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i ♦ xm oiyocrioM

In modem chemi c&l thormodymmios it is possible to 
evaluate tlxm mntropiem of m b s t e M i  by the application of 
the third law to of beat capacity, heats of
fusion and tapsunjiition, sto*# to low te:$par*tu:rs», as
m i l  as from statistical calculations, utilising spectro­
scopic and other molecular data* Combination of these mines 
of entropy with experimentally determined beats of formation 
will yield value* for the- free energies of formation of many 
sab stances on which it is not possible to make equilibrium 
measurement*• This m m  source of free-energy data places a 
great demand upon accurate theramehemical data, mm wee 
recently pointed out by Boselni [lj

the existing data on the best of combustion of cyanogen 
are those of Duleng In 1838 [2] , Berthelot in 1879 ]_$\ , 
Thomsen in 1886 \4\, von Ssrtehberg and SchStsa in 1033 [$] , 
and McMorris and Badger in 1033 [sj • these investigations 
yield -the value# 073, 864, 839*4* 861*3, and 851*4 kilo* 
celeries per mole, respectively {see Section ¥12 of this 
p a p e r ) *

Because of the discordance In th.®-m values, a determi** 
nation of the heat of cyanogen was undertaken in the 
Thermo Chemical laboratory of the Hetlcaml Bureau of
Standards*

*The figures in brackets throughout the text desig­nate the literature references listed at the end of this 
paper*
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ii* imtTB of i m m m  am  m m m m m  m i  m m

Thm unit of energy used In this lavesbig&tlos. 1# the 
TOS International joule, which is based on standard# of the 
International ofmp the International volt, and the naan 
solar second, as maintained at the national Storeau of
Standards*

fho tfewnoetiamicaX wainss reported from the ThrnvmB**
chemical £aber^tery of the national Bureau- of Standards are 
given in international joules, the unit in which they war# 
measured, and, because the calorie is favored by many as tho 
muse of the unit of eswgji those data are also expressed in 
liras of a conventional calorie whieh. Is defined By moans of 
the relation

4*1333 international joules m % calorie 
This relation is that used by practically all American 
laboratories at this time [23] •

All molecular weights used in this paper were ealcra* 
la ted from the In t e mm1 Iona 1 Atomic Weights for 1940 [t] #
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in* m s m m  A m  a f m h a t o b

Thm ca lor imo trie method esq»leyed in the present 
ixswstl nation has bmmn described by Koealni [s, l], and 
the method of evaluation of the uncertainty of the results 
has been dincussed by #o*slnl and Bemiag [t] • A complete 
description of the apparatus, with subsequent Improvement#
Of* refinements, 1® to b# found in certain papers reporting 
earlier Investigations of the TherfflochemicftX laboratory of 
the Rational Bureau of Ebnndcrds \s, XO, XX, lu\ « Sine* 
these reports ora complete, only m brief description of th# 
method and apparatus will bo given hero*.

In thee# measurements the the rami energy liberated by 
a measured mmmmt of a given chemical react Ion is determined 
by direct comparison with an equal, measured quantity of 
electrical energy# To accomplish this there Is employed a 
colorimetric system sufbjset to a definite thermal environ* 
merit, and whose essential components are? <X) a measured 
m s s  of water for the mb sorption of the heat evolved, (2) 
a thermometer for measuring change* in the temperature of 
the system, (3) a stirring meehsnlsrn to facilitate the 
attainment of tharaal equilibrium in the calorimeter, {4) 
a suitable reaction vessel Is which the riven reaction may 
be carried out, and {5) an electrical heating coil connected 
with instalment* for measuring the e»rgy It evolves in the 
calorimeter# By always operating with m ealorlmetrle 
system which is standard!md for a given l»ve*tigptlo&* the



4

quant 1 tatlv# correapoaden©© between the chemi ©ml and the 
electrical energy is obtained 'by m eostpmrii&on of the
teiqperature rise ooserved in tiro kinds of experiment® which 
are performed* In the first kind of experiment a measured 
amount of reaction is oarriod out in the reaction
vessel, which triage the system from am initial temperature, 
t̂ ., to a final temperature, In an experiment of the
second kind, the same c&lerliastrtc system is carried over the 
same temperature rang#, J& to t^, by means of a measured 
amount of else trios! energy* fh© power for suoh an exper!** 
sent is adjusted so a© to produce about the same rat# of 
temperature rise as 00ours in a chemical expertoent*

Thm calibration experiments with electrical energy de~ 
termlme a quantity sailed the energy equivalent of the 
calorimeter, which is the average energy associated with 
unit temperature chans# of the ays tea, whan ftrottg&t from 
fcp to t&* Ha© term energy equivalent is preferred [l, 9"] 
instead of the expression •heat capacity* of the calorimeter, 
with which It Is di^aslonally equivalent# W m  objection to 
thin latter dealfmbian is that it Implies that the heat 
caps city of the calorimeter may be evaluated by a swots ti on 
of the heat capacities of its component part®, which is not 
admissible in precis# workg and hen©#, that the physical 
boundaries of the calorimetrie system are known, a condition 
difficult to define distinctly# Furthermore, tin©# the 
function of the thermometrlo measurements in this method is



eaeentlally to reproduce the Initial and filial temp# m  tar#® 
of the cmlorincter, kn0irl#d|f# of the emot jmgnltad® of a 
degree of temperature is not required* *rh© actual fc#mp#tm- 
tare on the Centigrade eeale is needed only to determine 
the at which. the reaction may be said to lav#
taken place* the most precise measurement* of calorimeter 
t#Bp©rmtnr#s are usually with a platinum reelstance
tasriKWsier, by which the actual laaaanr ament® are mad® in 
term® of eleetrieal resistance* flie quantitative relation 
between resistance and temperature* obtained for a gi?ta 
instrument by Independent calibration, ts# in principle, 
unnecessary la the aoiq^utatlon of -the energy equivalent of 
the sal orisae trio system* sin©# to Urn t©:Mp#ratare® fc* and 

there correspond, respectively, the unique realeta nee®
E» and Jt̂ * A® a consequence, the value for the energy 
equivalent of the calorimeter m y  be expressed a® inters 
national Joule® per ohm increase In resistance of the given 
platinum resistance thermometer [IE] •

Because of the substitutional character of this method, 
ays tom tie errors In the calorimetry toad, in general,- to 
eliminate themselves* aim©# they affect both kind® of 
experiment® similarly# .toy error® found in thm theraMhe&i* 
eal value® obtained are to b# expeoted to originate prin­
cipally in the 4#to.mimtion of the learnt of reaction and 
in the a@aimreii§nb of 'the electrical energy# High precision



is obtained, in this method through the imm of proper 
calorimetric technic, and the employment of' sensitive 
measuring devices*

the calorimeter is enclosed by {tat in poor thermal 
eontaot with) a eonstant«* fc* m permture water Jacket which Is 
maintained at « temj^raturc slightly show that of the 
calorimeter wa ter after the react ion period* rhia subjects 
the calorimeter to a definite thermal head at all times tar­
ing it* operation, and Hewfson** law of cooling m y  be safely 
assumed in the calculation of the corrected temperabur# rlee* 

to all the colorimetric experiments of this inyeatt~ 
gabion, the Jacket temperature was maintained constant at 
£7#0£* C, and the Initial and final temperatar** of the 
calorimeter were 323* and 87® G, respectively# to each 
experiment the observations ws.ro divided Into throe periods# 
First, over a fore period of 20 minutes, reading© of the 
calorimeter water temperature were made every 4 minute s.* 
Second, luring m reaction period of 44 to 48 minutes, 
eleefcri©al energy or ©omhnstion energy was supplied to the 
calorimeter at m rat# which brought It to the final tempera** 
bur© in 38 to 40 minute a, le#rwing a time of § minutes for 
the attainment of equilibrium in the colorimetric system*
In this period, observations of the oalcrimeter water 
temperatwre were made every minute, and in the electrical*' 
energy experiments reading* of the current and voltage wore 
taken every minute* Third, over am aftw*peri©& of 
20 minutes, reading* of the oalorlmeter water te;^perature
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were :m&tI# every 4 minutes* Finally, fete Jacket temperature 
was determined with the easse thermometer# Sapmrmb# obser­
vations on the eonsfancy of the jacket temperature showed 
that, over the period of time of a gifta esULerl&strlc experi­
ment, the Jacket fcê aperatwre varied no imrm than e0#OO3*G*
*fbe substantial identity of the too kinds of experiments, 
electrical and combustion, -lias been graphically demons tr&ted [a] * 

