater :progressively leakecl. ou-t. 

Beceu sa of 1ts rr gility it seemed better to tul"ll to a calorimeter of-

·nother type., 

The c.f-J.o rlmetar used in this 'IA-o,:ir 1 s or the submerged type d1 ~ 

oussed in the foregoing introduj}Uon., · It was chosen over the other · 

types bees.use of its simplicity and ease o"f 1 anipulation~ It ts t~e 

that some ot the errors are eliminated by the use ot eome of the othel" 

types but in our estimation th1 s type calorimeter WB.B the most su1 table-

tor the won:. 

A slcetoh or the calorimeter is sho'¥lll 1n J'ig. n. '!'he oalorime11er 

cup is of nickel plated copper. A oonTeotion shield is placed around 

-
the oup to minimize and standardize heat leak:.. '!'he shield and cup are 

su.pporled 1n a oo-pner can w:l th a water tight lid. The lid 1 s .titted 

w1 th tubes which hold, respectiTel.7• 'bearings ~or the siirrer shatt. 

e Beckm.cmn th11rm.oM.ete,:,• and e. tube , tor the in trodu.ction or a sample. 

The calorimeter cup 1s prortdecl With a lid to which a perforated ba.alcet 

to receive the eemple as 1 t d:ropa troa the heater is attached. .ror the 

l."\.tne the calorimeter 1 s moun.ted in a twenty-:ti Te 11 ter water ba'\h which 

is maintained at 25°c. 
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DESCRIPTION OF HEATERS 

For tb.i s work t-wo types of heaters were Eilll.ployed, a. modit"ication 

of the Regnaul t vapor heater and a combination of el.eotri oal heater and 

the:rmo-regu.lator. The vapor heater shovm in .Fig. III consisted ot a 

copper boiler of about a liter capacity with a copper tube oonneoting 

the top of the heater and the annular space around the heater tube. 

A return tube from the ottom of the annular space was used to lead the 

condensed liquid back to the heater for recycling. In addition to the 

retura tube a second tube open to the air was oonneoted to the return 

tube to insure boiling of the liquid at atmospherio pressure. Both 

tubes were titted with copper cooling coila to prevent loss ot unoo~

deased Tapor-. 

T.a.e second type neater .mentioned above is a new device as tar as we 

odll asoert.ai.n. It is shown in Fig. lV.. rt cons:i,sts or the oo.nveutional. 

heater ,ube sarl"QUAded by an .mnular spa oe :filled with mercury a.ud con ... 

neo·,ed to the usual themo-regul,ator head, ao oombinuig tlle two deTioes 

in one. It is wrapped e:xte:r.aally wl th asbestos tor inSlllatiOll on whioh 

is wound a heating ooil or resi s'tance 111ire., 'l'he wire in tum is covered 

· i"t;h asbestos tor turtlle:r insulation and to minilll1ze neat leak. The 

Mlakiug 1:W.d br&aking o:t the mercury con tact in the regulator operates a 

relay which in turn opwis and oJ.oses the heating oirau1 t . The heater 

can be operated at any tsapl:'rature above room. tspera.ture up to the boil

ing point of lllerou:ry as a lillu t by ad. justing the regula.tor screw to giTe 

oont1:1.ct between tne mercury and needle. at ditterent temperatures. 

A test run was made with the heat"Cr to check 1 ts oonstanoy. For 

the t&st a single junction copper.ooata.ntan thermocouple in conjUnotion 
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w1 th a type K2 :potentiometer was used to meaS11re the temperature ot the 

heater. The data in Table I were taken tor a three and one-halt hour 

run • . 

TABLE I 

Ti.Jae in I Potentiometer reading • 
: : : 
r Minutes . in Mi.lli Yol ts .. . .. 
! f : 
• 0 t 4-. 2003 :· • 
: ;. l 

% 15 t · 4. 2503 : 

' : 
: 30 : ' 4.2003 
: l' . • 
: 45 ·z 4.2003 
1 :, . t .. 60 .. ' 4.2503 •· . • • 

-,;:. · ... : 
i '75 t 4 • .250,3 . . 

