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Ie IBETHCDUCTION

In modern chenlcal theraodynscles 1t i1s possible to
svaluate the sntroples of substances by the aspplicetion of
the third law to messurements ¢f heat eapacity, hests of
fusion apd trangition, ete., down to low tenperatures, as
well as from steatistlienl calcoulstions, utilizing spectro-
scoplo and other molecular data. Combination of these values
of entropy with experisenteally determined heats of formation
will yield values Tor the free energles of lormation of many
substances on which 1t is not poesible to meke oguillbrium
neasurenents. This new source of fres-enerpgy data places a
great demend upon sccurcte thermochemlicel data, as was
recently pointed out by Ressini [{}‘l

The cxlsting dats on the heat of combustion of syanogen
ere thoss of Dulens in 1838 |2, berthelot in 1879 {33,
Thomsen in 1886 {#1, von Wartenberg and Schiitza in 1933 [5],
and HoMorria and Dadger in 1933 [ﬁ}. These investications
vield the values 275, 204, EDU.4, 261.3, and 25l.4 kiloe
srlories per mole, respectively (see Section VII of thias
paper).

Bevaunse of the digeordance in thess values, & deternie
notion of the heat of cyanogen was undertaken in the
Thermoechemiosl Taboraiory of the Hational Buresu of

Srandards .

lime fizures in brackets throughout the text desige
nate the litsrature references listed at the end of this
pPapele



I, UHITS OF UHIERGY AMD MOLFQULAR WEIGHTS

The unlt of energy used in this investigsation 1s the
HE8 international Joule, which 1g btmged on standards of the
International ohm, the internstional volt, and the msan
golar gecond, as malntained at the Hatlonal Buresu of
Standarda.

T™he thermochemical values reported from the Thermde
cherzl ral Labor-tory of the Hatlional Bureauw of Standards are
riven in internstional joules, the unit in which they were
meagursd, and, becauvse the calorie is favored by many as the
name of the unit of energy, these data sre also expressed in
terms of & conventional calorie which 1e defined Ly means of
the rslation

4,1833 internaticnal joules = ) calorie
Tie r=lation 1s thet ueed Ly prectically all Amerlcean
lsboratories at this time |25].

All molecular weichts used in this paper were salguw

leted from the Intermetional Atomie Weights for 1940 (7).



III., HMETEOD AHD APPATATUS

The calorimetrie method employed in the present
investiration has been described by Hosaini [@, 1], and
the mothod of evaluation ¢f the uncertainty of the results
hes been <izcugsed by Hossinl and Deming [©]. A complete
description of the appsratus, with subgeguent improvenents
or refinements, 1s to be found in certeain papers reporting
eariier investirations of the Thermochenicnl lLaboratory of
the Hatlonal Uuveau of Liandards Yﬁ, Ios, 12, 1&3. Hince
thege voports nre cowmplois, only 2 Lyief degeription of the
method and apperatus will be slven here,

T these measurements the thermml enerpy liverated by
a meesur~d amount o v given chentzal reastion is determined
by direct comparison with an equal, measured quantity of
slectrionl enercy, To accomplish thia there la smployed &
ealorizetyric gyatem sublect o a definlte thermal environ-
ment, snd whose essentisl componentz ave:r (1) a measured
mase of water for the sbsorption of the heet evoived, (2)
a theracmeber for mesasuring changes In the toaperature of
the systen, {(3) & stirrins mechenism to facilifete the
sttainment of theraal squilibrium in the eslorimeter, (4)
e auiteble renction vessel in which the ~iven resction may
we carried out, ant {(8) on electrical hestine coll connected
with instremente Tor measzuring the energy 16 svolves in the
sglorisoter, Oy alwars operatine with & calorimetrie

system which iz standardized for a given investligsation, the



quantitative correspondences between the chemical and the
slectrical ensrgy is obtained by a couaprrison of the
tenmperature rige ocusoerved in two kinds of experiments which
are perlformed, In the first kind of experiment a mossured
amount of chewicel resction is carried out in the reaction
vessel, which brings the system from an lnitlal tempersature,
£py to & final temperature, Hhe In an experiment of the
second kind, the same calorimetric system iz carried over the
same tempersbure range, &, to b, by means of s measured
amount of electricsal energy. The power for such an azperie
ment is adjusted soc as to produce about the same rate of
tempersture rise ag otcurs in & chemlcal experiment,

The calivration experinments with electrical enorgy dew
termine & guantity called the enesrgy egulvalent of the
ealorimeter, which isg the average energy associated with
unlt temperature chance of the system, when brought {from
ta 50 tne The term energy equivelent is preferred (1, 9)
instead of the expresszion "heat capacity” of the calorimeter,
with which 1t is disensionslly equivalent. The objection to
this latter designation is that it implles thst the heat
capuoclty of the calorimeter mer be evaluated Ly & summstion
of the heat capacities of itz component partes, whioh iz not
admissible in preclse workp and hence, that the physical
boundaries of the oaloriuetric systen are nown, & condition
aifficult to deline distinetly. PFurthermore, gince the

function of the thermomotric measurements in this method ias



sgsantially bo reproduce the lanitlal and Iloal teuperatures
of the calorimeter, knowledge of the cxact magnitude of &
SGorres of tempersture is not regquired. The actual Leuperaw
ture on the lentisrade soale ls needed only Lo determine
thie temperaturs ab which ths reaction may be sald to have
taken place., The uost proclas measuremsnits of calorlieler
teapersbtures are ususlly sade with a platinus resistance
theraomebter, by whilch Lhe sctusl messurcements ers znade In
te:img of elecbriecal reslistance, The guanbitative relation
betweoenn resistance and tenpsrature, obteained for a given
instrument by independent sslitratlon, 1ls, in principle,
unnecessary in the computation of the enersy equivalent of
the ealoriuastric system, sinee to the teuperatures tg and
Ep there correspond, respeciively, the unique reslstances
Lg snd Hne As 2 conseguence, the value [or the energy
ggquivalent of the calorimeter may v expreésssd as inbterw
national jJoules per Chm Incrsase 1n resiztance o the glven
platinum resistance thermomotsr (12].