The method of detarnkinlag that part of the temperaCure 
rise in the reaction period which ie due to the reaction
energy alone, baa boon explained previously [l$] * In a
discussion of the type of calorimeter need in this investl- 
gation, Dickinson [id] showed that, inherently, !®wton*s law 
of cooling applies m  long as the temperature difference be-
twt«n the jacket and the calorimeter is small (her# no 
greater than 4* 0)* Of greater significance Is the con- 
si deration that thm substitutional nature of the method re­
sults in the cancellation of systematic errors* Hence, a 
very aeewate calculation of the corrected temperature rise 
i & umeoasaary*

The corrections to he applied to the observed tempera- 
ture rise involve in a large measure (1 ) the flow of energy 
frmm the jacket to the calorimeter, {S) the energy given to 
the calorimeter throu$& stirring, and (3) the energy removed 
from it due to evaporation of water from the calorimeter can#
The first of these corrections is the lew ton! an heat flow, 
which is proportional to the temperature difference be tween 
the caloriiaeter and the jacket# The second correction is



s
independent of the t^spemture difference between the
calorimeter and the Jacket, mod is constant with time* 
fh# third, may be substantially expressed a# the m m  of two 
term®I one constant, and c m  proportional, to the temperatore
of the calorimeter water (mod hence to the negative of the 
temperature difference between the calorimeter and fciie 
Jacket)# fh# contribution of thee© effects to tee cha&ge of 
temperature during the fere period (a_ to i) of 20 aiimtee* 
and during the after period (o to d) of SO minute®, ray be 
expressed by the following equations; Il3] i

Hj is the Jacket temperature (constant to *0*0003 ohs terougti** 
out an e ^ H a i a t )  and K (with lie appropriate subscript* 
designating the time* j&, of observation) la the temperature 
of the cal crises* ter water expressed in ohas on the platinum 
themometer? k la the proportionmllty factor In ohaas per 
ote«islBUt*f for teat contribution which la proportional to 
the- head of temperature (the first correction and part of the 
third}; and m 1® the net constant contribution in ohma per 
minute (the second correction and the constant part of tee 
third)#

(1)

(2)
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During the reaction pm* tod, thm observed temperature 
©hang# Is R& - K&, and tbs contribution of all effects Is 
expressed by the equations
^2eerr ♦ Ê JI© ** J£*>i ♦ Jiyij ** Jb,o^yb * %) * JSo - lb t̂ )

^ s  symbols here have tbs same meaning ms above, and also 
AjjL^yy is that part of the tea*perafcure rise which, Is due 
to the reaction energy alone j- while 2b © *• the average 
calorimeter temperature during this period, computed from 
the temperature observations taken every minute, fey means of 
the trapssoldal rule * this calculation it necessary because 
the relation between temperature and time In the reaction 
period is not linear*

the corrected temperature change is, then
A l W r  - <£o “ »b> - S<lc - 3b> - Klj “ Ib,c> <♦>
For convenience in the calculations, the last two terms of 
the riidit hand mesahsr of equation (4) are designated']^ and je, 
respectively* ’fhe observations in the for© and after period 
give data which permit thm simultaneous solution of 
equations (1) and (&) to give values for u and k* those, in 
turn, are used in equation {4) to compute A  !̂ ,or:r.

.to order to eorreeb thm slightly varying amount© of 
water weighed into the calorimeter can to a common mass 
(that of the standard <mXerlmtrte system of the lmestl*» 
gabion}, the host capacity of water at 0 m s  taken as
4*13?$ interimtlonal joules per graa^degree C lib] , and was 
appropriately converted to joules per on the
platinum thermometer employed*
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la tMs lsmiatlgftttcpxi tt# calorimeter tad attar 
appymtt# w#r# tt® iffin as oa#4 rrovlotialy la thm Tkmrmm** 
ahomical lafecmtwy (si 10# 111 lift] f *&A# for taming ey&nogen, 
tj&er* m *  mmplmjmd tt# Sanaa re&otion m w l  ueed in th®
dotHtratitatiot* of tli® hoot of formation of wo tor [s] •
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XV# CXIXXOiX WiQOLWm

X* Preparation and Parity of the Materials 
(a) Cyanogen*
After a review of the methods for the preparation of 

cyanogen # the most direct rnmmnm of generation appeared to b© 
til# thsml decomposi1i on of silver cyanide to metal XX0 
silver ©nd cyanogen gas* A method similar to that of Cook 
and Kohinson [is] was need# as described by Kuehrwein and 
dlauque \iv] * Silver cyanide was precipitated from a satu­
rated aqueous eolation of ©liver nitrate by the addition of 
a ©light excess of an aqueous solution of potassium cyanide 
(7S percent by weight)* She silver eyanlds was filtered# 
washed free of excess eyanlde, end dried In an o w n  at 
130^ 0 for IS hows* The material was a brown powder*

The silver cyanide was transferred to a 3-1 iter flask 
wliioh was placed in an electric furnace*- This generating 
flask was then sealed to a purifying system which consisted 
of a vacuum”* jacketed still designed for lecr^temperatnre 
operation# a differential manometer for measuring the purity 
©f the cyanogen, suitable collecting bulbs of various 
capacities, and a i~Xiber brass bottle for the storage of the 
purified product *

With all the connection# completed* the system *e« 
evacuated to a pressure ©f 10**® mm* The furnace containing
the reaction vessel was gradually heated to 580* 0 to deecm** 
pose the silver cyanide* A virtually ©van distribution of
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temperature in the genera tin/? flask was obtain#*! by packing 
iron pellets around it# The cyanogen was collected by 
condensation in a reviving bulb r#frig#rated with a eiuein 
composed of a SO*»pereent mixture of chloroform and carbon 
tetr&ohlor Id# cooled by the addition of solid carbon dioxide# 
(For brevity till# la referred to a# "carbon dioxide slush**}
In #11 # about 350 ml of liquid cyanogen wa« collected*

Ifon«»ecnd©n a 1 b 1 © gaeea wore removed frost# the cyanogen by 
melting* freezing with carbon dioxide slush* and evacuating# 
This operation was repeated three times* The cyanogen was 
than transferred to th# still pot#

The still was peeked with ass helices* and arranged 
for low«»t ©aper ature distillation* In the usual way# by having 
a# an Integral part of It a partial condenser at the top#
This was formed by a Dewar return from the vacuum Jacket (which 
extended above the column proper) to th# ring seal Joining it 
to the center tube* This served as a container in which th# 
refrigerant was piroad# Solid carbon dioxide was added to 
the slush from time to tin# in th© course of th® distillation 
In order to maintain th# temperature of th# condenser eon* 
stent, at **24*00* C* The cyanogen la the still was boiled 
for 2 hours with total reflux of the material to th# column* 
and ssrith a rate of liquid return to th# pot of about § ml 
per mlrmt# (adjusted by varying the energy Input to the 
still pot)* The vapor pressure of cyanogen at <*JHa 0 Is 
about 650 vm of sosroury# The actual distillation was than..



carried tmk with t!m liquid, return m t e  kept constant, and 
kb® tske-off rat# set at about 30 ml per hour, rlTirr a %m** 
flux ratio of about 10 to 1 *