I . . 
90 i .. 4. 2503 ... • 

t ·· J. l 
105 . 4.2503 : . ·; 

1 
• la> : 4.2503 . 
• i . ., . 

135 :, 4. 2003 .. • 
' 1 : 
: 150 ·~ 4.2003 :. 

J'Qr this taperature o.04 milli'rolta a.a registered by the the:tmocouple 

is equal to 10c. so th& heater maintained a constancy ot better than 
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CALORIMETER OAL!BRATlON 

The calorimeter oup held 400 gram.e ot water. Tni s water was 

brought to 25°c. so that no ti.me would be lost 1n wa1 ting tor 1 t to 

ta.Ice the ttmperature of the bath. The calorimeter was asse111bled, 

placed 1n the water bath and the stirrer set in motion about ti:tteen 

minutes before a run was started .. 

The eem:ples used 1.r:. the calibration were aoubly distilled. water 

sealed hennetically in pyrex aapsules. Two samples were used in the 

calibration. The weights o-t -we.tar and pyrex in each are given in Table 

II. 

TABLE II 

: sam;ele No. t Wei~t Hz.O : Weie;ht pyrex : .. : . . 1. s l0.1987 : 12. 7056 :· . 
f . % . . 2. : 8.0019 • 11. 7073 : ~ . 

There follows the procedure. data. and calculations involved in a 

typical run. All runs tor calibration and the runs on the mo~holine 

were made in this manner. 

The water sample was placed in the heater which was then stoppered 

and allowed to heat tor an hour and a halt to bring the charge to ten.-

perature. The tan:perature ot the heater was t 1 en as e temperature o~ 

tile sSI:1ple. Fifteen minutes betore t he sampl e wo.s dropped the oe.lori-

meter was assembled and t e stirrer et in motion. After eight or nine 

minutes readings or the Beolanann themometer were taken and recorded. 

These readings were not used .in the calculations but they showed in each 

case that the temperature rsn.ained constant. The sample was dropped 

at this time and the changes ot tan.perature in the calorimeter were 
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f'ollowed by reading the temperature every minu.te,. .After the maximum read-

ing had been taken readings were continued tor t'i ve or six l'llinutes to 

evaluate the heat leak: from the calor:tm.eter. The readings ot a typical. 

run e.re gi vec. in Table III .• 

TABLE III 

: Time i:a llinutes r Beakmann R~._1 Telni• loss 0 cZm1nute : . . .. :-. • ~ 

J 0 t 2. 962 . • 
: t : r 
? 1 t 2.962 = . J t : . 
• 2 . 2.962 : . . . . . . : .. . . .. 
l 3 t 2.962 • . .. • . : : ; • . 4 ? 2.962 .. : . . 
: .. ! t . 

5 : 4.5tx) : • . 
: t t : 
: 6 • 4.760 t . • . 
t J . . 
:. 7 t 4 . 700 r . t : # . • .. 8 t 4. 773 t . . t ,f • . 

9 s 4. 760 : 0.013 . • 
: • .. f .. . 
: 10 :: 4.749 t 0.011 t . :' .. . . 
: ll ; 4.735 : 0.014 : 

t t t 
• 12 .. 4.722 t 0.013 : 4, • . t t .t . . 13 : 4. '71.0 : 0.012 . 
• ._ 

:. .t :, r 
2 AYeraget 0.012 . . 

Ce.lcul.a.tionst 

Corre-otion s for the loss or heat in oalorilll.et.ers ot this type are 

most oon veni ently made by a. graphical method. Readings are made, as ill 

our experiments, and the temperatures as read are plotted against tilae. 

