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P t!.EF ,1.CE 

The upplica tion 

t ion e ·rol . 

of heat capacity ta to ther odyrw.mic considora

o e ~pplic tions are: th calcul~t on of the 

ch·nge in he t content of ~ system hoDe te peruture i ch~nged , the 

'erivrtion of froe energy equat~o ~, thee piTice l rel ticn hip bet een 

heat cup~cities rut temperature, and the deter· ation of entropies . 

The parti l he t capacities of the constituents of a mixture , thu.t i , 

the contribution ihich they sever l l y e to its tot 1 he&t cap~clty, 

have been hewn to be re ated to the degree of as~ociation or dis oci -

tion bet een these co stituonts . Thus they promise to be of 

v~l ue in formulating un adeqlll;i.te theory of the solution state . uch of 

the ork yet to be done in connection with the thermodynamics of solu

tions :-equires date. upo such rroperties for a bas ·s . Few such de.ta 

are to be found int e l iter a t e . Partial he·t c~pucit~es ~l so ~rovide 

t e only satisf actory v ues for use in C· le ting such qw tities as 

he t of mixing , he ts of dilution, d , to a consider ble egree , 

heats of reaction in el ution . 

part of the erk in lhysical checistry · t Okle homa /1 . d f • 

College recently has bee concerned with developing p ~ tu::. ith 

eter · ing t e he·t c p&cities of v ious mixtures und com ounds , ond 

our ork i s t of this program. 
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INTRODUCTION 

The method used in msJc1ng calorimetric determinations depends to 

a great extent upon the nature of the material which is being studied. 

Substances or mixtures 'Which are volatile, which r,eaot with metals 

that are ordinarily used in the construction of calorimeters, or which 

react with components of the atmosphere, have not been examined very 

extensive).Jr .. In particular, the range of temperature covered bas been 

very limited. Such substanc.ea, thea, offer a promising field for heat 

capacity atud.iea. 

The usual method £or determining heat capaeiti e:, involves the sup

plying of a known quantity of heat, genera~ by electrioal heating• 

to the body who•• heat capacity is desired, and .noting the temperature 

rise accompanying the influx of heat. This method. gener ally is appli

cable for non-volatile substances and those which do not become con

taminated by contact with air. For those which suffer t hese 

limitations, this method is unsuitable. 

The flow method involves passing the material under examination 

l 

at a oonataxlt rate over a heating coil where heat is imparted to it at 

a constant rate. Its temperature is measured before and a£ter passing 

OTer th.ill coil, and it.a heat capacity may be found from the measured 

'ftl.ues (1). Its application for our purpoae is certainq possible, but 

the appa.ratlUI neoeasary is complex, cumbersome, and costly, also the 

experillleuta1 determinationa are difficult. It, too, is not well suited 

to our work. 

Spectroacopio methods haTe been utilized very suooe•aful.ly in 

obtaining empirical heat equations for indiv:i:dual gases (2). Indeed, 



they pro.mise to be much more usef'ul for gases than any others, but they 

require extensive knowledge of the behavior of the· gas molecules; know

ledge which must often be drawn from theoretical rather than from 

experimental evidence. It may be that such methods can be applied also 

to l.iquid1, though this has not yet been done. It would seem, however, 

tbat the difficulties of interpretation woul.d be very great with mix-

tures. In spite o-f their promise, these methods are yet far from 

practical for our purpose. 

The method of m1xturea bas long been used in determining the heat 
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capacities of metals, of minerals, and of solids in general. It involves 

heating the object to some desired temperature, and then dropping it into. 

a calorimeter where it oool.s., raising the temperature or the calorimeter. 

The heat capacity ot the object is readily found from its weight, the 

temper•ture interval through which it falls, and the change in heat 

content of the oa.l.orimeter. It has s ldom been applied to the determina

tion of the heat capacities of liquids. Among the recent workers in 

this field. are K. J. Frederick and J. H. Hildebrand (5) (4) (5). The 

api;::iaratue as here employed iB eaaential.17 a modification 0£ that which 

they de-veloped. It baa been found well suited to our purposes. 

Morpholine6 a cyclic secondary amine with the formula CH8 CH8 0CH2 CH'Jm 

is a relatively new compound which bas commanded much interest, and has 

~ interesting industrial possibilities. It finds use as an emulsify-

1ng agent and aa a solvent. It is solubl.e in water 1n all proportions. 

and it• llixturea with this substance may be or a• m1ch intere.st from a 

theoretical standpoint as those or diox.an, which it resembles in some 

•ys. Morphollne and its aqueous solutions are liquids of just the type 

for which we have planned to develop ap:i;:,aratus and heat capacity methodss 



they react rea~ with CO2 to form a carbamic aoidJ morphollne itself 

a.baorbe •ter readily trom the airJ these llquide rea.~ corrode Jll8ll1' 

metale when in contact with atmospheric oxygenJ and their vol.a.tilities 

are such as to prohibit heat cape.city studies in open vessel s over wide 

ranges of temperature. 



APPARATUS AND MATERIALS 

Morpholine 

We obtained our morpholine from the Union Carbide and Carbon 

Corporation. It was refluxed over sodium. for seTeral hours to purify 

it., and then was ready to be distilled. We checked the boiling point 

of the morphol.ine with our thermocoupl.e., as it distil.led., and found 

that it was constant at 127.o0 c . The atmospheric pressure during the 

distillation was 740 mm. The boiling point as given in the literature 

is 121.1°c for this pressure. 

Water 

Distilled water was employed for each individual run. For the 

morpholine-water mixtures, COa free water was used. The C08 was ex

pelled by boiling the water which was then cool.ad in CO2 fi-ee air. 

Pyrex glys 

Capsules made frol'.11 pyrax glass tubing were used., as this glass 

has a very small temperature coefficient of expansion, and is resistant 

to chemical attack (6) . Quartz., gold., platinum, or tantalum ca.psulea 

a.re suitable, but they were not available. 

Literature investigation indie&.ted that the heat capacity of 

pyrex glass is an unknown quantity. Frederick and Hildebrand (7) (8) , 

and De Vriea (9) present three different heat capacity equations. Sub

sequent correspondence with the Corn~ Gla.as Wwrks (10) verified thie 

inconsistency, for they state that there iB- no definite kno1111 value or 

equation for the specific heat of pyrex glass. 