By dir felllr tion in t M i  siajmer, the material was divided 
into the following fractions* X, 30 mlj XX, 3 mlg XII,
120 mil IV, 3 ml I V, 120 mX$ W *  S ml? and VII, a residue of 
about 43 ml* fh© for# out, fraction I, and the ve*ldu*# 
fraction VII, w e «  discarded* ffee S*«aX fraction©, II, IV, and 
VI, constituted tit© mtkrlal to be used fop differential vapor 
pressure measurements, in order to determine thm purity of tbs 
840-?®! of material in fractlo&e III and V, which constituted 
the dealrod predoot ©f M i  purification proeaaa*

The purity of the cyanogen. was determined by means of 
differential vapor-p ressure masurssrents on the S*eml fraction* 
collected for this purpose, aeeordlna: to the method of 
Shepherd [is] , but not osln<? tbs ml crease trie smumkss ter-read** 
lag devices used by him* For this purity test, an Isothermal 
distill®tloa Is carried out# fha vapor pressure of a small 
portion of th# distillate, ©©liestad near the haginninr of 
the distillation, is ©om|>ered differentially with that of am 
•qpal fraction taken at the middle, and towards the #md of tbs 
dlstillstlon# tbm differ©tie# In eoraposttloa of any two 
fractions may be mnprmsead by applying Haeult** 1 aw* tet 
and 3 identify thm members of a. two-component syatam com* 
prising ttw fr».otloo, and J &  Vhmlr r«Bp»ot*r« vaper 
pressor** in the pore state, and and Xg their mo 1#
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fraetloR* in a ?l?en mixture* Thon, if j| ii the total ftpoi? 
pres star# ©f thm mixture f by RaonXt1 3 law#

£ “ £?% + jeSSr, (S)111 ̂ UPfc—wim- 9 p Ull| j3t

Sinoe i j a l -  Xy,
a  ** £f *• %<ja| - jg) (6}

This eandltlon applies to e&eh .fTeotion, and Identifying -any 
two wader Gomp&T&BQn by the prtoo and so ootid superaerlpfc,

£* “ £? ♦ * E p  O')

£ n - if * a £ (<  * £?> <a >""H ■1 'jffi jBi

&t*fc treating ©qtmtlon {B} froa* equation (7)

£* - &  - * M p  (®)

The quantity jjf » 1© the measured dlffere&fte in m p c r
t e

prmmmurm9 mml js^ • ^  le the dlfferenoe in the mole fraef i or. 
of B in the two eaaaplee* For ©onveal enea thee© tor ms are 
written A £  and A«, reepeetlwely* Konation (9) then boeomts

A*a • Ag/tif - t®) do)
If the ©o®ip©aent B oaours as an iaipurifcy in the difforemo# 
in purity Between two fraction* is f d w m  by equation (10)#
The limltetioni of this method are* (1) it la not suited for 
mmotTQpi® mixtures, (S) the identity of the impurity must be 
known in order to evaluate j|| ** jgJ# (3) far poljcopponent 
eye teas,. the opsration is aaor© ©waplieated* involving 
saeaswr meats at aiore than oao temperstm*©* sad {4) in ord&r 
to be serial tiv®, must bo reasonably large#
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1/motors contributing %® toe sensitivity ©f toe immmrmmmnt*
are i {1} off I oi#nt i*©otif 1 oa t i©n, Whereby the separation of 
toe material Into it* eojŝ eiaentre is intensified, and (£) 
making toe out# selected for comparison a very small fraction
of iXi# to v*a.X #

The &tte*ttreftaenbs cm toe cysunegen were taken over a 
temperature range of -84 *0* to -25*3* €, represent lag a 
vapor pressure of toe material from 650 to about TOO im of 
mercury* The e&served difference In vapor pressure between 
the fore fraction XX ami to# Middle fraction XVf and between 
toe for# fraction IX and the tail fraction VI was 0*0*0*3 sss 
of mercury# this measurement of differential vapor pressure®, 
and the lack of any reported, side reactions in toe thermal 
da a ompo al lion of silver cyanide, establish thm purity of the 
cyanogen for too purpose of determining its heat of com* 
trosblem* A lot of cyanogen prepared in a similar way was 
found by Euehrwein ami (Xlauque Lid] to contain impurities 
to the amount of 0*00000 mol# fraction, as determined by 
colorimetric m s w s a s n t  of the praaeltlng below toe normal 
temperatore of fusion*

Thm purified cyanogen was then transferred to a 1-11ter 
bras® bottle for storage, and for Introduction to toe 
calorimeter as needed# To test too effect of toe §a® when 
in eon toot with to# subs tone## it would encounter {other 
than glass) In tot course of toe Investigation, m small 
amount of cyanogen was generated in a glass bulb In which
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h&d been placed &;mXl places of copper, kiss, and steel# 
as well as a smear of etopeoek gram### After ten months 
of storage, no effect on the .*ia tori ale wan observed#

Cb) Oxygen*
2he oxygen (prepared commercially from 11 quid air) used 

for th© aoiuou®tton of the cyanogen was purified by passage
tiironidi & tub# of combustion glass containing copper oxide, 
and maintained at a temperature of about 600® 0* It then 
passed successively through Assartbe (a commercial mixture
of sodium hydroxide and asbestos}, anhydrous saagnceima per~ 
chlorate, mid phosphorus pentoxide»

H* iurlty of the Gos&ustton Heactlon 
The cyanogen, previously dried by passage of the gas 

through anliyirous calcium sulfate, was burned in an atma*~ 
phe,•© of purified oxygen in the calorimeter reaction vessel# 
The- combustion w e  initiated by passing an electric spark 
across fch# ends of platinum wires at the tip o-f the burner# 
Thm flame burned quietly in the reaction chamber*

Substances other than carbon dioxide and nitrogen in. 
the products of nation would be oxides of nitrogen and 
carbon monoxide* After about fifty ignitions of the 
cyanogen, with combustions of varying duration, including 
those of the cmlori^etric observations, no significant 
deposit of carbon m i  observed in the reaction vessel#

Beoauee nitrous oxid# Itself supports combustion and 
sine# the combustion of the cyanogen occurred in a flame in
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fch® pro sense of about §0 percent sxosss oxygen, tlx© posal«» 
bllity of the presence of nitrous oxide as an impurity in 
the eosatesfcion reaction appeared to b© wrj rossote» fh® 
otter o^Mes of nitrogen are acidic, and, mixed rife oxygen, 
or air, are cesspit tsly absorbed in alkali solution# (nitric 
■exid# will oxidise under these conditions [!$] }* tennis and 
Wletels \£0] report that xetbods for 'the detection of nitric 
oxide appear to he Influenced by tfco higher oxides, if 
procant*

Far the detection of any nitrogen oxidea, the effluent 
m s  f r w  a oohmsetltm of cyanogen In the cad orlmter reaction 
vessel was passed through a solution of sodium hy&rcudLde, and 
any nitrogen oxides absorbed war# reduced to asgaonia with 
F’t w i t h  alley# fills was distilled off, and the dletlXX&te 
was tested with Ifessler1® reagent# It was calculated that 
the fonts t Ion of lO4"** moles of nitrogen pe*oxide par iiole of 
asrbcm dioxide would result in & c&lorl'netris error of 
0#fK503 percent in the rc atilt in r heat of combustion, sad a 
abetchtcm® trio error of 3#01 percent in determining the 
amount of reaction* Control teats showed that amounts of 
nitrogen of this erder of mgnitiide, present as an t gulssolal. 
mixture of nitrate end nitrite, could be readily detected 
In this way* in five combust Ion as peril j's© n s e , fixed nitrogen 
was f otari 1m amounts varying up to 2 per a ant of th© total 
ajEsnmt In the cyanogen burned* Attes&pte to reduce this by
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varying the fl$m® velocity of W m  oosabuation, bj mibetl* 
tuilon of a diffornni reaction vets#!, or by changing tb# 
beohnie of ignition war® unsuccessful, or x&\re difficulty- 
in eocurin/? ionitloa#