This gives such a ourTe as shown in Fig. v,. The straight l.ines found 
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by oonneeting the readings of the in1 tial and final re.ting periods are 

extended until they meet the ·ordinate corresponding to the tE111perature 

of" the surroundings, and the corrected rise is the intercept ot the 

lines on this ordinate.- In our experiments the .first rating period 

serTes to establi sh the tact that the colorimeter is at the tEmperature 

o-r the surroundings. The only correotion oomes rrom the second rating 

period. We ha.v:e preferred to make this correction analytically. For 

this purpose the average rate of fall in tmpera't'ure during this peri-

od is taken and multiplied by the time elapsing between the dropping of 

the sample and the time when the mnxillnml temperature is reaohed. This 

is added as a correetion to the diff"er·ence between these two temperatures. 

The method employed in malting our calculations is Ulust'rated in detail 

in the :following~ 

Experimen°' with Sam.ple 2; 

A. Ob sened t1:111.perature change in the calorillleter: 

4. 700 - 2.962 • l.8lB°C (corrected) 

B. Cle>rreotion tor them.al losst 

'l'ime for ~ample to loae heat to calorimeter • 3 minutes. 

Tenperature tall in ealorillleter • 0.012°0/nunutes. 

TElllperature loss• 3 x 0.012 • o.036. 

c. Corrected taaperature change 1n calorimeter: 

1.81.s + o.036 • 1.854°c. 

D. Heat transferred to the oalorimeter by the water in the samplet 

The Talues ot the heat oapaoi ty ot water as taken from Lange's handbook 

were plotted Tersus temperature and the lot integrated graphically. 

It was .round howeTer that the recent Talues tor speoitic heat given by 

the equations of Roth (15) checked the graphical. integration almost 

t; 
J, 
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exactly so these equations were used tor convenience. These equations 

when integrated wt thin 1ihe p~per li:m.i ts give the heat change involved 

whsn a gram o:r water is eooled between two temperatures. 

l'or the interval oo,_ 40°c. we have 
a 

1. 0p • 1.ooss ... o.ooo569Gt + o.oooooe?42t 

and ror the interval 40o_ 100°0. 
K, 

2. Cp • 0.9989 - O.OOOlllt + o.000001a9t 

Integrating between li.mi ts w1 t?- resp.sot to tanperuture we have 
a 3 

la. ~H • 1.oosst - o.0002e4at + o.ooooo2914t 
& a 

2a. h H • 0.9989t - Q.0000555t • 0.00000063t 

The equations are E:ployed as tollowst 

Temperature or the heater• 99.44°c. 

Temperature ot the calorimeter • 27. 69°c. 

SUbsti tution in l a between 2?.69 and 40°c. 

A H • 12. 258 cal/ gram H20 

SUbsti tut1on in 2a between 40° end 99.44°c. 

4 H • 59 .507 oal/gram H20 

The total heat change ie: tne SUID. of the &>ove H values which is eq_ual 

AHeat lost by the water in Sample 2 

?l. 765 :x 8.t.019 • 617.32 calories 

E. The heat lost by the pyrex 1n the capsules v,ns calaulated 

by the heat capaei ty equation iven b Frederick and Hildebrand {16): 

_1> _s • 
C:p • 0.186 + 5. 5 X 10 (t-25) + l.l.5 X 10 {t-25} 

The corresponding A H equation is 
_s a _e a 

~ H • 0. l 86 t + 2 .. 75 X 10 ( t- 25) + 0 • 383 X lO { t- 25) 

Between the above limits, namely 27.69°c and 99.44°c. we have 
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6 H • 13. 653 oalori es/ gram pyre:x. 

Heat lost by 9yrex in the capsule • 13. 553 x 11. '7073 • 1 59.84 

Total heat given to the calo rimete:- • 1 59 . 84 + 617 .. 32 .. 777.1 6 calories., 

T~perature change in t he calot'1.meter • l.854°c. 

Heat equivalent of calorimeter• 777.16/1.854 • 419.3 calories/degrees. 

Table IV giTee the heat equivalents of the oalorimete on tour 

runs whioh wertt averaged to glve "the hat equivalent used in the cal cu-

latione or. morpholine. 