This laboratory- (unpublished work), has obtained a speci:f'ic heat 

equation for pyrex tubing which differs from those already mentioned. It 



seems possible that a discrepancy in Engle's (ll) heat cape.city values 

for pure morpholine may have r8"ulted from using a published TS.lue 

which was not valid for the pyrex tubing he employed. This work gave 

further evidence upon this matter. A table OOJllP&l'ing the various 

equations whioh have been found for the heat capacities of pyrex glass 

will be presented later. 

6 
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Heater-a 

Two heaters of the type shown in Figure I were employed. Their 

temperatures were controlled by means of built-in mercury therm.oregul.a

tors, opera.ting through relays of the usual. type. The source 0£ electri

cal energy for control.ling the heaters was a battery of Edison cells. 

From day to day the smaller heater, which we used for temperatures around 

so•c and ao0 c, mainta.1n"9d temperatures so constant that the readings or 

iw thermocouple did not Ta:ry .from the mean by more than 9 microvolts. 

This is equivalent to a change of approximately" 0.20°0. The larger 

bester, which we used. fot" the two higher temperatures, wou1d vary- from 

the mean by not more than 8 :microvolts, correeponding to a. change of 

o.1a0 c. 

Calorimeter 

The calorimeter used wa.s of the submerged. type and is shown in 

Figure Il. The calorilleter container was constructed .0£ copper. Next 

to the container, and St!llparated by an anm,Jar apace provided by a bake

lite insulator., was a convection shield. The 450 ml. cal,orimeter cup -0! 

nickel plated brass fitted into a ookelite insulator which rested in the 

conve'.ltion ahield. The lid was .fitted with tubes which held, respective-

17, a Beckmann thermometer, an opening for the introduction 0£ a sample, 

and bearings for a stirrer sh&f-t, which •s of glass. The calorimeter 

was made water proof with the use of Number 6 water pu.rap lubricant 

spread on the bearing sur-faoe where the lid and container joined. Chang

ing the grease about e~ery third time sufficed to insure a -.ter proof 

connectior1. 

Constant Temperature Water B!?.th 

The w~tei• bath~ in nhich t he calorimotor "ffl.~ submerged, was a 26-

litor galvanized iron cylindrical containar. This ms kept at a. eoDstant 
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temperature by means of an electric stir~ciSr and an electric heater regu-

lated by an automatic mercur-.r regulator 1.md relay. 

Beckmann Thermometer ,.-

A Beckmann thermometer calibratsd by the Bureau of Stantlards was 

used to measure the temperature cha:ng1:c in the calorirneter" The thermo-

meter was tapped just before making each reading to keep the mercury 

thread from sticking to the ,s.ide-s of the capillary tube._ The temperatures 

were read to 0,.001°C"' with the aid of ,f;, magnifying lans. Three thermo-

mete:r corrections were used to obt~in the temperature change in the 

calorimeter as measured by the Beckman.u. thermometer. These,corrections 

werei 

(1) Stem eoy.ceotion from calibrat,ion table. 

(2) Emergent stem correction which wrts evaluat,ed by use 

of the following equation: 

d-:.: temperature difference observed on the thermometer. 

t
1 

= reading of the Beckmann when the sample was 

dropped into the calorimeter cup. 

t
2 

:: maximum or minimum reading of the Beekmar!ll after 

the sample was dropped into the caloriniet,er cup. 

S :::;; zero setting of the Beckma..'Ul in °c. 

t ;;; room temperature in °G. 
5 

(3) Setting factor for the zero setting of the Beck.'ll.ann. 

In ·[;his work the z.ero setting of the thermometer was 

28QC. This factor was 0.0022. 

T:ti.ermorJ01.rnles 

Two single junction thermocouples were employed in this woJt>k .. One, 
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used as a standard, was calibrated by the Bureau of Standards by- compar

ing it nth a standard platinum resistance thermometer at -50°C, ooc, 

so0 c, 100°C, and 150°c. The other was used for mea.suring the tempera

tures of the electric heaters which supplied energy to heat the samples. 

The o-ouples, approximately one meter in length, were construoted of 30 

mil copper a.nd eonste.ntan wire after the manner described by Trimble (12) . 

An ice bath assembled 1n a thermos bottle S-erved as a cold junction 

vessel. The E.M. F. readings of the two thermocouples, eaoh with one 

junotion in the ioe bath and the other junction in boiling benzene (80°C), 

boiling water (l00°C), or boil.ing chlorobenzene (152°C), were compared. 

at these three points. J_fter these comparisons were made, it appeared 

tbat the E. M. F. across tne working thermocouple e.t soc>c was about 6 

microvoits less than the standard at this 88.Jlle temperature. At 100~c 

the difference was -4 microvoits , and at 150°0 it was -8 microvolts. 

Using the standard thermocouple tables in International Critical 

Tables, we calculated the differences between the E. MJ F. ' s of the 

standard thermocouple and the accepted va.l.uee at S0°C, l00°C, and 150°0. 

The differences between the E. M. F. 's of the working thermocouple and 

the a.ecepted va.l.ues at so•c, 100°c, and 150°C were then found by- util

izing the results of the comparison we bad made between the standard 

and the working thermocouples. By- pJ.otting the latter differences 

against the E. M. P'. readings that covered the range we used_. we ob

tained a correction curve for the working thermoeouple. Adding this 

difference as found for any E.M.F. to the observed E. M. F. itself, 

the corrected value was found. The corresponding temperature was then 

read from our curves. Consider, for example, that the E. M. F. reading 



of the thermocouple was 4292 microvolts. Referring to the correction 

curve for that particular E,. M. F ... reading, the reading was seen to be 

51 microvolts lower than that o:f the standard table for that temperature., 

Adding 51 to 4292 gives the corrected E .. M .• F. reading,. Reading from a 

large scale graph made by plotting temperature against International 

Critical Tables E. M. F .- readings, it is found that an E. M. F •. of 

4523 microvolts corresponds to a temperature of 101.01°0, which is the 

temperature of the hot terminal point of the thermocouple .• 

The working thermooouple was checked periodically with the boiling 

point of benzene or of water and was found to give unvarying E.M.F.

readings. 