It was thu9 n«o##s&ry to determine qmBiifeaiXvoly far 
each colorimetric eonhuotlon, the nltrrhe and nitrite 
■pTmmnt in the Atoarlt# used for tb# absorption of carbon 
dloxlto from the reaction* The volumetric method for to* 
fcerainin?* nitrate, of STolthoff, Santoll, and Mowkwrlte [8l\, 
which topento on thn reduction of nitrate with f arrows 
sulfate, rsino ammonium aolybtot# a® a oetelyet* was found 
to ho tinaatiafostory in the pr&stne* of nitrite* Ho attor 
method was avail able for tottroilnlnp nitrate directly, #0 
that it was necessary to estimate the nitrate by di f.farena# 
of nitrite .from total fixed nitrogen, as determined by re* 
duet ion to MHonta by nova rto*s allay, and direct titration 
of the amonia when ft still ad off* TTI trl to wrs Ootoimlned 
On a separate portion of the sample by oxidation with 
potoeeium pernsingpnatc [j^j* the &dxyvt#d procedure for the 
mttrofen analysis follows*

Iftor walphlny the carbon ^toeMe absorption tube used 
to determine the amount of cyanogen combo, etlon, the atop** 
cook# wor# removed, and the barrels wore carefully cleaned 
of stopcock grease, using «tber# The layers of phosphorus 
pentoxito and - e a slum perchlorate woiu- r:moved, and 
traces of this material roaring to the ^lae# wort carefully
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washed out with a Jet of distilled water played in s-uch a 
manner as to avoid wetting any of the Ascarlte* fha 
ashes to# plugs over the Asoarlbe were removed,, and ms much 
material was was loose (including the asbestos plugs} mts 
transferred to a beaker* the remising material wit 
leaehed out with water, with mil washings being added to 
the beaker* This solution was quantitatively filtered 
through a Buchner funnel, and the filtrate was transferred 
to a S00 ml volumetric* flask, which was then filled to the 
mark with water* From this amount of solution, 100 ml was 
pipetted out for the nitrite det a ruination, and the remain** 
lag material, plus washing® from the pipette, was used for 
the estimation of the total nitrogen*

For the titration of nitrite, 30 ml of 0*017 molar 
potassium perswuigasuite was added from a burette to an Brian** 
neyer flask* this was diluted to 73 ml with water, and then 
85 ml of IS H sulfurio mold was added* fhe lOQtaal sample was 
added to this from a pipette, with the flask being cooled in 
tap water* The cold solution was then treated with standard 
0*04 molar tediw «sXabe until decolorised, an Integral 
amount of oralstc being added* The end point of the titration 
was reached by the further additions of the pexm&gaisate , with 
the solution heated to 60 to ■ 00* 0 before the addition of 
the last few drops* For each determination the pormng&nat© 
equivalent of the eacalaie m s  determined in the sane maimer, 
and the color blank on the end, point was determined in each
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m m  by the Edition, of tints to 05 ml of the 18 2
i u h w i s  #cld* diluted to the acuso- volume as the solution 
be I rid titrated, until the color mtchsd that selected ta 
the and point in the regular titrations* She reactions ln~ 
solved wore

5 Jf% * 2 !tt% 4- g r  « 5 HC% * 2 Mn** ♦ 3 % 0  (11)
ft HaO* * 5 O2I 4 * IS H* ** 2 m * *  + 8 HfeO + 10 OCte (12)

%  converting the jmmasuifsaiaafce consumed by the nitrite into 
the equivalent amount of amla , the primary standard weed* 
tiiori 1 mol# of oxalate Is equivalent to 1 mole of nitrite*

The total fixed nitrogen, a a  determined from the re* 
mining alkali solution obtained from the Ascar4 be* This 
isa reduced for one hour with 2 g of Devarda,s alloy in a
Kjeldahl still * and then the ammonia was dig til ltd Into
50 sal of 0*05 j| sulfurl* add, which was baek~titrated with 
0*05 5 sodium hydroxide*

In those determinations It was necessary to knotrt (1} 
the completeness of the absorption of the oxides of nitrogen*
(2) the completes*#** of their determination* and (3) the 
effect of small amounts of cyanogen* To tost tabs first premise* 
a combustion of cyanogen was run for 4 minutes under the- nmm 
conditions a© in the ealortoetrlc experiments* The reaction 
Teasel ess connect#! to an absorption tuba charged with 
Asoarlte, and this in. t w m  was connected to a gas*smehing 
bottle fitted with a fritted glass bubbler* end filled with 
10 percent (by weight? sodium hydroxide solution* This
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•olutioa wms examined for nitrogen by reduction a ad treat** 
oont with leual arfs reagent, ®@ described above* 'Won# was 
detected In a test ^diieh would hair# shown the presence of 
lose than 0*01 .% which anount was- esfeinmt-atl to be 1 part 
in 400 of the nitrogen actually fixed in a combustion oar** 
ri#d out under these oenditleriii*

Control testa were then m a  on aasaples of 3S g of 
Aaoarib* (the amount used in all absorptions} to which was 
added amounts of sodium aitrafce and sodium nitrite which 
ware ecprnl in ^giti feuda to those actually found in the 
oalarimctric combustion* As an average of three such experl* 
svcats in which. there were added 0*000608 moles of sodium 
nitrite end 0*000482 axel©a of sodium nitrate, there were found, 
ny the dat?.r m i na11 one described above, O *002668 moles of nitrite 
and 0*005120 mole# of nitrogen* labile no m t t m a p t  m e  smd* to 
purify tie control samples of nitrite and nltrafc#, t f m -result® 
indicate that the nathod of dabermination m s  sufficiently 
accurate for this investigation*

(fo determine the of feat of snail ftmmts of uiibwrned 
Qjtmogpn mi tfio determination, an absorption tube was charged 
with Aaoarito; and cyanogen, flowing at the rate used. In the 
caloricstrio experiments, m m  passed Into th® absorber for 
30 seoonds* Ifo afflux of gas from the tube was observed, 
indicating: complete absorption of the cyanogen <*• a fact 
necessary to establish in the determination of carbon 
monoxide, s* explained later* i*h» increase In nest of the



tube 'ms O*0;56b g* fha AmourltB from this tube mis them 
t.cos ted aa in 13m or.bLmtry mmlphiofel defcej^dimtions* and 
it mis found that the absorbed cyanogen bad no effect on 
the titer m  si thex* the peamngemvte or the sttm^larci sulfur 
no;td usod in the analysis*

In order to dsterstlao any carbon monoxide foraed in the 
©a:abi;.st.lon# the effluent gas fraeu fch# sarbon-dloxid# mb** 
sorption t'a'be was pas sod Ilmougli a combustion tube of Com- 
lag 17© glass packed with copper enide and umintalnecl at a 
ionpermture of about 600^ C. fii© conneetlous Hero all glass* 
Since no onMas of nitrogen ami no cyanogen passed through the 
e&rbonWil oxide absorption tube# iwy increase In mes of a 
cecond si ollar tuba, connected to the exit and of the 
bust!on tube, would, be 4a# to carbon monoxide oxidised to 
carbon dio::id©* fills, point was established by running & co*** 
bustiom in the regular manor* the exit gas from the reaction 
vessel m s  passed through tiro A*carit* tubes connected direct** 
Ip in series* and joined to a third conned bed at the exit end 
of the combustion tube* fli# Increase In rmsi of the first 
tube was 0*553Qf| g, that of the second m e  0*00042 g# while 
that of the third* representing carbon monoxide* was 
0*041% g# Am smslysis of the contents of this 'third tube 
for ulirogen i e negative results* Finally* m  axperlmefit 
we3 per feme d In which the cyanogen* flowing at the rate used 
in the combustion experiments was passed directly through two 
absorption tubes canneeted In series* The system m s  them 
swept with dry oxygen* The increase in m s s  of the first tub#
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W8 * n:$ and ttmt of tim ttecsM wrs O*0O0lg g* These
Indicate that n#lth#f* nnb*sr»d cyanogen nor 

orrtdee of nXtro^n passed fehroujeh the first absorption tube#

3* I^benstna felon of the Amount of Reaction 
Xu these experiments, the amount of reaction was d#~ 

feeraKXnetil froa the of aitrton d o d d e  forsscd In the
reaction* toy correcting the observed increase in naas of the
abaortor for the of mpuxvifcle£ round by anslyei s in
omeh oo&tos'feitm* umi uXsq fur a ssnalX aircurt of cpn.no.-^n re­
mainlag unowned during o&cl* rgniiion ^ul c-tdct 011 process* 
The sstiaML&Um of this lot tor guuirhltg will ba ecu silo rod 
deter C see -sue0$»ion ** o* taua pu^sr) *