Because of the substliutional charaster ol thils meihod,
gyscenatic errors I the valorimsbry tend, Ilun genersl, to
gliminate themselves, since they affect both kinds of
experimonts slallarly. Any ervers found in the thermochenliwe
eal vslues obtained are to be expected o originate prine
aipally in the determinnition of the ambunt of resaotion and

in the aemsurement of the eleobrlcal ensrgy. High precision
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is ¢ohtained in this method throush the uge of proper
ealorinetria technie, and the employment of gensitive
messurine devices.

The eslori«eter ie enclosed by (Lut in poor thermel
esontset with) & constantetewmperature water jJjacket which is
mainteined et s temperature slizshtly ebove that of the
salorimetor water after the resction neriod, This subjects
the calorimzter to s definite thermal head at 2ll times ure
inr 1ts operation, and Hewton's law of cooling may be salely
sssumed in the caleulsation of the ¢orrected tenperaturs rise,

In all the calorimetric experiments of thisg investie
gation, the Jacket temperature wre =malnteined constant at
27,087 ¢, and the Initial and Cinal tenperatures of the
sslorimetor wers 23° snd 7% ¢, respoctively. In each
experiment the cbservations wers divided into thres pericods,
Pirst, over a fore period of 20 minutes, readinge of the
salorincter water temperature ware made every 4 minuies.
Segond, Juring s reastion period of 44 to 48 minutes,
sleotrical snersy or combustion ensrgy wag pupplied fo the
calorimeter at a rate whieh byrought 1t to the final teuperaw
ture in 38 to 42 mimmten, lesving & time of 6 minutes Tor
the attasinment of equilibrium in the calorimetric sysbem,

In this period, cobservations of the calorimeter water
temperasture were mads every mimte, and {in the electriocal~
onargy expsrizents readings of the current and velisre were
taken every minute, Third, over an altereperiod of

20 minutes, readings of the ealorimeter water tenperature
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were made overy 4 minutes. PFinally, the Jjachket btenperature

wag debtermined with the same thermometsrs Leparste obserw
vations on the sonstangy of the jJacket temperature showed

thet, over the period of time of a given G&l@fﬁﬁ&t@ie experie
ment, the jacket tewperature varied no more than &£0,003°C.

The substantisl identity of the two kinds of experiments,
glectrical snd co~mpustion, has been graphleally dﬁmanﬁtratad[ﬁ]g

The nsthod of determining that part of the temperature
rise in the resotion period whieh is due te the remction
energy &lone, has bDeen explained previcusly [13]4 ina
discusaion of the type of ocalorimeter used in this investiw
ration, Diecidnson |14] showed that, inherently, Newton's law
of cooling applies as long me the temperature difference be-
tween the jacket end the calorimeter is snall (here no
ereater than 4% C). OFf greater significance is the cone-
sideration that the substitubtional nature of the method rew
sults Iin the cancellation of systemstiec errors. Hence, a
very asccurate calculation of the corrected temperature rise
18 UnNNEecessary.

The sorrectlions to e applied to the observed lLesperfe-
ture rise involve in & large measure (1) the flow of energy
from the jecket to the calorimeter, (2) the energy glven to
the calorimeter through stirring, and (3) the energy removed
Prom 1t due to evaporation of water Irom the calorimester ocan,
The first of these correotlions is the Hewbonian heet flow,
which is proporiionsl to the tempersture differcnce between

the calorimeter and the Jacket, 7The second correction is



independent of the teaperature difference vetwsen the
calorimster and the jacket, and 1lg constan? with tine,

The third may be gubsbondially exprosssd as the pum of two
termg: one scnstant, 2nd ons proporiiznal be the sempersture
of the oalorimeter wantker (and henee %o the negative of the
temporature Al lerence bebtwesn the calorimoter onpd the
Jselet}. The contribution of these effects to the chaage of
semperature wrins the fore porlod (g to W) of 20 minates,
and during the «fter period {g to 4d) of 20 minutes, =ay be

expressed by the followin~ egquations [13):

3 k(gg - B2 :*:‘mz* (1)

. P R Hg = He
a + iﬂﬁfﬁj - ﬁ-ﬁ._-.-"'d) = m (2)

Ry is the jackel temperature (constsni te 20,0003 chm throughe-
sut an experiment) and R (with 1ts sppropriace subseript,
designatinn the time, Z, of obeervation) 1z the temperature
of the calorimetor water expressed in ohvig on the pletinum
thermometer; k is the proportionslity Cfactor in ohas per
chmenimice, for that contribution which is proportional to

the hesd of teaperature (ths {iret correetion and part of the
third); and u is the net constant contribution in ohms per
minute (the gecond corrvection and the oconstant part of the
third).



Turing the resction pexriod, the observed tenperaturs
change iz Rg « 8y, and the contribution of all effects le
expressed by the esguationg

ARgorr * Blie = I+ k(Ry = By o)(Ze ~ %p) = 85 - Bp (3}
The s:ymbols here haove the saxne msaning as above, and also
‘*ﬁmo@r is that part of the temperature rise whiceh 1s Jdue
to the remction snergy slonej while'ggse is the average
ealorimeter temperabturs durding this perlod, computed from
the btemparsture observations taken every mimute, by mesns of
the trepegoldal rule. This caleovlation is necessary because
the reletion between itemperature and time in the reaction
period is not linear.