Potentiometer 

A type K2 potentiometer was used in measuring the potential dif

ferences generated by the thermocouple. Potentiometer readings varied 

from about 2,000 to 6.,000 microvolts.. A Weston type aell was used as 

a standard of E.M.F .. in setting the potentiometer. 
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EXPERIMENTAL 

In starting the experimental part of this study, the heat capacity 

of the calorimeter was first determined. Since the manipulations and 

methods of calculation .from the data secured were essentially the same 

in all our calorimetric determ:i.na.tions, this determination will be 

discussed in some detail.. 

A cylinder of pure copper, weighing 106 .• 20 grani.s, was suspended 

in the heater which had been aet at some desired temperature,. While 

it was heating up,.we prepared the calorimeter. Water had been brought 

to the temperature of the water bath., 50°C., in a volumetric flask 

which had been found to deliver 411.9 grams of water at this tempera

ture. The meniscus was adjusted t.o the mark, the- contents of the flask 

were discharged into the calorimeter can, ~nd the calorimeter was 

assemb.led 9-lld put into the water bath. Preliminary tests showed that 

the copper block ca.me to the- tempera.tu.re of the heater in an hour or 

less. Just before the expiration of this time, a half dozen or more 

reading.s of the temperature by means of the thermocouple were made. 

When these cheeked satisfactorily, the calorimetric determination 

proper was started. The first rating period was followed,. making 

readings each minute until five or six consecutive readings showed 

that the calorimeter temperature was constant or changing regularly. 

On the even minute,. the bottom of the heater was allowed to drop, 

the heater was turned into position over the calorimeter, and the 

copper block was quickly lowered into the calorimeter. Readings were 

then resumed and continued until six or more readings in: th-e final. 

rating period showed that the calorimeter temperature was again 
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changing at a regular rate. A typical series of readings i& given in. 

Table I below., 

Table I 

:Thermocouple :,i·. Time .. ;: Temperature .-:: " 
; Reading a u {Minutes) ; Beekm.n..'11 Rettding; Cha.nee • 6 

' Microvolts t; :: 1. . .. 
" .. ,.; : : :, . 37131 ... * 0 . o.773 :: : . .... .. 
~ ·•. l :1 l . •• .. 576). n 1 . 0.778 t 0.-005 : :4 .. .. :· - : . .. .. , .. ... • 
l 5761 :t 2 .:_l: 0 .. 784 .. 0.-006 "' . . 
: .. :· . : J ... 

" .. :5'761 ·;.--: 
,,, 

f o.788 ; 0.004 :: • i) 

:~ 1" ·• ·::._ ., t 

l 5761. ..... 4 .. 0,.795 .. Q .. 005. t .... : .. .. . 
: . u ... .. 

t .• • 
3761 .. 5 Sample dropped ,Avere.gep.:: 0-.005 ; ., .. 

i . ~ ... • .. l . t 

! 5'761 .:: iiean H 6 ·• 2.168 .. .. .. .. . 
t• ... .• -~ t, ; 

1 28 ::: Correction :t 1 , . .., 2.l6'7 : 0.001. ·:,;; 

~ 
.. ·.• 

t 3789 :.l ·.---· . l .. ... 
.. •• 8 : 2 .. 165 l 0.004 ; •· ··~ · :;Temperature: 89.50°C ... -.: ; .f. . . 
·., (heater) -:-, 9 .? 2 .. 160 l o.oos ... 

"<' 

-~ u •· ., 1 • . 
;Setti~g of Beekmari..n ii: 1.0 ... 2.158 . 0.002. ;. ~ • 
:Thermometer: .2s.00°c n :_- i l 
l :·• 11 . 2 .. 154 . 0.004 .. 

"' 
., ~- .. 

t,Room Temperature: 21°c H .. 
. ~ : l 

.; u 1.2 ,1 2.153 :- 0.001 ;: 

iWei(rht of Copper H .. : : • 
.;,Blook; 106~20 grams n 15 ;: 2.150 :. o,.oms 1: 

t·· ·• t _:£ 

' t; f. Average 0,.005 t 
•· u .. i f ~ .. 
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The calculations were performed as follows: 

Reading at starti 0 .. 795 + 0~005 (average ri~e per minute) 
+ 0.008 (scale correction)::: 0.806° 

Reading at e:nd: 2.168 + 0.003 (average fall per minute) 
+ 0.009 ( scale c-o:crection) - . 2.180° 

Uncorrected rise: 1_.574°c 

Emergent stem correotion.: o.OOUlti x l.4 (1 + .~ + ::;s - 21) ::: 0.002° 

Setting co:c1•ectiou: 0.0022 X 1.374 ::z 0.003° 

1'he lowest temperature reached by the copper block =: highest 

corrected temperature reached in the calorimeter --

Tho heat lost by the copper block in falling from 89.&o0 e to 

30.l8°C must be equal to the heat gained by the calorimeter. The heat 

capacity per gram of copper i$ given by the expressiom. 

GP=. 0.09076 + 0.0000415 t ca.lories (lB) 

Integrating, we find that the change in heat content of the copper 

block is 
. 2 • 

AH::; 0 .. 09076 (t9 - t~) + o •. 0000207'5 (t~, .... t ) calories per 
~ ~ ~ l 

g.rmn where t 2 is the tew.perak.re of the heater, and t
1 

is the lowest tem-

perat;u.re vrhich the block reaches in the experiment. 'l'hus we havet 

Woight of copper block x change in heat content per gram= 

heat capacity of calorimeter ;x; corrected :rise 

or;. 106 .• 20 x [o.orn76 (89.50 - 30.18) + 0.00002075{89.50
2 

- 30 .• l8
2

) J 
;::. heat capacity x l.379 

Solving for the heat capacity., it is found tha.t it is 426 .• 5 calories per 
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degree. 

In this work we used 427. 8 ± 2. 5 as the heat capacity of the 

calorimeter, this being the aver.age of eighteen runs with the copper 

block. After al.Jlost completing the meaBUrements, we made two runs with 

the copper block, and obtained heat capacities of 428. 6 calories and 

425. 9 calories, whioh val.ues check the former one• within experimental. 

error. 

The heat capacity can also be found direotl.J'. The weight of the 

nickel plated brass cup as 140. 8 grams, and the weight of the water 

that was used -was 4ll.9 grama. Considering the heat capacity o! braH 

per gram a.s being 0 . 09 (14), and using Roth's valua for the heat cape.city 

of water per gram at 50°0 (15) , the heat equivalent as calculated theo

reticall.J' is 424.6 oa.lories . This is a satisfactory agreement; if the 

stirrer and thermometer were considered, a higher theoretical val.ue would 

result. The fractions of these parts, whose temperature changes with 

that of the calorimeter, cannot be estimated so the above value, found 

experimentally, waa used in our calculations. 