X*h® absorbers were o A «*&*& ** *S ual 1 wuco i#ypc ̂ fitted rrith 
gr<Am&*g£mma connecting Joito a, and v/ê ; charged with 
As cam t# 4 oeofced **.*'&& anhylrc tluci parchlorate and
phoephorue p#tooxldo* All weighings were corrected to vaetnss* 
1*0 the observed increase in m a s  of the absorption trba con­
nected directly uo the reaction vessel, thc-rs ;ms added the 
increase la im§& of the second absorption tube, connected to 
the first itauugk the capper-ouide conduction tuba (riving 
the carbon no^o>i4&# tonicd to carbon dioxide), F r m  this 
there was subtracted the mases of nitrogen onid.es determined 
in the nitrogen analysis (present a 3 ultra to and nitrite), as 
well a@ th# aeera^c. m a s  of uhtoraed cyanogen produced, per 
mxprnrxwrnntm This result gaac Hoc toed m a c  of carbon 
dioxide x*eprea«nfciag the asaount of roar-felon*. One mule 
<44#010 g) of carbon dioxide m e  taken a# oas-half atel® of 
cyanogen#
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t* cAtmimmw 
1* Else trt eal~Enorgy Experlstaat#

The energy source' for the eleotrioal-energy #xp#rlm#nts 
vms a store ' battery of 40 volts* The power inpot into the 
calorimeter wa® det Attained by manuring (1) the potential 
drop &cno®« the heating ©oil mad (8) the potential drop 
aero#© a standard reel stance through, which passed feh# same 
current which flowed. through the heating ©oil (pin# a mall 
anleit labia amount which shuntad throiigh the potential ©oil© 
connected in. parallel with it)* these voltages were 
measured on a Whit® double potentiometer having a range Of 
100,000 microvolt#* The sensitivity of the## mraswemetit# 
was such that 1 mm on the galvanometer scale (1 m dlsfcaat; 
from the galvanometer) was approximately equivalent to 
0#7$ microvolts* The scale reeding® wore estimated to 
0*1 aiBt* It was .found {a# in the preview a experience of the 
Theimtochemicel laboratory \sl) that the variation of the mir** 
rant and volt a re was small enough to permit the calculation 
of the energy input a# the product of the time, the average 
current, and the average voltage*

The time of the experiment# was mees'ared by second las* 
pulses relayed from the master clock of the national Bureau 
of SifRdards* For ©ending the current through the heating 
coil for a given, known length of time, there m a  employed 
the apparatus of \j83] * which was actuated, by the
timing relay* This apparatus is equipped with a Man ©  of
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fable 1# bfilorl'.;K'trli suite of tie ©XeotruccX̂ -enernp 

©xperiar/.nts s epanopcm*

. Expert- menfc A Hi K T'f j riecfcrd cal energy® Mass of ealcrime-
•£*• «•■., “j \Kt ' . 4*

hlecfcric&l
■er- *y "t* <«Mrr u a /Iv -*equivalentofoalorime- ter spstcr:.î

Deviation

oha8 ritn-1 ex. ms oins lnfc j int- j/abs* ohm 3/ohm

1 0»397063 0.001314 0.015260 0 « 000145 50 f 335*0 5v02 #50 152,584*1 °*o
*5 •304050 .001011 *015463 *000037 57,743*1 3603*85 152,3u4*i 0*o
3 .399572 .001014 *015134 *000057 53,500*5 3605*06 152,367*5 —16 *0
4 .393X21 .001911 *015556 * OlXMil 3 07,640*7 3607*53 152,389*1 -25*0
5 ,392779 .001903 *015643 .000136 57,434*4 5599*71 152,857*9 ~£6 #2
6 .393040 ,001912 *015471 *000004 57,461*6 '>596«16 152,850#0 -84*i
7 .393601 .001916 *015356 *000035 56,369.0 5599*56 152,856*2 -27 #9
a .336925 .001933 *015640 ,000453 50,045,2 3599.52 152,437*4 +53*3
9 ,505293 .00101C *015477 .000176 57,038*9 5994*35 152,435.3 +51*2
10 .3047SI .001924 #015034 #000172 57,780*0 3600*66 152,408*9 +24 *q

Mean • * 152,364*1
Standard deviation of the raecm * • # * • # « # # * # * # • » # « * « * * *10*5

averrpo temperature of the calorimeter was 24*9S:> 0 fop o :p€?riaont 4% 24*90''* 0 for expe .-imcmts 
2, 5, and 6$ £5*00r> C for experiments 0 and 10g and 05#013 0 for experiments 1, 3, 7, and a#

S’fh© tlx© o .. e le cfcri sal -energy input was 2280*00 seconds in ex oh. erpermxiont#
Spor 5600*00 p of waxer and an e vcrna pa to.xponafcuro of 25*00 1 C*



revar©tog connections, so that rtsrthgg and. stopping the
flew of nmrr^nt, are accomplishad bn to* sms© m®ch&nl oml 
operatlon or th© switch, n m o e l l t o v  out its tin© lag* Ewing 
pooled© when the current was not H m t t o w  tbagoiito the heating 
coil of the c&lorinr-f.er, it wmv sent through am eqixal, ©a**
tormX, 2 lislng resiftbsnea*

Th© date of the ele©triesl^r>ergy «|>SFln#nt# f on this 
Investlgmiion are given in table 1* lie- various qu&nfcitias 
h&vo the- name significance ae mlnwm (section XII)* Hi© 
at.mdarl deviation of the sv^ra?#* ftlu# of the electrical**- 
energy equivalent for those experimenta is *0*007 percant#

3* torressian kxxmr&asnfcs 
in tha ©al©rlim?fcrl© a€&&ou*ti.$n ««perimeat&f to was mom** 

sary to tsake toooml al* the following sour©#© or sinks ©if 
energy, lrbloh wore not present in the experiments* with alawfcrl* 
cal energys (X) the spark ©aargy# shlon is the energy ia&ro* 
duasd into the oaloriaatsir when the iwaobion is initiated by
passing an alaatric spark aaroas U m  mmIm of pltotoum wires
at to# tip of the turner in %km reaction ysasslf EilCl (j|) tibs 
gas energy* wMah is the ensrgy added to or taksa froa the 
aal^ri.«t#f ay to© inflowing axyi*§#ii and aymtiogan entering 
the oalorlaeta? at a toxparafcura different froia the avajnag* 
issuers tors* with rsapaofc to ti:a#f of toe o&iortoto#!** 

ill© spark energy was determined eaXgrlsRa tri ©ally by 
passing to© spark aeroas toe tip burner* wtok oxygen
xn toe r#action vessel# to# touiperaiurs of tot ©alorliaefcw*
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'Table E« Eacperlawitttit determining ttie epmrk energy «

,: Tim* ofeparkimg Energy ofspurklug .> Spark •*M*rgy
eeeond* 3 3/«®e

1 m 101*1 2,11
2 48 i 102 #0 2.13
S 48 9ft«ft 2.07
4 48 ; 97.0 0,03
ft 40 97*0 3,00