The corrected bteaperature chanve is, then
Allpory = (Bp = By) = B{Ze - Zp) = k(Ry = By, o) (¢)
For convenienoce in the cslculetions, the last twe terme of
the right hand member of equation (4) are desipnated | and X,
respectively, The observations in the fore and aftsr periocd
sive data which permit the simultenseous solution of
equations (1) sni (2) to give velues for u and k. ‘These, in
turn, are used in squation {4) to compute AR qwee

In order to correct the slightly varyin: amounts of
water welghed inte the calorimeber can o a common wass
{that of the standard calorimetric system of the investie
gation), the hest capacity of wsier at 25° ¢ was taken as
4.1879 internstional joules yer gram-degree G |15], and was
appropriately converted to Jjoules per gram~ohm on the

platinum thernmometer suployed.
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In this investigation the calorimeter snd other
apparatus werse the seme as used previously in the Thermo~
chemioal Laboratory (8, 10, 11, 12|, end, for burning cysnogen,
there was employed the sems reastion vessel used in the
determination of the heat of formation of water (8|,



il

1, Preparstion and Purity of ths Matericls

{n) Crancren,

Afvor o reviow of the nethods Z0r the orerarstion of
gyanogen, the most direet means of generation appesred 4o be
the thermal decomposition of slilver cyanide to metal lic
sllver and oyanogen gas. A method simlilaer to that of Cook
and Robinson [16| was used, as desoribed by Huehrwein and
Gisugue [}?}g 88lver cyanide was precipitated from a satue~
rated agqueous zolution of silver nitrate by the saddition of
g slight excess of sn agueocus stlution of potassium oyanide
(78 pereent Ly weipght). The silver cysnide was {iltered,
wasghed free of exeess cyanide, and dried in an oven at
130° ¢ for 15 hours. The naterisl was a brown powder,

The silver e¢yanide wae transflerr:d to a 3-liter flask
which was placed in an electric furnage. This generating
flask wag then sealed tc & purilying system whioch consisted
of a vacuumn~iacketed still desipgned for lowwtemperabture
operstion, 2 dlfferential menomebter for measuring the purliy
of the cyanogen, suitable ecolleoting bulbs of wvarious
capacities, and & l-liter brass bottle for the stormge of the
purified product,

With all the connsctions completed, the system was
evacuated to & pressure of 105 mm. The furnsce containing
the resoctlion vessel was graduslly hoated Lo 380° ¢ to decom=

pose the silver cyanide., A virtually oven distribution of
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tespersture in the penerating Tlask was obbeined Ly pachking
iron pellsts around it. The cyancpgen was collected by
condensation in & receiving bulb reflrigerated with z glush
composed ol a BO-peroent nixzture of chloroform and earbon
totrachloride ccoled Ly the additlon of solid carbon dicoxide,
{For brevity this is referred to as "earbon dioxide slush.")
In 811, sbout 350 =l of liculd ecyanozen was collected,

Bon~condensible gases were removed from the cyanogen by
melting, freezing with carbon dloxlide slush, and evacuabing,
This operation was repeated three times, The cyanopgen wes
then translerred to the still pot,

The #till wes packed with ~lass hellices, and arrsnged
for low-tenpessture digtillation, in the usual way, by having
as an interral part of it a partlisl condenser st the Lop.
This wes formed by a Dewar :eturn froam the vecuum jacket (which
extended above the column proper) to the ving seal Joining it
to the contesr tubs, This served as a conteiner in which the
refrigerant wss pl-ced, $0lid carbon dloxide was sdded to
the slush from time to time in the cvourse of the dlstilliation
in order bo maintain the teupersture of the condenser ogne
stant, at «24,00° O, 'The cyanogen in the still was bolled
for £ nours with total reflux of the material %o the column,
and with & rate of liguid return to the pet of about B ml
per minute {al1justed by varying the energy input to the
g411l pot)e The vepor pressure of cyanosen at -24% ¢ ig

about 650 mm of mercury. 7The scbtusl dletillation wes then
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-

carried out with the 1iguid return aie kept cougtant, and

the talo-~oll rets get &b avout 30 ml peor hour, rlvios 8 pew
Tinx ratic of aboul 10 to l.

Iy dis«tillszion in thia manner, e madterizl wes divided
inte the followin; fmsctionsr I, 80 wly II, 5 ml; IIT,

120 mly IV, & ady ¥V, 120 ml, Vi, 3 ml3 and VII, a residue o
avout 45 ml, Phs fore cub, Irection I, snd the residlve,
freetion VII, were discarded, The Smnl fractlone, 1II, IV, and
FT, eonstitubed the met risl to be used for differsntial vepor

wasurensnats, In opdrr to debermine the purity of the

PrEEsuIe
240em1 of =aterisl in frectione III end V, vhich constitubed
the dsalr-d preduct of this purification procesa.

The purity of the cvencoren wes detormined by mennas of
differential vapor-pregsure measuregents on the S-nl {reactions
z0llsoted for this purpose, according to the msthod of
Shephord [18], but not usine the micrometric mancwster-resde
ing devices used Dy hime.e For this purity test, an isgothoermal
diatillstion s carried oul, The vapor yressures of o suall
portion of the 4igtillate, collected nsar the berlomming of
the distilletion, is compared differentially with that of an
egeal fraction taken &t thse milddle, and towarde the end of the
dletillietion, The Aifference in composltion of eny two
fractions may De expressed by applyin- Racult'e law., Ist 4

Fentlify the mexmbers of g twowcomponent syebtem come

preN
§

end B
prising the (rsotion, Eg &mﬁ*ég their respsctive vapor

pressures in the pure state, end x, and Xy their mole
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fractions in a ~iven nixture. Then, 1f p is the total vapopr

pregssure of the mizture, by Haoulttls law,

P = 285, + 25K, (5)
Sinece X, = 1 -~ Xj,
2 =pf ¢|§%(2§ m.Eg} (6)

T™hizs condition epplies 10 sacoh frecbtios, and ldentilyine en
i}i- = F

two under comparison Ly the prime and sccond supsksordpt,

B' = pf + (7 - 2)) (7)
g - 2 m’

Subtrectine eguation {8) from equation (7)

' -p" = (5; - ;:%;)(pg - g;f’) (9)
The quantity p' = ;pf ieg the messured difference in vapor
presgssure, and &35 - 52 is the difference in the uole {rsction
of B in the two samples, Ior convenlence these lLerms are

written Ap and A X, respsctively, Touation (9) then uLscumes
Axy = AR/ - p2) (10)

17 the component B ogours as an impurity in A, the diflersnce
b R

p2

in purity betweexn two Iracticns i1s siven by eguabtion {(10).
The limltations of this azethiod ares (1) 1t 1s not suited for
azectropic mixturss, (2) the ldentity of the lapuriby must e
known in order to evaluate gg - _gﬁ, {3) rox poly-omponent
gystoma, the operation is more ccmplicased, invelving

measuremcnés ot more than one Leapsrsiure, and (4) iLn order

to ve sensitive, pJ - p? must be reasonably larges
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Yeetors contribubing to the sensliiviiy of tne measurements
aret (1) efficient rectiflicstion, whereby the ssparation of
the mabtorisl into its cumponents is intensified, and (&)
maltinr e cubs selected Tor coupsrison a very small fraction
of the totale