The next experimental step was to find equa.ti-ons representing the 

heat capacity of pyrex glass over the temperature range o•c to 125°0. 

To do this, a sample of pyrex glass was ground up and put into a capsule 

which was then dried, sealed, and provided with a ring formed from th& 

upper part of the capsule by which it could be suspended. 

The calorimetric experiments with these samples were just like 

those described above. We found that with this ground glus, about l . S 

hours was required to obtain temperature equilibrium., and it was al.so 

reached more slowly in the calorimeter. Otherwise, these experiments 
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offered no new features. An ice bath was used for the o0 o determination1 

and the heaters were set for the approximate points 5o0 c, so0 c; lOO°'C, 

and l25°C. Satisfactory determinations .on the pyrex samples usually 

required threi3 rmis for each temperature, and more than three runs at 

zero were used in getting heat capacity values at thia point., Leaving 

the pyrex samples in the ice bath for longer time intervals did not 

se~m to enhance the accuracy of the measurements., 

The corrections to the Beckmann readings, and the temperature change 

in the sample were calculat,ed as in the example of Table I.. The heat 

given to the calorimeter was found by multiplying its heat capacity by 

the corrected temperature rise which oecur:r.ed in it., For one of the 

pyrex samples which weighed 26.86 grams it was found that: 

LlH/gram pyrex for the temperature interval 84.92°C to 28.86°C was; 

28'7 .9 calories/26.,86 = 10.72 calories/gram 

To facil.itate the calculations to be made later, we corrected the 

change of heat content measured above, to that which would have been 

found if the sample had fallen to exactly 50lllC. This assumes a linear 

relationship between ..1H and temperature. Thus in the above ea.set 

10.12 calories/ (84,920G ... 28.86°C) = x/ (30.00o-c - 28.86QG) 

x =. 0, 22 calories 

Thereforet ~H/gram pyrex (for the interval 84.,92°C to B0.00°C) 

10.7:2 -- 0.,22 = 10 .. 60 calories 

To simplify the calculations which fallow, .1 H/ gram waa used on 

the·oosis of a fall in t$!Uperature, f'rolll the maximum temperature of the 

sample when heated, to o0 c. Thus llH fro:m temperature t to 50°0 added 

to aH from o0 c to 50°G gives ~H from t to 0°C. These values are shown 

in Tables II and III. 



Table II 

Sample I 

llea.t required to raiae one gram pyrex from o0 c to t°C . 

1Temp.1 AH/gr. I Temp.a tJH/gr .1 Temp. I ~B/gr. I 
I : : I 

I I I 

: 50 -a 5 . 552 59. 04 . 10.60 I 97 . 40 t lS . 66 I • 
i I I i I 

: 50 I 5. 295 I 59.08: 10 . 49 t 97.50 ' 18.6%5 I 

I I I ' 
. • 

: 50 I 5. 290 I 59.20 r 10.61 c 97 . 70 I 18 . 61 a 
I a I I I t I 
: 50 I 5. 246 ' 84.74 I 16.86 I 97 ~60 ' 18. 50 
: I I I I : : 
I 50 I s . 252 I 84. 85 l 16,.0l. : 127.70 24. 66 ' l I I 1 . 

' • 
• 50 I 5.162 : 84. 85 I 15.78 t 127 . 40 . ~4. 86 I 

I : l l 1 : 
r Ave . =5 . 28o+.0721 84.92 t 15.76 127.49 I 24. 92 -I l 

The empirical equation deriYed from the plot of' the data in Table 

II 1~: 
a a 

(1) "1H/gram pyrex == 0.167t + 0.000350t - 0.000000780t • 

Table III 
Sample II 

Heat required to raise one gram pyrex f'rom 0°C to t°C. 

tTemp. .aii/gr. I Temp.a llH/gr.1 Temp.a ll li/gr i, 
& I I I , & I 
I I I I I I 

I 50 I 5.215 152. 84 I 9.575 97. 44 a 18. 57 ' I I I & I I 

I 50 I 5. 299 155.00 : 9. 447 1 97. 75 I 18. 69 I 

I I I 1 I a l 

I 50 I 5 . 55l. 153 . 20 I 9. 608 1127 . 49 I 25 . 24 I 

I I I 1 • I l 

I 50 I 5. 572 184. 85 tlS.000 :127.60 t 24. 79 l 

I I . l I ' . 
' Ave .=5 . 509±. 094 84. 90 115 . 88 1127.62 I 24. 91 a 

' I t I i 

The empiric l equation derived from the plot of the data in Table 

III is: (2) ~H/gr m pyrex == .167t + o.000296t3- 0.000000545t3 

The aboTe empirioa.l equations giTB T&lu.ee of 6H that compare favorabq 

15 



with experiment::Ll values. 

Figure III illustrutes the apparatus that was used in purifying 

morpholine a.nd prep3.ring its mixtures nth water. The condenser, 1!., 

was placed in the fl..lsk, n, and the morpholine refluxed. Then the 

condenser was rem.ov9d1 e. ground glass stopper was plaeed in the neck 

of flask, A, and the desired quantity of morpboline distilled into the 

lli,,sk, c. Capsules were made from the pyrex tubing in the form of short 

test tubes with constricted necks. Such a capsule, D, was sealed in a 

ground glass joint, E, and this vessel was weighed. Then a quantity of 

Carbon dio.x.ide free water 'fC.S added, and the TeSSel llaS again Weighed+ 

With this weighed amount ot: water in the cupsule, the ground glass joint, 

E, was fitted into H. The other end of this delivery tube repla.ced the 

flask, B, at I. Air :pressure then was applied at the point indicated 

to force some of the JDOrphollne from C into the Capsule, D, in which 

was tbe weighed amount of water. A removable ground glass stopper fit

ted at E:, so that after a definite amount of morphol.ine had been added, 

the stopper could be in.3erted, and the sol.ution thoroughl.f mixed. The 

weight of the vessel, with the water and morpholina in it, was now 

found. The percentage composition oi' the mixture could then be calcu

lated. The C.:'.lpsule 1tit.S immersed in an u.cetone-dry ice bath in order to 

freeze the mixture and lower its vapor pressure, and tbe eupsule wi..i.s 

then sealed at G. Another weighing gave the weight of the Sl.l.mple wi 

used in ·t:.he experiment. 