Average 0,07

Standard deviation of tfe* me am * 0.02



m

for these experiments, m e  slightly be lew that of fell# jacket 
and the time of ©ptrkinir was t*bout three times that employed 
in & rogulmr combustion iiptrlMnfe# She product of fell# re­
sulting small temperature rise of the calorimeter and the 
energy equivalent gave the amount of M g  sparking energy*
She results of fire experiments on the evaluation of the 
spark energy are given in table B*

Thm gee energy was calculated frees, the known heat 
capacities of tlw g$asee, end the dlfferenee between their 
temperature (taken a# that of the air near the connecting 
tubes leading, to the reaction vessel) end the average 
temperature# with respect to time, of the calorimeter# For 
this purpose, the heat capacities of oxygen and cyanogen 
were taken as £9*2 and 44*6 joules per degrea^mol®f respec­
tively 8̂4] •

As mentioned in section IV, besides the impurities In 
the combustion^ which were determined and accounted for In 
each case by chemical analysis, another stoichiometric cor-* 
roc felon « $  necessitated by a small amount of eyanegen which 
remained unburaed during the Ignition and extinction 
processes, and which m s  absorbed by the earben«di.oxlde ab­
sorption tube* fhe value of this correction m s  deduced from 
a series of eight ignitions and extinctions of the flame car­
ried out ealorisietrleally and under the same conditions is in 
the main oalorimeferlc eonhu*felon experiments, but with the 
ext 1 notion 1 .mediately following the ignition* From the 
evolved reaction energy, obtained From the temperature rise



taq^rlM&ts fc£$ni&B£n$ Mm mmm% ©f rdmlaiiift tmi»ifw4 in aae&
44K&$ta& ^  #f M m :t%mm

lawn̂ •quiir*l*nt
■' C«l©ria®» , t * r  

■• im rg y

Sp«Pk
mmwm

Reaotloa«wPj®r Oftloul*t«4aiE'ES ̂*̂HPS"4
0%

Cb«#rv®diaor****la wm, of. •6co»pH4B Attfe© '"\.

Calculated aaaa 66 .,|£a«4.lK4l*6jg '■9W*

A MtSmtS*Vlat3Pfswsaaeon

infe j/ebi. • 1 *■?* ' : I. ■ •* O 6«h*
188*840 • M d M M : 184,8 M k l- .. 163*3 o * w m 0,08961 0,01728 -0,00002

• *; 188,840 -.•maai : 873.8 '•I , ■ %"■ 247,1 0,01966 „< JkflKIIBJPfelft,03721 ,01736 + ,00006
s iS6,S8o"V' *001737 863,0 31,1 1,833*8 ; .01879 : ,01086 ;- ,00045
4 102,600 ,001090 ;. 848,6 , ***i- . 811*6 ;''■*01089 ., ,03513 ,01814 > .00064
1 ; Hiift" ;■ *000888 ,:: im *9 ;■#,» :,3*Mt , ■',#06946 ; #02080 ' ,01710- ■» *00080
f§ ,j: 138,630 ,000810 > 183*6 31,1 : 9a,6 : .*0074$ .02457 .01714 - ,00016
T J ; 188,410 : '*000786 : 116,2^Fw.KV 24,0 90*3 ... ,02444 ,01719 - *00011
f  ’ 136,416 , 174.1 31,1 : ,02833 ; .01730 + *00006.

A ^ p  > « * * #’ *W # * « * * * • «  * t # * • * « • • * • * i t- »’ • « t t

Sfeandard deviation of -Mm mean * •# «- * * # • • * # . * # * * * • * * * * #.. * *
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of the o&Xc rlneb&r and its energy equivalent {and correcting 
Tor trio spark energy there was eossjmted fch© m s i  ©f carbon 
dioxide corresponding to fcMs quantity of energy # which would 
have toon formed in the pure combustion of cyano^ea* In thin 
calcrula tlon bh&r# was need for the most of combustion of 
cyanogen the m.lu§ 1096 kllojouXsis per mole* fhc difforono# 
bo Swoon the calculated incrcmno in. mas# of the carbon- dioxide 
absorption tube and that actually observed was t e i m d  to be 
uhbwned ay&no&en* The data of these experiments ar# glwa 
in. table 3# and the average value was taken as the mas of 
unturned ©yanoipa in calculating the i m m l  of reaction in 
the ai&ln eftXorlsiefcrio combustion experiments* The uncertainty 
is taken as twice the standard deviation !©]■#

3* Combustion Experiments 
The data of tern ealorimatrie combustion experiments are 

given in table 4# $be various quantities bar# the same sig** 
nlfleaneo as above (section III)*

la order to alter the amounts of nitrogen oxide# fsrsatd 
In the embus tl on of cyanogen* a second set of colorimetric 
combustion tip crlments was performed In which the oxygon used 
for the combustion m e  saturated with water vepw at 0# C#
Since this water ws-iM have to be accounted far ® tot oh 1 ometrl&l* 
lyf tern experiments were performed to determine the re product** 
bility of the mass of water which would be added to the 
products of combustion in this way* The experiments w#r# 
‘Carried out by flushing the oxygon line (connected with the



Table 4. Oaloriaa:trie results of tii- rc..̂ L x ■. n >u jurats xor oy <.ilO St.© II *w 2/a

G-xpsri-m-nt A X K U ij 1. e 0 f x* 10 ia 1 energy equivalent 
ofcalorimeteray st em

v th S
energy energy j# atreactionenergy

increase in mass of COg absorber
Mass #pC*1 uetermin̂ d Mass *«̂0c net errn.i. nf d Mil S 8 00 'I fro® CO oxidation

Me. 5 3 Ofoo?-

ohms min~* ohms ohmc int. j A- H«.ohms 3 3 3 £ ft ft
M> •*#- .- . m •.***. ~ei viMRMI

F

1 *.?99*17 0.001919 0.015r3?< 0.0001714 190,797^ .9 n.i 5*,M*.7 4.n',5< 9.19 f9̂ 9.!0?*o 4,7759̂
2 .̂ 97°17 .001990 .r<l ,9p9Tj<V ♦ 'n.n 214.9 9 ,̂419.7 4.7078* ,0950^ .1 -°9* 4.77921̂
1 . 1971 ** ,0'-19?5 .ni ̂ *1 .000019 1.̂9 ,̂97.n ♦Ul.U. n.i 97,007.̂ 4.7«i'-*a #9Q077 .1̂ 1 9f; I4.749V0
4 . 107077 001 O xi .- t EJ-li-x .0001■'7 1 *52,^1.7 x »».P 71 .1 K* ok* 0J ♦ 4.7'ICi,; .19 71̂ .194% 4.7?̂ 5^
5 . 10*71$ .001999 .01549 ■* .0001^9 15? ,*>15.14 > 4.p n .1 r: * y ft? f.' y ' • 4.7*18, .1047? .0187* .177^ 4.79 <̂<
r •3975?7 .0019K .014975 .000202 152,<25.< ♦ <.& ■ 71.1 5%, as.3 4.7551! .10551 .0170* .11424]* 4.797-7
7 . <97478 .001931 .018540 .000000 152̂ 2̂ .9 - 0.2 41.5 57 792.g 4.<o47- .UUi .03 U?5 .2 30 20 4.773I5
0 • 399497 .001921 .014528 •000 £ 10 1 'jt *1 j ̂ b ’■■'•. 1 •r 2 3 • 1 !) 0 * 2 5S/73-* 4*7 00J . 10a2̂ •03074. .159*̂ 1 4.8.177 ̂
9 . 3984-11 .001910 .014541 • OOOltiH’ 15* *1 + 5X.5 < • .5 95,445.5 y* ~7*•7 70o • lO .0-12̂ .i>41^ 4 • ba02̂.
10 • 557811 .0v9 1930 .014097 . \j au fi-bS lp2 ,40p *g •*• *. . 0  ̂1.1 pb j 4u <- • 2 4*7505/ • isi 1 a 30 0 . w j. . .19^2 4. <>i 3I44

T̂he nt?r?'• are temngr&ture of the calorimeter w- s 25.00a 0 for experim-- nfce 9 no 10; 25.01° 0 for expi-rim nts 0, 3, 4, 5 <, ■ no 7;
rind 0 for experiments 1 find &.