TABLE IV 

: SalllEle No. f, Heat Equi.Talent . • . • . 
.: l 418.8 l 

! : 
: 2 1 421. 7 
: : % . l t 418.4 : . 
f t : . 2 t 418.2 . .. • . ; . .. . 

:Aver. 4l g,3 t 1.7 oal/deg.C. 1 
; • f . 

Aa a theoretical check on the val.ue of the heat equ1Taler:.t given 

above, the calorimeter and basket weighed 2:30 grams. Taking the spec1-

tic heat of copper as o.l at this tmperature the calculated heat 

equivalent would be (2:30 x o.l) + 400 or 423 calories. The results 

obtained in the actual calibration are oonsidered in good agresnent 

W1 th this value. 

l'.n runs made with the Regnaul t vapor heater its temperature was 

measured by means of. a cEtl.ibreted mercury thenn.omete:r reeding to the 

nearest o. 2°C. in t he heater.. The calorilleter tan.perutures were :rol ... 

lowed with a Beok:mann the:rmometer calibrated by the Bureau or Stundards 
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tor both t.t..e vapor heater and t he new h a ter. With the new heater a 

s1n.gle Junction copJ)er-constRntan t hezmocouple ,vas used, the potential 

of the oouple bein.g measured w1 th a type Ka potentiometer. All tempera-

tures as read were standardized by oo.1J1pari son with a special Jllercury 

thermometer reading .trom o0 to a:,6°c. calibrated by ths Bureau of 

standards. The heater temperature measured to the nearest tenth of" a 

degree was sut:tict ently accurate tor the cal culaUons. 

III:A!J.1 CJ,PAGIT"l O!\' MOPJ3ROLINE 

Morpholine is a cyclic compound •dth the fonnula nN(CH2 CH2 ) 20 . It 

combines the ;,roperties or a cyclic ether and a secondary amine being 

tu.scible with water in all proportions, and el.so solu.ble in Illftll.Y organic 

solvents., Mor~holine fo!'m 0 dd tion <tompound w1. th carbon dioxide end 

is h:ygrosc::>pic.. Foi· these r3a ons, th-e dete:rm1nation of 1 ts -physical 

constants musi:; be , ade with a:.r excluded. The morpholine ueed 1n this 

worlc was ob-tained from the union Carbide and Carbon Corporation. It was 

refiuxed over sodium. to vu ify it and distilled. The ssm.ples were 

sealed in pyrex ca:-vsules similar to the capsules used in the calorimeter 

calibration. The ~ eights ot the two samples use 1n the runs are gi van 

ill Taole v. 

TABLE V 

. Sam;ele la . . "lei13ht ~ ;z;re:x : . • 
: 1 t • . 

l ll.7693 t 13.0001 -.. 
• t " : • .. z . 11. 41 62 . l3.cle7 . . . . ! ,. 

The problem of detemining the specific heat of e substance involves 

finding an equa.Uon iih!oh will give the cha.Dge 1n heat content between 

certain t00tperatures. The he t capacity equation is net obtained directly. 



The A H • quation takes the tomt 
a a 

L1 H • At + Bt + Ct 

and the Cp equation: 

• 
Cp. • A + B/2t + C/3t 
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In th1 s work the ohang•• in heat oon tent ot morpholine over the tElll,,. 

perature range o0 c to 100°c were detel'm.ined. J'our •ets ot I'Ulls f'or 6 H 

were made w1 th the vapor heat.r. Water was used in the boiler tor the in-

ter'f'81 (100°- 25°), Benzene tor the inte?'Till (8>"0 - 25°) , Chlororom 

for the interval (60°- 25°), and an ioe bath f'or the interval {o0 • 25°). 
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S.AM.PL:E l1UN WITH 1 ORPIDLINE 

The c~..lo.ri!'leter was prepared or these runs Just as in the 

c•libration :runs. The description ot the meohanical details Will be 

omitted., and only the data ot a run and acoampanying calculations 'Will 

be gi van. Table VI gi Tes the data :for a run w1 th the hea. ter at 99. 63° c. 