Arter suti"iciant runs were made, the capsule was reweighed a::; a 

check, a sma.11 hole was pierced in the e>ipsule with an oxygen toreh, 

and the liquid relUOved. As the weight of the capsule with the mixture 
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enclosed was known, the weight of the mixture was obtained by finding 

the $ight or the empty capsule. Table IV shows the weights of the 

capsules we worked with, the weights of' the mixtures, and the composi-

tion of each expressed iIJ, per cent, mole fractions, and molality. 

Eight suoh samples of varying oompositian 1'8re obtained. Care 1'U 

exercised at all times to make any changes rapidly, end to insure the 

ab ence of ap.y carbon dioxide or moisture. 

The following table tabulates data upon the capsules and the mix-

tureB contained 1n each. 

Table IV 

Make Up of The orpholine-Water Samples 

Weight of: Per cent: Jlole Frac- ola.l.1ty H80 I 

or:eh1-water1 ater t tion Waterzin orvholiner 
1 I l I ' : 
I II-6 1 l~.89 g. I 10.37 g . I 81.09 • 0.954 I 258.:2 l . 
I I I I I t t 

I II-5 I 12.42 g. 1 9.045 g.t 75.04 I 0.935 167.0 
t I- I I 

' I-5 C 13. 42 g. I 9. 955 g.a 66.95 0 .. 001 ll2.5 1 

l I I t I l 

: I-4 : l.B.47 g. I 10.19 g. : 61.09 t o.ae4 I 87.22 I 

I I I r l I I 

.l II-4 I l2.48 g. I 9.S-Sl g., 49 .. 36 I; 0.825 i 54.l.5 ; 
1 I I- J l I 

I I-5 ; 1 . 59 g. I 10.77 g. I 5t! ,71 1 0.761 I 56.60 I 

I ,I I I ' l l 

a II- I ll.95 g. I 6. 229 g . & 28.19 I 0.655 : 21..80 l 

l I 1 r I-

l I I 13.66 g. -a io . 66 t 17.77 ' o .. su : 12.01 I 

.. 1 t ' I 

Determinations oft.he heat oapao'itiea of each of th ei&ht mixture, 

ere made in the sa.me manner as in the caoe of the pyrex glass. HoweTer, 

in oalculating the cbanga of eat content -ror eaoh Iitl.xture., the corres-

ponding ~H for the pyrex ca sule hed to be subtr&oted from the total. 
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oha.nge of heat content.. The A H £or the. pyru glass was read directlT 

from the experimental curves. 

The results are given in Tables V to nI inclusive. In each case 

the heat evolved per gram of mixture on passing from temperature t 0 to 

o•c is given. The curves in Figure IV were plotted .from the data 

presented 1n the above tables, and Table XIII tabulates the empirical 

heat cape.city equations found for each :mixture. 

Table V 

Experilllenta1 Va.l.ues for Morpholine-Water 11:i:rlure I-6 

I I I : I I 
:Temp. ( 0 0)& LlH/gru I Temp. (•c) 1 6H/gram I Temp. {°C) 1 LlB/gram I 

I I I C 
I I I I I I I 

I o.oo I o.oo I 50.50 I 29.10 I 100.66 I 61.99 I 

I I ' J I l I 
I 50.00 I 16.64 I 78.90 I 48.97 I l24.7S I 79.61 I 
I I I I I I I 

I 50.00 I 16.67 I 79.13 I 47.16 I 124.78 79.26 J 
I : 1 I I I I 

I ro.oo ' 17.01 I 100.45 I 61.75 I 124.89 I 80.18 • 
I I I I t f 

I 50.18 J 28.92 I 100.so • 61.80 i I .I. 
r l f I ' I " 

Table VI 

Experimenta1 Vallles for Morphollne-Water 11.ixture II-2 

I I I I I I I 

tTemp.(°C)a ~ IJ/gram I Temp. (°C) 1 6 Hjgram I Temp. (°C) I .AH/gram I 

I I 

I I I I I I 

I o.oo I o.oo 50.90 I 52.80 I 101.51 I 70.47 I 

I I I I I I 

I 50.00 I 18.96 50.96 I 52.59 I 101.29 I 70.l.2 I 

I I I I I I 

I 50.00 I l.9.52 65.10 I 42.27 ' 101.49 I 101.49 I 

I I I I I ' 
I 50.00 I 19.72 80.71 I 54.55 I 120.91 I 120.91 ' I I I I I I 

' 50.00 I 18.78 8l.l55 I 53.66 I 128.24 I 92.72 l 
I I a I I 

I I I I 128.81 I 91.~ • 
I I 
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Table VII 

Experimental Values for ~orphollne-Water Mixture I-S 

I I I I I l J 

tTemp. ( 0 c)J .tia/gram , Temp. (OC), Ll H/gram I Temp. (OC) 4 a/gram .a· 
I I I 1 

I ' I I I I 

t o.oo I o.oo I 50.lll I S5.59 ' 100.51. 75.72 I 

I •• I I I 
I 30.00 I 20,88 I 50.18 I "56.48 I 100.57 76 .. 00 .I 

I r I I I I 

I Bo.oo I 20.82 I . 78 • .86 I 56.Sl I 124.78 97.45 J 

I I I I ' I 
I I ' 79.10 I 56.26 I l.24.80 97 ._54, .I 

I I 

Table VTII 

Expe-rimentai Value• for llorphollne-Watar Mixture II-4 

l 1 I I I I I 

a Temp. ( 0 G) I .1 H/gram 1 Temp. (°C) I AH/gram I Temp. ( 0 G) I ~H/graa I 

I I I I I I I 

1 I I I I I I 

' o.oo I o.oo I 65.22 I 51.07 ' 126.20 I 104.55 I 

I I I I I I I 

I 50.00 I 22.44 I 80.45 -s 65.01 I 127.06 I 105.74 ' 
I I I I I I l . 
I S0.00 I 22.85 I 80.57 t 65.57 i l.21.55 I 105.06 ' I I I I I I l 