The asasursaenbs on the oysnozen were taken over &
teaperature range of «24,8” to «283,37 (, repressnting a
vapor preseurs of the uaterial frogn 650 to sbout 700 mm of
mercurys 1he observed Jliference in vepor pressure beiween
the fore fractlon 1II and the mliddle fractlon IV, and beitween
the fure frechlon II and the tall (resction VI waa 0.020,5 um
of mercurye This msasurement of ailfferential vapor pressures,
and the lack of sny reporited side resctions in the thermal
decompoaslition of silver cyanide, establish the purity of the
eyanogen Jor the purpose of dstermining its heat of com-
bustion. A& lobt of cyanogen prepared in a siniler way was
found by Huehrwein and Gilauque [168] to contuin impurities

to the amount of 0.,00005 mole fraction, as determined by
calorimetric measurement of the premelting belew the normal
tenperature of {fusion.

The purified cysnogen was then trensferred to s l-liter
brass bottle for storape, and for introduection to the
galorimeter ss needed. To test the offect of the gas when
in conbact with the substences 1t would encounter (other
than ~lase) in the course of the investigation, s suall

amount of ¢yanogen was genersted in a sless bulb in which
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kad Leen pluced amall pioces o copper, brass, syl steel,
a&g well as & sneer of slopoccek groass. LTter bten months
of storage, no sffect on the watariale was cuserved.

(b) Oxygens.

The cxyren (prepared commereially from liquid air) uaed
for the cosbustlon of the oysnogen was purdfllied by passage
throurh & tube of combusivion Zless conbtaining copper oxide,
end maintealined ab & tenpereature of aboub 800° ¢C. It then
passed guecesslvely through Ascarite (8 commercial mlxzbure
of sodliuwm hydeexide and asbestos), anhy lious magmesiwg per-
chilorate, and phosphorus pentoxide.

2» FPurity of the Combustlion lemction

The cyanopgen, previously drlied Ly passagse of the gas
theough sanhydrous ealcium sulfate, wos Lurned in an atnmope
phe e of purdfied oxyren in the calorimeter resction vessel,.
The combuztion was initiaied Ly pasgsing =2n electric zpark
sorogs the ocnds of plstinum wires st the tip of the burner,
The [{lane burned -nlestly in the reaction chamber,

Substenses other than carbon doxide and nitroren in
the producte of cunvustlon would Le oxldes of niftrogen and
carbon monoxide, Afbter aboud LIty ignitiome of the
cyanopen, with combustions of verying Juration, including
thoss of the calorimetric ousservations, no signiicant
deposlt of zarbon was obhsorved in the resction vessel.

Decause nitrous oxide itself supports conbustion and

ainge the coumbustion of the cyanogen occcurred ln a flame in
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the presence of aboubt 50 pervent excess oxygen, the posai-
ility of the pregence of ~ltrous oxlde asg an Lupurity in
the coubvstion rosgtion appesred to Le very ruvnote, The
other oxldss of nitrogen are acliile, anl, alzed with oxygen
or alr, ere completely sbsorbed in =1kell solutions {nitrie
exide will ox1dize under thsese con’itions [19] )e Tennis and
Flehols (20 weport that methods for the detection of nitrie
exide appear to be influeneed by the hirsher cxides, if
prosent,

Por the dstoctlion of any nilropen oxides, the elfluent
ras Tron ¢ sonbustion of syenogen in the calorimeter reaction
vessel wne pessed throurh g solution of godlwu hydrexide, and
any nittrogen oxides absorbed were reduced o smmonls with
Tevarda's alloye. This was d4letllled off, and the Jivitlllate
wans tegted itk Mesgleorts reagrant, It was calculated that
the Formstion of 10°4 mnler of nitropen peicride per aole of
serbon Aloxlds would rosult in o calopinetzic orrop of
DOONE vercent 1n the roaultins Meat of coabugtion, znd 8
ghotlohiometrie error of 2,01 perosnt I Jsiepminivy the
amount of recotion, Jontrel tasts showe? thiat anmounts of

nlitroren o7 thils crder of saonitude, prezend as an euimolal

-~

o

mixture o7 mitrate end nitrite, eculd be roalily detected
in this way. In flve combustlon erperinealsz, Tized nltrogen
was “ound in amomnts verrinc up 50 2 gercant of the Lotal

apount 1n the evonoron Surned. Abbtompis to reducs Ihis by
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varyinz the {lame velocity ol the combusbion, by asubsti-

tution »f a ALLlerent rosction vezsel, or Uy chanzing the
teabnis of 4-nitlion wore unsuscessful, or gave dillieuldy
in saeurins ir-nltion,

It wae thus nagsgrary o dsbornine guantliatlvyely for
esch calarimebrle corbuetlon, ths nlirase anl nltrile
prasent in the Asonrite uszed for the abaovpiion of carbon
doxide from the reactlon, The volumebrlc method lor dew
tarminine nitrate, of Folshoff, fandell, and “oskoviis (211,
whish Aepeonds on M reductlion of nltrsts with ferrous
gulfate, nziny wmeonium molybdats as & catalyst, was found
Lo be unsadisloctory in e prssonea of altelite, Ho other
mattod wng avellable for dederminlay uibtrate Alrestly, so
that it was negssasry to estinmate the nitraic by Jl7lersnce

n? nisrite feo total Mixed nitrogen, es dsbtormlaed Ly re-
Auction 4o mryeonie Ly Tovardalts 21loy, snd direct tiiration
2f the armonila when 1rdilled off. MILrlte wpe Jeloimined
on n gerarnte portion of the gample br oxdsblion wlih
rnotessity permangnnatc [?E]. The adopted procedurs Ter the
nitroeren enclysie Pollova.