OClnclude^ -• correction of -0 .01739 £ r 9 the amount of unHurn*d cv no>r-n *hsorbed in r-* oh exnerim^nt.
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$ftbXe 5* Experiments oa th© reproducibility of th© m©«a of 
water collected from w&ter-a&turatad oxygen a##d 
in the aemhnat&0& of oyanogen and or the a© condition*

Experiment* Mass of fttffi* eolleated Deviation from w e n

X
g

0*050%
,£fm

-0 *001%
2 *054% + .001%
3 .038% 4- .006 6^
4 .05077 - *00X17

1 .056% 4* *0048*0
6 ,053%" •4 *00072.

*049% — *0 0 0 9 7

& *#41% - *O02S4
9 *04847 — *00 6 8 7

IO j *041% — #00550

Mean 0*01234

Standard deviation of the m & m m *0*00197
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A h1 Ic £ u electrical
energy
equivalent
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dslor1me­
ter system

UkS
onergy

dpark
energy

Met
reaction
energy

Incises© 
in mas*
of 00g 
absorber

Maes JfpÔ  
net r«j.n#d

Mfcsg % 0e
determined

Mass 00g 
from 00 
oxIdation

Masa of•> “• n 2

or-ms min~^ ohms OhB8 int .3 /sbs, j ,1 1 g pr £ g t?

1 0.39*4x< 0.0^19?9 n .019^99 0.000170 - 0.1 T1 .1 5^ 409,? ^.8« 0* ^ . n o K O p n 0.01 *.7^99

2 .197995 .001937 .oiiJ-99? .000158 15? ,"'5. g 4- t.I • t 5# ,'7S?.l • 0 7 < 7 5 .017S* 14.7^787

3 .19S50S .0019TB .01'79? .0001 <0 l"2,<3^.g t 7-5 31.1 5*,?3*.< 4.80^, .07«< .011^ -0?394 h.7011,5

4 .39^307 .001921 .015214 .000154 152,H7.g +15.s 31.1 5#,2£1.5 .̂858*1,. • < > 9 5 < o .021Sg • 017Q< *t-.<9«7u
5 .39<970 .001931 .01753* .000155 152,»W1 .0 fl? .2 35 *2 57 >7*5-7 U-. 8310 k, ao390 •01$2 .01374
< .399937 .001930 .015243 .000092 152,7<1 .9 ♦ 0.9 31.1 3s/IS. 4 .099% .o?53< • 0193! ^•723<i
7 •39*415 .001939 .01792S .000195 152,712.c t r .5 31.1 50,041.5 • 10 20 .01S 3̂ .Ul 4.<7.-T50

‘The temperature of the celorirsst'T 25 *00a 0 for experiment • nd 25-01° 0 for experimenta 1, 2, 3 4, 5 , snri 7

pIncludes * correction of -0*01730 £ ":B the overege amount of unburned cŷ nog-n absorbed In e* ch experiment, sa eell 
correction for the mnec of wt-r vsr̂or introduced îtb the combustion oxygen (see n. ?7).



paction and a w&fcor absorption tub©} v?lt& dry oxygen*
flowing at tee uomaXXy used in the oam-JUitlomi by ̂passing
it# Tor 4n mXautcm (the usuni time of flow in the eauousfcions) 
through a gaa-^a«ixiag bottle having a frifct©&~glas& bubblor* 
and iiamcosed in an Ice oathj and again flushing olth dry 
oaygen# Ĵio data ©£ ikes© o^&rlmeats oro givon in teal© b*
£h® average amount of "rater absorbed la tM$ 'mi 
0*0523440 *00274 g* fke estimated uncertainty of tbs deb©rai» 
nation or the amount of reaction da# to tils amount of water 
wee #0*057 percent*

!2he data of s s m  ealoriastrl© combustion experiments 
carried oat unde? these eonditions are given 1 n table 6* In 
those e^erimeafcs for which the time of flow of water** 
carrying oxygen differed from 46 Minutes# when computing the 
stolehloaetrie correction for tele* the amount of water ah** 
sorbed was assumed to vary linearly with the time of passage 
of the oxygen# the effect of carrying out the combustion 
of cyanogen in this lamer was to reduce the mount of carbon 
Monoxide to about oxiê telite of Its foraer value $ and the fixed 
nitrogen to about 00 per cent of its previous Mount*-



For the final calculation of the heat of oosabustlon. of 
cyanogen* it 1® neoeasary to identify the particular oxides 
of nitrogen fovs»d in the reaction weasel cawing the ©om** 
huatlen* in order that appropriate corrections for their 
respective h«ata of formation may he mad# to thm ©&X or 1st© trie 
observations* For this purpose there must be eonaldered 
nitric oxide* nitrogen dioxide {in equilibria with* its 
dimer* nitrogen tetrexlde)* nitrogen trloxide* and nitrogen 
pentoxide (ae well as nitric aold wapor in the ease of those 
experirsente- in which water wapor was pro sent in the reaetion 
chamber)* All those etibatanoee* except nitric oxide* are 
absorbed by solid sodium hydroxide# Under the aon&ltlona of 
the present experiments* no oxides of nitrogen were detected 
in the exit gas from the carbon dioxide abeorptlon tube#
Hence it follows that at least half the nitrio oxide issuing 
from the calorimeter was oxidised to nitrogen dioxide#

Hitrogen pantoxide 1» known to decompose completely at 
05* 0 {p* 550 of reference [if] )* According to Seller 
(p* 449 of reference [if] )* in the gaseous stmt#* the dia«* 
so elation of mtrogen trl oxide to nitrio oxide and nitrogen 
dioxide is virtually complete* fMs is corroborated by a 
calculation baaed on the equilibrium data of Verhoek and 
Ban!els \pi] * mn& according to the conditions of a typical 
com&uablon experiment of this inw©stigablon*
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It thus appears that* during the combustion of the 
cyanogen, the fixed nitrogen present in the effluent g&m 
from the reliction vessel was a mixture of nitric oxide and 
nitrogen dioxide Cim equilibrium with-nitrogen tetroxidk̂ *
Coneernlng the absorption by solid alkali of thsse safestances, 
Mcllor reports the followingi (1) nitric oxide reacts with 
solid po tee el urn hydroxide in the preeenoe of excess oxygon, 
to form mainly potassium nitrite, but that some nitrate is 
formed a® well (p* 431 of referonce \lf] )f ft) nitrogen 
dioxide or tetroxl&e should react with solid alkali to give 
eq-ulmolai amounts of nitrate and nitrite, but that larger 
amounts of nitrate may be formed (pp# 539-40 of reference
[l0] ) | and (3) nitric oxide and nitrogen dioxide in equlmelal 
amounts are absorbed by alkali as pur# nitrite# Burdick and 
Freed [bt] state thet assuming these absorptions of nitrogen 
oxides as pure reaction© la subject to some qualification*

A reasonable interpretation of the processes occurring, 
with respect to the fixation of nitrogen during the combustion 
of the cyanogen, is the following* The primary fixation was 
the formation of nitric oxide, which then oxidised to the «i* 
bout indicated by the analyses to nitrogen dioxide# Letting 
a and b be, respectively, the amounts of nitrite and nitrate 
determined analytically, the fixation reaction In the 
calorimeter was

[m * b] [1/2 Wglg) + 1/2 OgU) « m(s)\ (13)
Also, the nitrogen dioxide was formed according to the



equation
1/2 \& + [ao(s) + 1/2 08(g) - KOg(g)] (14)