I 50.00 I 22.72 1100.80 I- 81.01 I I I 

I ' I I • I I 

I so.sa • 40.50 ,101.00 I B0.97 I I I 

I I I I I l I 

I 53.10 I 40.30 1101.61 I 81.89 I I I 

I I I I 
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Table II 

Experimental Val.nee for Morpbollne-Water Mixture I-i 

l I • I I I I 
1Temp. (°C) 1 AH/gram 1 Temp. ( 0 0)1 t1 H/ gram .• Temp. (•c)a ei H/ gru I 
I I I 

1 I I I I I • • o.oo I o.oo I 50.ll 40.85 I l00.45 I 86.18 I 
l l I I I I 1 
I so.oo t 24.47 I 50.15 I -41.05 I 100.55 I 86.91 I 
I • I I I I I 
I 50.00 • 24.68 I 78.83 I 65.60 ' 124~60 l 108.88 • 
J I I I 1 1 I 
I 50.00 a 25.87 • 78.88 I 66.17 I 124.89 • 109.96 I 
I I ' I I •• I . 
I 30.00 I 25.95 I I t ' I I ! I I 

Table X 

Experimental. Val.ues ror Morphollne-Water Kixture I-5 

• I I I I I I 
a Temp. (GC} I .iH/gru I Temp. (°C) r liH/gram I Temp. (°C): AH/gram.I 

J I I I 
1, I • l I I I 

I o.oo 1 o.oo 78 .. 96 I S7.73 -& • 100.45 I 88.42 1 
I I I I I I I 

I 30.00 l 24.45 I 79.10 I 68.91 I lOO.S7 I as.ms I 

I I I I t I I 

' 50.00 ' 24.72 I 85.76 .a 73.67 I 120.92 • 107.59 I 

.. I I I I I 

I 50.16 1 41.52 I t l 124.82 I 1ll.25 • • I I I I I 

I 50.22 I 41.89 I I I I I 

• J I 1 I . i 

I so.is I 41..58 a I I I I 

I ! , , I I . .I I !, 
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Table XI 

Experimental Valuaa for Jlerphollne-Water Mllture Il-6 

l I I I I I I 
1Temp. (OC) ..1. H/gra.ma Temp. (°C): AH/gram Telllp. (OC) t.H/gra.m I 

I I I 

l t I t t I -I 

I o.oo ' a_.oo 1 78.28 I 71.09 I 126. 04 l 116-.76 I 
l I t ' J I I 

I !50 . 00 r 26.70 I 80.57 I 7R.19 I 126-.79 " 126.79 I 

f I I I I l J, 

I so.no r 25._77 I B0 .. 61 I 72.04 J 127. 55 t 127. 35 I 

I t I .. I 

' 
I 

1 ~ .oo I 26..15 I 81.19 I 72. 92 I l.27.62 ll.7 .75 I 

&- I 1 -I I . 1 • 
I 50.74 44.56 I 81.. 42: I 75.71 ,& • I I • I ' I ·• 
I 50.77 I 44. 45 I 101.01 9L,87 I l I 
I I I r I I 

I 50.86 I 44. 22 l 101.01 I 91. 81 i I 

I t I I I I 
I 51. 21. I 44. 58 I l I t I 
I I I I i I a 
I 55._28 a· 47 .38 I ;f I 1 I 

I l I • 

Table llI 

Experillental Valuu tor Korpholine-Water Mixture II-6 

I I I • : I t 

a Temp .. (°C)a .:S H/gram, '.l'emp. (°C)1 AH/gram ; Temp. (0 c): .t.H/gram 
I I I 

* I I I : i 
I o.oo &. o.oo I 50.18 I 45.l.3 f 100.50 I 94.27 I 

f I l I I ' & 

-I ro.oo l 27. 45 I 50. ~l I 45. 28 I 100.74 r 94.5.9 I 

I I I I I 1 I 

I 30. 00 I 27. 56 79.10 I 72.25 I 127.55 I 119.44 I 

l t J I I I 

I 50 . 00 t 27. 27 l 79.16 I . 72.76 r 127.49 I 1.20.12. t 

t I 1 I I ' I 

I i I 85.54 I 79.-25 l I 

I I : 
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Table XIII 

I Tabl• 1Per oentJ F,quations repreeenting obange of heat eon-
llixtures Number a Water I tent per gram from 0°0 to temf • t°C (41H), 

I ! l and heat Ca):!;Cit:[ }28r 2r8.D1 (C_ QC to J..25°C 
2 3 

I-6 V 17.77 AH= 0.545t + 0.00058lt + o.ooooo5lot 
:a 

c • o.545 + o.0001s2t + o.00000950t 

II-2 VI 28.19 AH ~ o.e:;at + o.ooooS53ta + o.ooooo444t3 

a 
c = o.sBa + o.0001sest + o.oooo1552t 

I-a VII 3S.7l AH = 0.68lt + 0.000255ta + 0.00000405t3 

• Cm 0.681 + 0.000470t + O.OD00l2l5t 

II-4 VIII 4£.56 6 H = O. 748t + 0.00020Bt2 + 0.00000515t3 

c = o~748 + o.000416t + o.ooooo945t3 

I-4 IX 61.09 AH = a.soot+ o.0002sot• + o.0000021ot• 

c = o aoo + o,ooosoot + o.oooooa10t• 

I-5 X 66.95 6R = 0.8l..7t + 0.000500t8 + 0.00000220t3 

c = o.a17 + o.ooosoot + o.ooooossot8 

II-5 XI ?u.04 .6 h i:: 0.860t + 0.000265t2 + 0.00000150t3 

c = o .• 860 + o. )()05~/at + o.ooooo45ot2 

I I-8 XII 81.09 l\H = o,. ooot + o.oool29t2 + o.000001sat3 

c = o ooo + o.000258t + o.00000414t 8 

Th data on the heat pacity of morphollne are by' Trimble (18), 

and those on the heat oapa.ci ty of m1.ter from the equations are 

by" Roth (15). They a.ro r presented in the eurv of Figure IV. 



DISCUSSION AND CONCLUSIONS 

The dagree of' error in the experimental procedure was small. The 

predominant errors in calorimetric determinations a.re di~cussed f'ul~ 

by l'fri.ite (16). The greateat errors a.re thoae resulting from thermal. 

lew.ge, heat of stirring, the variable evaporation of weter, and 

the temperat ure change measurement. It was estimated the.t the .. bo"Ve 

erro11s did r;.ot exceed ± . 1% in all. The ca.psules coul.d not be filled 

completely T.d.th tho liquid mixture because of the danger of bursting 

1,hen used a.t higher temperatures., The vapor space above the liquid 

never exceeded one milliliter. At the higher temperatures, of' course, 

part o-r the mixtures vaporized. fhis vapor condensed when the capsule 

n.s droppeci into the ~r1m.eter, giving up a certain 8.IIOUDt of heat. 