'l'ABL:E. VI 

:Time :1n ~inute.s z Beckmm:m Rea.ding: Tanp .lost/J(inuten 
! : : l 
: 
f 

: 

t 

: 
: 
: 

. . . . . • 
: 
t 

. . . . 
.. . 
. • 
• .. . . 
: 
: 
: 
: 
: . . . . . . 

0 

1 

2 

4 

· 5 

7 

8 

9 

10 

11 

12 

13 

15 

16 

17 

r 
l 

z 
: 
: . . 
. .. 
: . • 

. . 
: 
: 
• . 

; 

: 
I 

t 
f 
: 

. . 
r 
: 

: 

2.260 

2.260 

2.260 

. 260 

2.260 

3.150 

Z.460 

3.600 

3.630 

3.640 

3.645 

3.645 

3.543 

3.638 

3.630 

3 .. 622 

3.615 

3.608 

. . 

: 

t 
t . . 
.. . 
: 

t 

'% .. . 
: 

. . 

: . . 
: 
: 

. • 
; . • 

: 
:Av. 

0.005 

0.008 

o.ooe 

o.oos 

0.007 
0.007 

t 

t 

: 

:: 
: 
: 

. . 

. . 
: . . 
: 
: 
t 
.t 
: 
! 

: 
: . . 

. . 

. ., 

: 

·~--~----~-----: _________________ : _______________ : 



Calculations: data tor sample 1 

l . Observed temperature ohange 1:c. oalorimeterr 3.645 - 2.261 • l.384. 

2. Correction tor themal loss 0.007 x 3 • 0.021. 

3. Correoted tcperature change l . 384 + 0 . 021 "" 1 .405 .. 

4.. Heat lost by pyrex in capsule • 181.l. 

5. Heat given to the calorimeter• 419.3 x 1 . 405 = 589.l calorie.s. 

6., Heat lost to the calorimeter by .ui.orpboline: 

589 . 1 - 181. 1 • 40 7 calories .. 

7. Heat lost by one gr<=>...m morp:h.oline :c 40'7/11. 7693 = 34.58 caJ./graro.. 

The last calculatic4 cllow!l t he heat 1 st by one gram ot D10rpholine and 

was obtained by di Tiding the b.eat from the mori.Jholine in the ssmple by 

the weight of morpholine in the sample. To make a series ot' r-llils t'rom 

100°0. to 25°c. exactly i s almo st impossible. TheTe1'ore to haV$ all 

runs on the sam.e basis tor comparison, the values ob·tained as above 

wer& oonver·i;ed to these tElllperatures by proportion in the f ollo'Wing 

manner: 

34.,58 z 100/99.53 x 26.53/25 • 36.83 calori es/ gram. 

The aseum.pt1on made in thi s calculation is tn.at the A H ou.:rve i s 
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a straight line• and that the above oorrections are valid for the small 

intervals not covered. 

The valu-.,s iu 'Table VII give t he heat~ lost by one gl'am o morpho-

11n.e when 1 t 1 s oool ad th.rough the rcillges given in colUlllll one. The 

averagec were used in the calcul tions of the A II equation. and the sub

sequent heat Cdpacity cqu~tion. 



'i'ABLE VII 

:•reno. intel'!al: A H ohanf.!e: . ATer~e l . . : . 
: 100° .... 25° 36.83 • . •' . • . 36.45 . . . . : • . 30.60 : • . : " 

~, . 63 . . 
~ -- . . ' 

t 000 .. 25° ~6.98 ! . : . 
: 25. 36 . . 

: 
2£ . 21 • ,. 

: . • . 26.0~ ~6. 39 .. . • . : • 
: ooo- 26'> 1 6 .. 55 : 
• . . . 