After welrhinge the carbon "lo-ide abacrptlion tube used
te detormine the smount of cyanoren sombugtlion, the sbopew
coglie wers removed, and the Larrels were carefully eleaned
of stopeoaek greape, using ether, The leovers of phosphorus
pentoxide and wmeneplum perehlepste wore pomdyved, end

treacs of this material ¢ Tering $o the rlesg were cerefully
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washed out with a jJet of Alaetilled wabter played in such &
manner as Lo avold wetting any of the Agecaribte. The
asbestos plugs over the Ascarite were removed, and as much
material wes was lcese (including the asbestos plugs) was
transferyred to a Leaker. The remining material was
leaghed out with wator, with all washings being added tu
the besaker. This solution wae quantitatively flltered
through & Bichner funnel, and the filtrate was transferred
to a 800 mi volumetrio flask, which was then fllled to the
mark with water. FPFrom this amount of solution, 100 ml was
pipetted out for the nitrite determinstion, and the remaine
ing materiel, plus washinge from the pipette, was used for
the estimntion of the total nitrogens

For the titration of nitritve, 30 ml of 0,017 molar
potassium permanganate was added from a burette to en Frlene
neyer flask., This was diluted to 75 m) with water, and then
25 ml of 18 ¥ sulfuric acid was added. The 100-aul sample wae
added to this from & pipette, with the flask beins cocled in
tap water. The cold szolution was then treated with sisndard
0,04 molar sodium oxalaete until decclorized, an Integral
smount of oxalste being sdded, The end polnt ¢f the titration
waa resched by the further addition of the permanganate, with
the solustion hsated to 50 to 60° C before the addition of
the laast few drops. For each deotermination the permanganate
equivalent of the oxalate was determined in the same menner,

and the color blank on the end point was determined in each



enze by the acditlion of permengmnnie to 20 ml of the 18 H
sulurle seld, Jllubed o the ssuo veluns se the sclution
beln: titreted, unitil the color mebtcehed thal seleoted as
the end point ir the rcgular ditrstiors. The resgotiong ine
veived wore
8 N0g + 2 unlyg + 6 BF = 5 H0g + 2 Mt + 3 Hgo  {(11)
2 4n0g + 5 0g0g + 16 Bt = 2 Mn™ + 8 B0 + 10 0z (12)
By convertin:s ths permanganate consumed by the niirite inko
the equivalent smouni of oxalaic, the »rlimory stand=rd usged,
thon 1 mole of oxalate 18 egulivelent to 1 mole of nitrite.
The total flxed nitrocon wee Jet:rrmined from the Peoe
malining alkall solution obiained from the Ascariie, Thig

g of Devarda's alloy in a

&
e

wees reduced for one hour with 2
Ejeldeld £t111, and then tho sanmonia wesn dlstllled ingo
80 ml of 0,05 ¥ sulfuric secid, whilch was bachketitrated with
0,05 § sodium hydroxide,

In these determinations 1t was necessary to know: (1)
the completeness of the absorptlion of the oxides of nitroren,
{2) the completensss of thelr determination, and (3) the
effect of arall smounts of cysnogen. To test the fircet premise,
g combuztion of cyenogen was run for 4 ainutes under the same
conditions as in the cslorimetric expsrimentes. The remotion
vegsel wes connected to an absorpitlon tube charged with
dpcarite, and thisz in turn was comnected Lo & rag-weehing
bottle Cltted with & fritied gless bubbler, snd £11led with
10 percent (by weirht) soddum hydroxide solution, This



solublon wae sxamined for nitropen by reduction snd trogte
mont with Hessler's reagend, ss Zogoribed above, None was
gobected ln @ Poub widelh woulld heve ghown the pragence of
lesg Then C,01 =y, vwhish aceunt was estiqwmted to be 1 part
i 400 ol the nitrogen sctually [ixed in 2 cembustion care
ried oub under theze conditlions.

conbrol teplts wore then r™un on seples of 38 g of
Ascaricve (the sacunt usedl in all absorpiional o whioh was
added snounta of soliam nlirabts and sodlun nitrite which
ware equal in asgmituede bo hiose sctually fosund in the
calori-ctrie somuustion, 4% an averare of thrae guch sxperie
sents dIn wbish there wore added 0,008682 moles of sodiunm

nitrive and C.,0004828 moles ¢f sodiva nitrate, there were found,

ny the detcrminations descrlibed above, 0.0085882 moles of nitrite

1l L QUUBART uoles of nltresan.s While no ettempt wae mode to
prrifly tre conbrol somples of nltrlte and nitrete, the resulits
indiente that the nethod of deterst ation woe sufficlently
accurate Jor this lnvestioation.

o Jdeteralive the sffest of wwll rmounte of unburned
spuatgen on the determinatiooy, sn sbzorption tube was charged
with Asoarlie; anl cvanogen, flowin-~ ot the rate used in the
galorisetrds e-perizenty, was pansed into the absorbar for
30 seocnds. Tlo aflux of gas Trow the tube was observed,
adleating couplete abaorption of the gyanoren -~- a fach
neceeaary o establish in the detrrmination of esrbon

moroxlde, 28 oxplaized later, The incresge in 2ase of the



Tube vng 060707 ge  The Agoselte pom Whls tube wag then
Lroesiod sa ln ke orliney enelyilesel Jdelterminsatlons, and
Lhowna Joundl thal the abgorbed cysnopen hwd ne ofTect on

e Llter o7 elthew the permancens’o or the sbandard sullorie
4 4

ecil usel in bhe analysis.

In arler to Jetermine any ooarbon onexide foromed In Lthe

the ol Tlvent »as from the carbon-dloxlde abe

- . RV B S LB A s 3 . PRIPRUI NP S S & 3 S . P
& u}x'é; DO T2oR Wha oy -] £ 558 [¥ 3 %.,i.'{,}-’m,t gr*‘i; LSRR Ee AR » 35 s.«iﬁ.«’l tﬂ e 3 {:'Ju [T exaret g

s XFE lepe puched with ocpper oxdde and mwinlained abt o
Lonperature o aboul G00° €. ihe sonneetions were all losa,
Zlmee no o Ides of sdirosen end no sysnogen pussed throuslh the
covbon-dionide plbsorptlon Luvw, any inorcase in uses of

vogan sl Ilrr bBule, connected Lo the ¢xlt end o the Ccome

e "

L)