However, this quantity of heat was negligible. The temperature 0£ the 

heater waa measured to lJi.thin ± . 10-C and as the temperature range 

through which the 18JDples c ha.ngecl •s neTer less than 20•0, and 

us,JB.1ly mu.eh grMter, the error involved would not be greater than 

-<· 0 . 50%. The val.uea £or the heat capacity Elf the calorimeter did not --
vary by mo:rc than + C. 53%-. Tha aoour-.u:,y U.1$ eeti.mat-1 an being within .... 

At o0 c the degree of accuracy wae not so high, due probably to 

~e method of getting the sample tu that t e.-~ture. The ice be.th 

uaed to bring the eample to 0°C did not n.ry in temperature of aour8c , 

but the eample w be co-oled wa~ in a chamber with air containing water 

7llpor and conden,sa.tion of water oaaurred on the outside fflLlls of the 

eapsul.e. This would reault in a higher change of heat content for the 
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aample because o:f the additional cold water present. The error for 

the 0°C determination of both the pyrex glass and the morpholine-water m.i.,:: ... 

tures was+ l.c,%. Attempts to x-educe the moisture content of the air .... 

. s.urroun.ding the capsule by forc.ing it into the ehamber through .soda Ume 

towers did not improve the results. Evidently the amount of error 

found in ice bath determinations would decrease if a JD.ore suoeessful. 

means for ensuring the presence .of water free air were d:ev.ised. 

A comparison of heat capacity values obtained by various experi .... 

menters for pyrex glass is o:f interest. Table XIV gives such a compari.a. 

son. The values given for the authorts work are based on equations 

obtained by differentiation -0r equations {l} and (2) .above:. Thia eompa.ri-

son seems to indicate that pyrex glass varies enough .in composition to 

require determinati-0n of its heat eapacity whenever it is used in thia 

type of work. 

The heat, capacity curves in Figures V, VI, VII, and VIII, indicate 

that the heat capacities of the mixtures are higher than the raean of the 

heat capacities of the pure components. Partial molal heat eapacities7 

expressed by the symbol'U1 indicate the apparent. heat eapacitie-s per 

mole ror each component in a mixture,. Partial molal heat capacities of 

water and mor-pholine were found by the method. of intercepts a.£, described 

by Lewis and Randall (l7J. 'The curves of Figure V, round by plottini 

heat eapaei ty against per ccant by weight of water at 0°, 3Ct0 , 50°, 8(}'>1 

1000 1 and 125°0 were us.ed for this purpose.. A two-ineh glass ~be: wa~ 

used tc obtain ta,,nge:n:ts to the curve@., When its edge was :pla.eed at 

t-he desired point. on the curve and the curve as viewed through the 

glass appeared as an unbroken line., a line drawn along the edge of the 
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cube was perpendicular to the tangent at that point. The tangent then 

was drawn through the point and its intercepts on the respective 

ohiinates. for pure water and pure morph:oline were read. Thus we :aecured 

the partial heat capacities per gram for the two substances at O ,, 251. 

50, 75, and 100 per cent of :water:. 'l'he partial molal heat capacities, "e, 

of the componer1tac were aaloula.t,ed by multiplying the partial heat ea.pa.

cities per gram of each substance by its moleeular weight. Table XV 

summarizes th.et partial molal heat capacities found. 



l 
Temp .. t 

oc ; 
: 

0 

25 

50 

75 

100 

l~5 

T&.ble XIV· 

A Comparison of 1-k:at Cupac:1.. ty De.to. f'or Pyrex Glass 

1''rsderick · 
.. 

Frederick JJe VrieD Ui.1published B1•ow11 l a i :J 
Hildebrand • Hildebrand ;, 25°C-l75°C • . Vu.lue.s ,I Schmuck 
25°C-175°C * 25°C-150°G l F.qua. tion 5 • o°C-125°C · ; 0°C-l25°C • 
Equation 1 ., Egootion 2 ! ! Equation 4 *' Ji'.gu.ation • 

0.168 0.16? 

0,190 0.186 0.1El6 0.182 o.1as 

0.100 0.,180 o.195 0.195 0.1.90 

0.202 0.192 0.201 0 .•. 206 0.207 

0,209 o.197 o .. 2o'a o.~17 0.214 

0.215 0.204 o.~~17 0.226 o .. 21s 

(l)· Op.:.: 0.1141 + 0.0002532-t (7) 
2 

(2) Cp = 0.186 + 0.000055 (t - 25) + 0.00000115 (t-25) (8) 

(o) cp .: .o.1si0 + 0 .• 0005154 ( t .... 20°) 

(4) 

(5) 

( (3~ 

. 2 
Gp .=: 0,168 + o.ooo606t ... O.OOOOOll67t, 

Cp = 0.167 + 0.000700t - 0.000002t4t2 

Gp = 0.167 + 0 .. 000592t - 0.00000164t,2 

(9) 

(l8) 

5 

• Brown 

•• Schmuck 

• 0°C-125'°C 
i Jwuation 6 

0.167 

o.1a1 

0.195 

0!"202 

0 .. 210 

0.215 











.. Table XV 

Partial Molal. Beat- Oapa.Qities, :Gf "?.lo:rphollne .and Water 

. Per Gefru . 
water·_• . .. Morpgoline Water· 

· ·tHeat. C.apa-t a. tHeat Gapa-:: 

o.o· 
25-.0· 

so.o 
1s .. o 

l,.oo.o 

o.o 
2s.o 
so.oo 
'1S.O 

100.0 

o~:O 

~.o 
50~0 

15..,0 

10(1.0 

:tei:t:/grwe t C .. . t O - C. u~iiU&£!!1 :· · C ·. 
. . . . . . . ' 

.. 445 

.. 457 

.. 4/TG 

.451 

..,450 

.. 457 

.-.489 

. ._489 

.,493 

.. sa 

~465 

.490 

,.,542. 

,..579· 

,.597 

.. At 09:C 

.58.1! o . .oo 
59-.16 ·· 1.~04 .· 

40.,89 , · .. _: 2..lS . 