Thm absorption of the ©xldee of nitrogen took place accord** 
lag to tli# reaetions 
1/2 [a - b][l?0(g) + M%(g) + S»*0H(c) * 01M0g(e) + HgO(e)J (IS) 
%[l.02(s) + fiftOH(o) ■» 1/2 KftXQgU) + 1/2 8&W0$U) + 1/2 BgOj (16)

A oin&l&r interpretation hold# for those experiments 
in which, water vapor was present in the combustion chador*
In. addifelonff however, same of the rxlfcrogen dioxide .formed 
reacted with the water vapor, to fern nitric acid vapor# 
fh© reactions which occurred were

[m + S\[l/2 Hats) ♦ 1/52 OfeCg) - H0(s>] (IS)
1/2 [a + 2b][lI0(c) + 1/2 02{ ?) » HOa(g)] (1?)
^Oa(a) ♦ 1/4 osCg) + 1/2 uao(g) - 12103(3)} (is)

Tim absorption 'by Amort te of these substances took place
according to the reaction*

%/% (K0(g) ♦ HOg(s) ♦ 83aOH(c) » 2KaS%(o) ♦ H20(s)] (19)
b^Si0 3(g) + SaCH(o) » SaHOs(c) + HgO(e)] (SO)
fh® e&lorlmetrle date obtained (section V) were calett** 

la ted on the bases of these a# ©nation®, sad the data, are 
presented in table* 7 tmd 8# The fraction of nitrogen dioxide 
prm&mmt a* nitrogen totrestid# was computed by an erralXlhriwat 
calculation based on the data of Gl&uqiie and Kamp [28 ] f and it 
was found to he negligible in the pi*#sent ejqperiaesat®* For 
the heat© of forrmtlon of the nitric oxides and of nitric 
acid, mine® were taken from the compilation of Blehowaky and 
Hoeelnl [29̂ * and the vain# of the heat of combustion of ear-* 
bon monoxide was taken a® 282 #94 Infc kj/mole \$o] #



T-ble 7* Oel oul -■ * ion of the h555 ̂ t 0 f of cy a f T tb 0 i.ta of t* 4' 4' 4,

zxp' -ri- 
m-nt

Amount of 
nitrite
deter­mined

amount of 
nitrete 
deter­mined

mount of
10
formed

Amount of 
HOg
formed

amount of
00
formed

Heat of 
for­
ma tionof m

rd^t of 
for­
mation 
Of HO2

H 'at of 
ooia- 
bust ion 
of 00

Jorreot*d 
renotion
energy

amount ofa.. k2 
burned

H -St Of 
OH1— 

bastion
:,t ?3 ? 0

: eolation
from
mean

mole* moies moles moles mole , int. j int. j int. j int. 3 m- less int • j/
mole

li j / ikQ X ®

I 0 • 00 2 792q 0 .0Q03G0 g 0 .001^4% 0 .001S%2'2 0 *>jQc 536^3 -1 1 2 .7 — ad . 1 5a  .0 5^ 4 .6 u .0^4255-3 10 >3 .4 3 -1.33
2 .002<<32 .0004<30 .0 0 1X001 • 00202^1 •00 4.7 739 - yj»* -<6 .l 7o4,1 59352.2 .0i>fel9g 10 94.64 + .os
3 .0 0? .00057% .001025* «Jw C. I7X2 .u0£v9^x ~~ 9 ^ .7 -7 ^ -9 $46.3 59011*7 •053S550 1095.75 ♦ *99
4 .002713< .0 0 04232 .0011452 .001991< .0035179 -103.5 - ^ . 9 9 9 5.u 5 9 42 3 .7 1095*94 +1 .IS
5 .no?755? .090 ̂ 40 4 .0 0x2074 .OOlSSSp ,?040?<q -109.1 -<•’!. U 1179.U 59^9^.5 .05‘i5l7* 1095.0^ + .??
c .90277^0 .000 71 •001^299 .0a3<27 .0041555 -1 X1 .1 -a~ .7 11 UU.' v ' • m o  4 .12 - m 4
7 .002923? ,0004^1^ ,00104<0 . o o a o % .099m9#> 11? <*• ?v * • “• -7^.* 1 >17- . /T r,9499.g 109 4.1.04

6 .00?<Q0li .omi*4o .0^1151? .00 1 9*1? . •’■'■"'7̂4914 -12)1.2 10*9.? 5007l .7 .'■r>;77a» 1oo4 *• .19

9 .^02705^ .00^9 7 e .■‘̂ 115<0 .00194^2 .2044113 -10.4.5 1 ?lw? .1 59^ 7 ,7 109 ̂ .11 -l.*7
10 .002<^i|. .0000594 .00120? 3 .-0 172 11 .—  4437c; -10>" <— X ’. J •.. ■ . ' -r>7.8 lJ’SH-.M- 5*̂ > .05*Kf«,31. 1 094 .01 - .75

ver g® 109A./d
Standard devi a t ion of the aseea

mmwpi.t»wwMii».iW «wi ilnmiHi iMBimwt.̂1

10 . 34
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fable 8. Calculation of the her.t of combustion of cyanogen from the data of table 6*

Experi­ment Amount of nitrite
deter­
mined

Amount of
nitrate 
deter­
mined ( m amount ofKFO^

Amount of 
WO formed (* amount 
of WQg
formed)

Amount of CO fOTlfl.d Heat of 
formation 
of 10

Heat of 
formation of *02

Heat of for station
of r?wOj

Heat of com­bustion
of CO

Corrected
reaction
energy

Amount of
burned

Heat of 
com- bustionat 3̂&a

deviation
from
mean

mole e moles mole e moles int. J int. j int. j int. j int. j moles int. v-j/mol© Vj/mole
1 0. -Oji+gg o#001063^ ... . 'jUv)3&̂ 0 -114.1 i • 0 100.2 0657.9 0.05344?} 1097.59 + 0,0?
o .oo?o19? .000367̂ •0010096 .?O0399o - 91.2 -33.9 8.5 112.9 58611.7 .0534864 1005.^2 - .95
3 .oo?oi6g ,0002150 .00100% .000543Q - 91.1 *35.9 5.0 153.9 5^512.5 ,0554io0 1095.63 -l.?4
4 .oo?5152 .000405- .0012576 ,0003876 -113,6 9.3 109,7 56537.7 .053359q 10^7.04 4 .27

5 -t,-. ?7;j36 .0003336 .001366a .0003123 -123.5 -45.9 7.7 £8.3 5^035.8 .05?g7«9 1097.52 + .75

6 .0Q?612q ,000469$ • 0013060 . -OOj^g -118.0 -43.9 10. $ 98.4 56662.9 .0536652 1096.85 ■+ , OS

? .00?bS4g •000339g .0013424 . 000310$ -121,3 -45.1 7.8 87.9 5628S.0 .0531300 1097.0S * .31

1096.77

St'- rr̂ rct deviction of the r&pj-.n ♦O.30



Si

vix* coscrmion

the data of the present mp#ri!atots Xudieaie that the 
fftlit# of the h*at of cosahuatlon of eyanogen* at 25° 0 and & 
eon«tant preeatsre of 1 &t&+f Xl«a between the limits 1034*5 
and 1007*0 int kj/mele# Of 201*0 tod 8§2#t keal/molo* fheee 
limit® haw the following relation to the existing data, 
lieted in aeoeadlng order of ?alie«

Xnwetii^tie» Tear Tain#reported {kcal/saole )
MeMorrla and Badger Id] IMS 251*4
Thomsen \4] 1886 289.4
Von Wartootoerg and Sehiitsa \s] 1933 261.3
Present* 1941 261*6 <x <262*2
Serthelot \_s] 1879 264
Oolong [2] 1888 276

While the present investigation ha« fixed the vain* 
with an uncertainty of *0#12 persont* it is hoped that 
additional expert mentation with regard to the nature and 
amount of the prodaeta formed in the oxidation of the 
nitrogen will redaeo the aneertalntsy#
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