IJS

3

ve Jdue Lo sarbon monoxide oxidized bo

m
b

N 24ty e o5 g Y
-£ on tdwﬁ‘ WL

roa diorilel.  This polndt weg establlghed DY running 8 come

Lugtion in the vemler sanner, The exlt zas rom the resctlon
vespel was pagzed throush two Ascarlis ftubes connecshed Alreogte
Iy in gerviez, ond joined to a hird connedbed ai the exit end
ol th soabustion hube. The inoresge in saes ¢f the [irst
tubie was 0635338 g, Shab of the gecond was 0,00043 77, while
thalb of the Lnlrd, repregonting =arbon wononlide, wag

C.0418p g An sunalysla of the contenbs ol this third tube

Loy cliroren pave nezatlive results. Finally, on experiament
wes porformed in vhiech the oyenopgon, lowing abt the rate used
in ho soavustion experiments was pesped direeily throurh Lwo

sbocrpblon tubes conneeted In series, The gyston was then

swept with dry oxyren. The incremse in umss of the first tube
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wes N,0%9%. ¢, mnd that of the second was 0,000lp ge. These
exnenimente indicate thet neither unburned cysnogen nor

oxides of nitvoren pessed thyourh the first absorpition tube,

Se wwberaloebicn ol tho ant ol TRzacotion

in thesge experlaents, the amount of resction wae de-
termined from the mass of carbon Jioslie Formed dn Yo
recotion, by corretiling the cleoerved incropre In anen of the
ALaOrLer ior the amlukie o0 .opurlitle: Towsd Dy ennlecis in

sach coabustivn, sud alse o o amall anmount of orunoen -

maininge unvurned du@ing &S Lonitlion s @ Livst on proecss,

T

T S S g e e B e e ¥ M % N P SR
B AGibor guoantlhy will s consfinorend

The estimation ol
later (see secblou V o tlds puuer).
e sbsorvers wouv o e usual U-tuus type, Tiited igh

proundw=glass counesbiag Joints, snl wes o ehar ted alth

ABCRPLLE, LaoKel wald BLLGITUUs
phosphoTus pentexide, All welghings weve corrocted to wvacuum,
To the oLselved ilnoicase 1n wasgy of tha susivpliion tuhs cone
nected direetly oo the roaciion vessel, thers vog zdded the

e ¥ i SA8s L Shig coond stgorpbklion tube senmegiod {
inoresse in s ol She acgund asusorphl tube, sconected to
the first throush bhe coppur-caide coqdvusiiorn tubs (~iving
the carbon meoncadde burned Lo carbon dloslde). From thie
there was sublracted the amsges of nlirosen ontides determined

e

in the nitropen soalysis {(p-ogon’ sz alirate snt nitrite), as

42

well as the aveses0 aess of wwourped ¢ enczen profased verp

ezperimenies Tihue resull total nasg oF aarbhon

dioxide representing she amsunt ¢ soactlion, Ine acle
{44,010 g) of carbon dloxlde was tsien me one~half mole of

SYBNOgens
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Te CALORIVFPRIC PRCOEDURE
le Hlectrical-Energy Izpsriments

The enceraoy sourade for the elsciricale-enerey experiments
w2 o storsce battery of 40 vwolts, The power Inrut into the
calordmeter wez “etrrmined by messuring (1) the potentisl
Arop aoross the heatine coll and (2) the potential Areop
aproes B standsrd resistance throuvgh vhich psssed the same
current whish "leowed throusrh the heatine eoil (ping o suall
anlouleble amount which shuntsd throurh the potential coils
sonnegcted in narnllel with i), Thens voltares weras
maagurad on o White doubls potentiometer having a yrange of
100,000 micerovolts. The senasitivity of those messurements
woe such that 1 mm on the salvancactsr =cale (1 m Aistant
rom the gﬁlvanﬁm*ter) was approximately equivalent to
D73 mlerovolts, The acale readinre wers sstimnited to
Mel rru,s Tt was Toun? {as in the previous experience o the
Thermosrenical Laboratory |2|) thet the varistion of the cure
rart and voltare was small enourh to permit the esloulation
of the enercy input ecs the product of the tine, the average
current, snd the averare voliare,

™he timae of the eryperiments was wesesursd by pecond ime
leoss releyed from the master clonk of the National Buresu
of 8trnderds. For sendlng the current throush the hesating
coll fer a plven, hnown length of time, there was employed
the spparebus of Johnston (23], which wes sctuated by the
tinming relay., This appavatus is equlpped with a means of
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reversgis: conmneofiane, 80 hweit sharsi - and stoppins the
Dlew o7 enprent ore acoowsllished by the some wechanical
cperation of the gwiieh, cenocelli-~ oubd fts tinme lag, During
wolods when Yo current waes nobt Tlowive threoush the heabing
ool of ke calorimrhaor, L8 wees gont Yhrouh an ecual, @Xe
Lernal, staziliszineg resisntence,

ha dotn of the elechvicslecnersr xperisents oy this
Snvecticntios are slven In table 1, T varions qusnbities
ave the seme picnificance as shove (soctlen ITI). The
gt ndn” deviction of the pvernese value of the eleetricale

aneroy egulvalent for these oxporiments 18 x0.007 percent,

2, Corrsgrion Lxpsriaents

in the salorimetrPic cdmouatddll exXpairdaanive, 0 Wis NOCOdw
sary e take agoount of the Jodlowinz suurees or siuks of
energy, Whaoh wore not present in the sxperinencs wiia elestrie
sal energyr (1) the spairk energy, whalen is the ensyrgy introe
gused into the calorimetsr whon the 1.&ctlon is inistiated by
passling an electric spairk aciross the eds 20 pletinua wires
at othe Hip 6 the burner in the rsactidn vesselp and (2) the
SBB CNergy, wiiuli la the ensrgy added 0 or tesen ieoa the
salorimeber vy the inllowing oxygen and syanogen entesring
the calorimster at 8 beapersiures diilerent Jrom the verage
temparature, with rogpect Lo Cilme, ol the sadorinsbel.

The spark onergy wss deobermined caloriaetrlicoally by
saBalig bthe gpurk scross e Lip or o vurner, wilh oxysen

1o the reveticon vesegl. The tempsraiuis o7 the calorimeter,
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Table 2, Fxperiments determining the spark onergye.