1s.1s ·. •t .. u-

S9,;l5 · ·o.45 

·· At sooe. 
· .. _ .. _ 

59.76 u .. oo 

40~80 · l.04 . 

42 ... 54. 2~18 

.42 ... $9 -5 ... li 

441!,54 4.'18, 

·.At so0 c 
40,.46 o ... oo 

42.$5 2.11 

47,.15 6~89 

50.5'7 9 . .,9.l 

Sl.94 ll.a4$ 

1 .. 100· u.ao 
l.078 19 .. 40 

.l.,019 .18.34 

1 .. oos 18.14 

i •. 001· 1e .•. u 

l.,m 22.25 

1.us 20~46 

l...045 18.77 

l.014 18.-25 

.998 17.98: 

1~405 25,.29 

l • .l5l. 20.:12 

l.050 lS .... :90 

1.010 18.-.18 

... 998 l.7.,96 

I: 
1a.i --·C 

l ... 67 

L .. 27 

0.23. 

0.01. 

-0.:00 

4. .. 29 

2-.. 52 

o.s1 

:0.-29 

(l.-,00 

7.33 

2.-76 

o.94 
0.-.22 

o.oo 

. -~"; .,"!.: • .. 
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Table X.V 
-continued-

Partial Molal Heat dapacities of Morphollne and Water 

Per Cent& 
ter 1 llorpholine Water 

llf.e&t Capa-1 & Heat Cs.pa-a I 

I City/ gram. J C ; C - C zoity/gra,m 1 c a c - c 

At 80°C 

o.o .476 41.41 o.oo 1.855 33 .05 14.99 

25 .0 .s1.e 7.68 6 . 27 1.2~ 22.1 4.15 

50 .0 829 54~72 J.5.Zl l.07~ 1£1.JSl 1 27 

75.0 .690 60.50 18.69 1.020 16.36 o.52 

100.0 .698 60.75 19.32 1.002 18.04 o.oo 

t 100°c 

o.o .484 42.11 o.oo 2.780 50.04 51.91 

25.0 .596 52.~ 9.92 1.290 23.22 5.09 

so.a .692 60 .. 20 18.09 1.090 19.62 l..49 

75.0 .. 182 68.05 25.92 1..025 18.45 0.52 

100.0 .877 76 50 54.99 l.007 18.15 o.oo 

At 12?C 

o.o .495 42.89 o.oo 5.520 63.56 45.09 

u.o .660 57.42 14.55 1.412 24 .. 42 6.16 

50.0 .. 825 71.60 '28 .71 1.092 19.66 .l.59 

75.0 .950 82,.66 ~:9.76 1.015 .lB.27 o.oo 

100.0 .967 84.l~ 41.24 l...015 18.27 o~oo 
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The mixing of morpholine with water is a.n exothermic process (19 1 

20). This indicates that there is chemical combination between them. 

It has been suggested that a dihydra.te, c4H90N•2H20 is formed in a 

solution containing 70% morpholine and 50% water (20). The results 

of our experiments furnish further eTidenoe for chemical combination 

between the two components of this mixture. 

It will be noted in Table I.1' that the partial molal heat capa-

cities for morpholine and water in all their mixtures are greater than 

their respective molal heat capacities. Data are tabulated in Table 

XV for the mixtures at various temperatures and the differen~es are 

given in the respective columns headed 'e - c. Williams and Daniels 

(2l) give two possible explanations for such a situation. One expla.na-

tion has it that one or both of the components is associated in the pure 

state, and that these complexes are broken down when they are mixed. As 

a result, there are more molecules in the mixture than there were in the 

pure components £!-om which the mixture was formed, and therefore its 

heat capacity is greater. Pure water is known to be highly associated., 

and there seems eVff7 reason to believe that pure morpholine is also. 

The dissociation or a compound, howeTer, absorbs heat. The fact that 

heat is evolved when water and morphollne are mixed indicates that 

somethil'lg more than simple dissociation of one or both of the components 

occura. 

The aecond explanation tor the increase of the partial moJ.al heat 

capacities of water and morpholine on mixing holds that one or more chem-
r 

ical compounds f'orm between the components; and that a greater quantity 

of heat is required to raise the temperature of a given quantity of the 



50 

mixture through one degree than would be required by its components, 

taken together, for a similar temperature change, because these com

pounds are to soma extent dissociated in the process. This, we believe, 

is the more probable of the two explanations. It may be, indeed, that 

there is preliminary dissociation of water when these substances are 

mixed,·followed. by combination of these dissociation products to form 

intermolecular compounds. If so, the exothermal energy change in the 

latter process DIUSt exceed the endothermal energy change in the former. 

The changes in heat capacity undoubtedly involve v-lbration and resonance 

effects of complex nature as w.ell as kinetic tran,latlonsa.nd simple 

dissociations, so one cannot hope for any simple explanation of the 

phenomenon. NeTertheless, the heat capacity results, taken together 

with the fact that heat is evolved on aixlng, furnish strong evidenoe 

for the existence of intermolecular coapoundSin these mixtures. Thia 

work can give no information as to their nature. 

It is of interest to note that the increase of partial molal heat 

content, 'C - c, is greater for a given mixture the higher the tempera

ture. Thua it may be seen from Tabl.e XV that this difference is 2.17 

calories per mole at OOC for :n,orpholine in a mixture containing 5o% of 

it by weight. This difference increases regularly up to 125-C where it 

has risen to 28.71. calories for this component in the same mixture. The 

t: - C values for water also show a progressive increase with rising tem

perature. This may be due to a greater degree of compolmd dissociation 

at higher temperature•. HoweTer, the full explanation of these facts 

is difficult or impossible in the present state of our knowledge. 

Undoubtedly, evidence from the study of many other properties of 

this system JBUst be at hand before the molecular makeup of its mixturu 

can be elucidated. 
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The heat capacities of pyrex glass and morpholina-wa.ter 'mixtures 

have been determined employing the method of mixtures. The result• 

have been presented in tables and graphs. In the case of pyrex glass, 

a comparison with other existing data. has been presented. Empirical 

equations for the change of heat content with temperature of pyrex 

glass and the mixtures have been formulated. Partial molal heat 

capacities obtained for the eomponents of the mixture lend support 

to the belief that compound formation or association occurs on Jlixjng. 
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