1·.._:55 t . . • • : 16.4,6 . , 
; i 
: 1 5. 92 1 6 .. 3,7 • • 
! . f . mi 1-0° 10.42 • •· • 
: : 

10.43 J . . 
1 l 0.49 .. . 
: t 
: 10.48 10.46 t' • 

For tJ1e derivation or the All equation we &ploy the summations ot hea.t 

etteots from ooc to the eeveral temperatures as gi Tell 1n Table VIII. 

T l3!..E VIII 

: Tml?• interval: 6 ,!i eh8lli$es in calories: 
t : 
: 2~ ... o0 10.46 .. • 

t . 600- 00 26.83 1 .. . . . ~0- 00 36. 85 ~ •. • 
: 100°- OQ! 47.09 
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The data troa Table VIlI has been plotted in Figure 6.. A H is 

plot~ed versus temperature Centigrade. It will be noted that the CUrY• 

is not ~ straight line• It is sl1gh\ly oonoave \lJ)ward-. Using these 

data we s t up four e,uation.s tor tl R in the to!!a of series expression 

Yti. th the power tem.s as 'tem:perat:u.res C&n ti grade, and eol ved the to 

seoure ~he de.sired empirical oons~ta A, B and c. This giTes: 

.s :! -· 3 6. Ii• o.38G4t+ l.697 x lo t ... 4.537 x 10 t 

on calculating H at ·ten degree interval.a. :rrom th.is equation , we tind 

the values rErpresented by circles in Fig. 6. 

The heat capacity equatio,n obtained by di!terentiation or the aboTe 

B equation 1 s: 
... a _6 a 

Cp • 0.3864 + 2.596 X 10 t • l.361 X 10 t 

Fig. 7 is a plot of the sp.eel.!ic b.6at ot morpholine obtai.ned by sub-

stitution in the e quation. In the plot the speoi!ic heat is plottad 

against ta:11.perature Centigrade.. The data for the tt. H cune and the heat 

capacity curve were giYen in Table I 

TABLE IX 
T•J?• "c. A H Qe : . 0 00.00 o.3864 !' . . .. . • 

10 3 •. 99 0.4110 • " 
t 

.. 2() S.21 o.4329 : . 
I. t . ~ 12. 64 0 . 4521 : • 
;. 

t 40 l. 7.25 o.4664 4 . . : " .. 50 21,.99 0 . 4822 . • • 
i . . 
! 60 26.87 0 .. 4932 . .. . 
:. • 
• ?O 51.85 o. 501.4 •· .. . . 

i . 
00 36.89 o. 50?0 : 

• . • . 
; 90 41.98 .0 .0098 • -:. : . 100 4'1. 07 0.5099 : . 
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A study has been 11ade ot the apparatus which may be employed in 

detemining the heat capa.ci ties ot substances end aolutions which are 

1'01.atile or wh.1on may not b• e:xpo1ed to the atmosphere. A new tom ot 

heater suitable tor this won: has baen deTel.oped. , A direot s't\ldy of 

the teohni q_u• ot these deteminaUona haa been made by aesebl1ng -the 

apparatus and deteraining the heat cupa.oi ty of morpholine. The data 

are pres..ited in the .tom ot tables and OU.rYea. The heat capaoi ty ot 

aorpholine 1n the range o0 o to 100°0 is g1 Tan oy the equation: 

-~ _6 • 
ep • o •. 3846 + 2.ms x 10 1,. 1.361 x 10 t 

e - ~.:i;, .. • ~ 

' . ' " . . .. 
C- ' C .,II " e . .. . .. ... .. ., ....... "• .. 

~ \.".. ( ': : ., • .J • • • 
•• c.ec. ::ii • '- • • ••• 

"',\. C-: ~(· · .. .. : .) 
0 > C 

• • " (. .-c. 
• ,. • e c. c. 
• • " :i, ~ C 

. ( : '·~ .. 
~ 1-,• : ~ •• .. .. .. ... . 
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