Taperinent Time of Energy of 1 Spark
sparking # sparking energy

#A seconds J I/see

1 48 101.) 2.11

3 48 005 2407

4 48 97 o8 | 2403

5 48 07.0 2402
Avorarce 2407

Standard deviastion of the mean & 0,02




for these experiments, was z1ishtly below that of the jacket
and the time of gparkins was sbout three times that employed
in & repuleyr combustion experiment, The product of the re~
sulding small temperature rise of the ealorimeter and the
enerrry eqguivalent gave the samount of thils aparking energy.
The results of {ive experimemie on the evaluastien of the
spark energy are given in tadble 2.

The gas energy wes calcoulated from the known heat
capacities of the gases, and the differsnoce between thelr
tempersture (taken sz that of the alr nesr the commecting
tubes leading to the resction vessel) snd the sverage
temperature, with respect to time, of the calorimet:r, For
this purpose, the heat capacitles of oxy en and cyanogen
woere taken as 20.2 and 44,6 joules per degree~mole, reapece
tively [24|.

As mentioned in seetion IV, besldesz the impurities in
the comiustion, which were determined and accounted for In
cach cmse by chemical anslysis, another stolchiometyriec cor-
roction wes necessitated by 2 small amount of cyanogen which
remained unburned during the ignition and extinetion
processes, and whiech was sbsorbed Dy the carbonwdioxide abe
sorption tudbe, 7The wvelue of this correction was deduced from
s geries of eight imitions snd extinctions of the flame care
ried out calorimetrically snd under the same conditions asg in
the main calorimetric combustlion experiasnts, but with the
extinetion imediately following the ignition. TFrom the
evolved reaction energy, obiesined from the tempersture risse
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Tsble 3, Expsriments determining the amount of cyanogen remsining unburned in each
‘ &mtﬁiﬁm mxﬁ mﬁ&mﬁm of m rm

Experis mafmm : mm* | anmn spwk Remotlon Mlﬁumm;ﬁmwm | Galimhkad M&Mﬁn
- memt | energy TN tew {energy |onerpgy |muss of | 4 . fvom
tqni?ulawh .; { energy ~ jeog formed| o ) A88

,i 0.01728
1 «orvse |
01685 |« 400045
wilers |+ L0008
01720 le 400020
01714 |» a995164

|1s,000 | o.oatare | 28 fma |2
J 158,50 | w0282 | 2702 | ma 1

162,680 | soo17m | 2650 | ma |
{202,650 | .o0dede | 14249 [ 2440 | 13000 m:m
| 1sz,430 | .o0rae2 | 1743 | 321 1430 @rmwi 1 J01738 «t- .tm%

e E R

Averege o « o {‘wv.“h‘glk»u“n I I I I R R R S S S 0.01730

Standard ﬁnviaﬁépn at\uﬁg BEAD & ¢ 4+ ¢ 68 8 ¥ 8 LR e A B R I §~;Q§Q1§
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of e onlo vl ter and Lite epsrgy oquivalent (and correoting

for tho spork snergy), there was computed the mese o carbon
Jiexide coprespundling o thde guanviiy of enorgzy, whiah would

cYRnbnens In this

Ve i o, . P S Y o e i o ’
ave beon Sormed In the pure comoushion of

calouin tion ihare wasg Wsed oy the hesd of convustion of
gyanosen the valus 1090 kilojonles psr ancle., The difference

bovween the ecaloulstued increase in mass of the ocarbon-Aaloxlde
absorpbtion tube wud that sctually ovserved was assumed to be
unburned eyunogen. The data of these experiments are given
in table 3, and the averars value wag taksn as the mass of

nt of rescition Iin

unburned cyanosesn in ealenlisting the
the main calorimebdric combustion expsriments, The uncertainty

1s btalen ms twlicee the standard deviation |8].

3. Combustion Experiments

The data of ten calorimetric combustion experimsnts eve
glven in table 4. <“he various guantitiss heve the same gl
nificance as above (section III).

In order to alter the amountz of nitrogen oxides formed
in the couvustlon of eymnoren, e seocond st of calorimebtric
combustion e sriments was performed in whieh the oxyron used
for the combustion wans saturated with water vepor at 0% 0,
Sinoce this water would heve to bz aoccounbed for ghoichionebrinle
iy, ten exporiments woere performed to determine the reproduci-
Bility of the =aps of water whieh would be sdded to the
pro‘uote of combmetion in this way. The gxporiments were

ecarried out by Llushing the oxyrsen line (connected with the
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Table 5, Nxperiments on the reproducibllity of the mnsa of
wator collsabed Iroum water-soturated oxygen used
in the sombustion ol eranorsen under these conditions

&K“é}%ﬁ’i"‘tl@ﬁ% .}aﬁaas of water oollected Peviation from mean
g 8

* 00504 ~0+7028g
2 0542, + #0010g
3 05895 + 0056y
4 0507 ~ 20018p
& 05685 + 40045
6 +05804 + «0057g
7 +0453y | = 0029y
8 «0495¢ - #0284
° #0484y - 0038y
10 #0467 - .00B5g

Hean 0405234

Standard deviation of the msan #0001 %%
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popction vensel and & walor abgorpllon Wabe) witllh Iy oXygen,
Sivwing &t e rate adrualdly wsed i Unoe ecmwoustiong by-passing
if for 40 miautes {(Uhw ususl tlae oJ Tlow in thwe eomousticns)
tharough & gas-dusiing wobtlile haviag o Iriftede;lass buLbler,
and lmac sed in an ilcoe sath) and agslin flushicg with dry
GAYEOT. 00 date of Lneso exposl.snits aee plven 1o taole L.
e average aaouni o wabor sugorbed in this vay was |
V008340 0.00274 g The sstlmsted uncertainty of the delermie
nation of the zmount of reection due to this amount of waler
wes wUL067 peroent.

The dabte of seven caloriuebtric combusbilon experiments
carried cut under these condlilons are ziven in table 84 In
thogse s poriaents oy which the time of {low of watere
carrying oxygen differed from 46 minubes, when computing the
stolchiometric correction for thls, the amount of water abe
sorbed was asgumed to vary linesrly with the time of passare
of the oxyren. The effect of earrying cut the combustion
of cyanogen in this mammer wa: to reduce the amount of carbon
monoxide to ebout one-tenth of 1te former value, and the fixed

nitrogen to about 80 percent of 1is previocus amount,



29
Vie RUVIULTES CF THIS INVESTIZITION

For the final caloulation of the heat of combustion of
eyanogen, it 1is nscessary to identify the partiocular oxides
of nitrogen Tormed in the reaciion wvegsel during the come
bustion, in order that appropriaste corrsotions for theiyr
respective heatz of formmiion may e made to the ealorimetric
cbaervatione, For this purvose there smust be gconsidered
nitric oxide, nitrogen dioxide (in equilibrium with its
dimer, nitrogen tetroxide), nitrozen trioxide, and nitrogen
pentoxide {as well &s nitric acid vapor in the case of ithose
experinents in which walter vapor was present in the reactlion
chamber). All these substances, except nitric oxide, are
absorbed by so0lid sodium hydroxide, Under the conditions of
the preaent eoxperiments, no oxides of nitrogen were debected
in the sxit ~as [ron the carbon dioxide sbsorption tube,
Henee 1t follows that at least half the nitric oxide iasuing
from the oalorimeter was o«idiged to nitrogen dioxide,

Hitrogen pentoxids is known to decompose completely at
£5% ¢ (pe 552 of reference |19]). According to Mellor
(pe 449 of reforence [19)), in the :msecus state, the dise
gociation of mitropgen trioxide to nitric oxide and nitrogen
dloxide is virtually complete, This is corroborated by &
caloulation vased on the eguilivrium deta of Verhoek and
vaniels |26] , and according to the conditions of a typlcal

combustion experiment of thles investigation.



it thus appears that, during the comcustion of the
fron the resction vessel was e mnixture of nitric oxide and
nitropen dioxide (in squilibrium with nitrosen t@tr@ﬁié@h
Concerning the absorpiion by sclid ellmll of these substances,
iellor reporte the followingt (1) nitric oxlde remcots with
solld potassium hy roxide Iin the presondee of excesa oxyren,
to form =mainly potassiua nitridve, vud thet some nitrste ias
formed as well (p. 432 of reference [19|); (2) nitrogen
dioxide or tetroxide should reast with solid slkalil o ~ive
equimolal amounts of nitrate and nitrite, Lut that larger
amounts of nitrate may be formed {(ppe 530-40 of refarencs
[19] )3 and (3) nitric oxide and nitropen dloxide in eguimolal
amount: are absorbed by alksll ms pure nitrite, Iurdiek and
Freed [27] state that assuming these ebaorptlons of nitrogen
oxides az sure resstions is subjeet to some qualileabtion,

A ressonable interpretation of the processer occurring,
with regpect to the Cixstion ¢f nitropen during the conbustion
of the eyanogen, is the following., The prinary fizxetion was
the fermation of nitric oxide, whiech then oxidlszed to the 6iw
tent indicated by the analyses to nitroren dloxide, Letiing
a and b Le, respectively, the amounts of nitrite and nitrate
deternmined analytically, the fixation resction in the
calorincter was

& + &) [3/2 ¥ala) + 1/2 0glr) = ¥O(z)) (13)
Also, the nitrozen diozide was Tormed according to the



eguation
1/2 \a + 3p| (wo(z) + 1/2 op(s) = nop(r)| (14)
The absorptlon of the oxides of nltrozen tock place sccorde
ing bte the reactions
1/2 |& - bl[vole) + soglg) + BUacH(e) = SHa¥Op(e) + Foo(c)] (15)
2 (Kop(g) + HmoH(c) = 1/2 TaXOg(e) + 1/2 ¥aNosle) + 1/2 mpo (16)
& sialley interpretation heolds “or those experiuents
in which watery vapor wes presgent in the cousbustion chamber.
In addition, however, szome of the nltrosen dicudide formed
reacted with the weter vepor, to form nitric acld vapor,

The rsactionsg wich cgouryred wore

[& + 2|[2/= ¥als) + 1/2 02(g) = no(s)] (13
1/2[& + 33-“}3@(3%3) + 1/?3 Qg(%%) =z ﬁaﬁ{ﬁﬂ (17)

g&?ﬁg{g} + 1/4 Oglg) + 1/2 Ag0{cs) = Hﬁﬂﬁ(gi} (18}
The abscrption by Amearits of these subsgtances took place
acoordine t¢ the raactions
&/2{?&{@) + N0g(g) + 20a0E(c) = 2HaNOp(c) + 53&(@5] {(19)
b |Eroalg) + NacH(e) = EaNO3z{e) + Fpole)] {22)
The calorimetric dates obtained (seoctlion V) were calouw
lated on the bages of these szsunptions, and the dats sre
proegented in Lables 7 ond €8s The fraction o aitrogen Aloxide
pressnt a8 nitrogen btotroxide was computed Ly an ecuilivrium
calculation Lased on the date of Glaugue and Femp (28], and 1t
was found Lo be negligible in the present experinents. For
the hea:s ol formmtion of the nitrie oxides and of nlitric
acid, walueg werc taken fron the conpllation of Blchowsky and
Rossini ia@l, and the value of the heat of sombustion of car-

bon monoxlide was taken as 282.94 int kj/nole iﬁ@].
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Tre date of the pregent sxperiments indiesie thai the
value of the heat of combustion of cysnogen, at 25° € and a
conetent pregeure of I atm,, lles between the liclts 10G4.5
and 1097.0 int kj/nole, or 281,86 and 282,28 heal/wole. +‘hese

limites heve the fellowing rclastion to the existlng dats,

Investiration Year Value
reported (keal/mole)

HosMorris aanl Dadxer |6 123% 25144
Thomsen |4 ) 1886 259 .4
Von Vnrtenverg and Schiibsa |5) 1933 26143
Present 164 25166 <x <E6242
Serthelot |8 1379 £64
Tulens (2] 16838 275

While the present investirstion haz {ixed the value
with an uncertalnty of 20,12 perecont, it is hoped that
adiltional sxparisentation with regerd to the nature and
amount of the products formed in the oxidstion of the

nitrogen will reduce the uncertsainty,
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