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M easurements of t he heat capac ity of mC'thy lph osphonyl di fluo ri de (CH ,P OF2) , methyl 
phosphonyl di chloride (CI-I 3PO Cl,), and m ethylphosphonyl chlo ro fluo ri de (CH aPOClF) " 'ere 
m ade from a bo ut 15 to 335 oK by m eans of an adi abat ic calorim C'ter. These hi ghly react ive 
and toxic substances were pu rifi ed in a com pletely closed glass apparat us b.v co mbini ng 
s low crysta ll izat ion a nd fractional m eltin g proced lll·C'S. TI1l' puri t ies dC't('l"min ed b~' t hr 
freezin g-e urvc mf'thod a re s hown to be generall y in agrC'emc nt with t hosE' valu es ohtain C'c\ 
h.v t he calo r.imetri c met hod. From t he r('s ults of t he Iwat, m eaSll rem (' nt~, t he t ri p le- point 
k mperatu rc, heat o f fu sio n, and t heir co rrespo nclin g est imated un certai nties \\"('I'e foun d to 
bp, respectively, 236.34 ± 0.05 oJ\: and 1I ,878 ± 12 J /mo le fo r CH 3POF2, 306. 1. 4 ± 0.02 oJ\: 
a nd ] 8,076 ± 15 J /mole for CI-I 3 POC I2, a nd 250.70 ± 0.20 oJ( and 11 ,853 ± 30 J /m ole fo r 
CH ~POC I F. Triple-point tC'mperat ures obtain ed b.v thp frcez ing-cu rve met hod a rc in 
ag rec ment \\" ith t he above val lies. A tab le of smoothed values of heat capac ity, enthalpy, 
entha lpy fun ct io n, ent ropy, Gib bs free ene rgy, and Gibbs frpe e nergy fun ct ion fl'om 0 to 
335 OK was obtained from t he data. T he ent ropy a nd its co rrespondin g pst imated unce r
t.ainty fo r C H3P OF2, CH 3POCI2, and CH3P OCIF in t heir respcctive condenspd phase at 
298. 1.5 o J( a nd saturat ion press ure \Vas fo und to be 208.3 ± 0.3, 164.8 ± 0.3 , a nd 216.4 ± 0.4 
J /dpg mole, rcs pecti ve ly. The entropies in the gaseo us state fLt 298. 15 OK a nd 1 atm press ure 
"-ere found to be 312.7 ± 3, 339.7 ± 3, a nd 335.0 ± 3 J /deg mol e, respecti ve ly. 

1. Introduction 

This paper describes t he method of purifLcation 
and the r esul ts of heat-capacity m easurements ob
tained on methylpll ospbon:d difluoride (CH 3POF2) , 

m ethylphosph on:vl di chlorid e (CH 3POClz), and 
m etbylphosp honyl chlorofluoride (CH 3POCIF) from 
about 15 to 335°JC (H enceforth, these compounds 
will be r eferred to synonymously as diAuoro, di
chloro, and chlorofluoro, respectively.) Th e puri ty 
and the triple-point temperature were determined by 
both freezing-curve and calorimetric m elting-curve 
m ethods and the results compared . H eats of 
fusion , triple-point temperatures, and tables of 
smoothed values of hea t capaci ty, enth alpy, en
thalpy fun ction , entropy, Gibbs free energy, and 
Gibbs free energy function were calculated from the 
calorimetric data. The entropi es of these sub
stances in the gas phase at 1 atm pressure and 
298.15 OK were calculated usi ng t he adju vant data 
given in t he li terature. 

Phosphorus compounds are being used in an 
increasing variety of purposes- pharmaceu ticals, 
special lubri cants, insec ticides, and others. Ac
curate therm odynamic data on CH 3POF2, CH 3POClz, 
a nd CH 3POCIF flTe expected to be of considerable 
technological interest. 

1 T hi s paper is based on research sponsored by the Chem ical \Varrare Labora
tori es, U.S . A rm y C hemica l Corps Research a nd De\'elop men t Co mmand, Arm y 
C hemical Center, Md. 

Z :Fo rmerl y JeanpUe M. Jlenning. 
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2. Calorimetric Apparatus and Method 

11easurem ents of the heat cap H,ci t~, were m ade in 
an adi abatic calorimeter of a, des ign similar to 
that previously described [lO)a BrieHy, t he sample 
vessel of about 50-ml ct),p acit~, was constructed of 
platinum (90%)- iridium (10 0) alloy wit h pure 
platinum v<trles arrallged mdially in a mann er 
similar to t he copper vessel shown in reference [10). 
The vanes were spot-welded at numerous places to 
the vessel wall and to the centml reentrant well 
wall. The r eentran t well was co nstructed to match 
as closely as possible the outer casing of a r em ovable 
heater-platinum r esistance thermometer assembly. 
To improve the therm al contact a thin layer of 
stopcock gr ease (Apiezon T ) was appli ed to t he 
outer casing of the heater- t hermom eter assembly 
before inserting in to the reentrant well . The 
amount of grease used was accurately known and 
was m aintained the sarne in the heat measurements 
on both the vessel-pIus-sample and on the empty
vessel experim ents . A thin gold-plated copper 
shell (0.015 in. thick) enclosed the container so that 
a surface m ore reproducible [8) in temperature than 
that of the platinum-iridium vessel could be pro
vided for adiabatic co ntrol. The vessel and the 
thin copper shell were in good therm al contact 
awu nd the girth of t he vessel. The heater-ther
mometer leads were also in good thermal contact 
wi th the thin copper shell. 

3 Figures in brackets indicate t be li terature referencesal the end of this l)npe r 



The calorimeter vessel with its heater-thermometer 
assembly and gold-plated copper shell was suspended 
from a thin linen cord within the adiabatic shield 
system. The inner surface of the adiabatic shield 
was also gold plated to minimize the heat transfer 
through radiation. The space surrounding the 
vessel and adiabatic shield was evacuated to a pres
sure of 10- 5 torr (1 torr = 1/760 atm= 1 mm Hg) 
or less to make negligible the heat transfer by 
gaseous conduction and convection. The adiabati.c 
shield temperature was controlled by manual adjust
ment of the current through the shield heaters in 
conjunction with constantan-Chromel-P differential 
thermocouples.4 

The electrical power input was determined by 
means of a Wenner potentiometer in conjunction 
with a standard cell , volt box, and standard resistor. 
The time interval of heating was measured by means 
of a precision timer operated on 60 Hz frequency
standard furnished by the Electrical Instruments 
Section of the National Bureau of Standards. The 
stability of the frequency is better than 0.5 ppm. 
Temperatures were measured by means of the 
platinum-resistance thermometer and a high
precision Mueller bridge. The platinum-resistance 
thermometer was calibrated above 90 oK in accord
ance with the 1948 International Practical Temper
ature Scale [12 , 13], and between 10 and 90 oK on 
the NBS-1955 provisional temperature scale. The 
provisional temperature scale as it is presently main
tained at the National Bureau of Standards, and 
referred to as degrees K (NBS-1955), is, by defini
tion, 0.01 deg lower than the former NBS-1939 
scale [6]. The temperatures in degrees Kelvin 
above 90 OK were obtained by adding 273.15 deg 
to the temperatures in degrees Celsius (International 
Practical Temperature Scale of 1948 [13]), in accord
ance with the definition of the thermodynamic tem
perature scale by assigning 273.16 OK to the triple
point of water [13]. 

The molecular weights used were obtained from 
the table of atomic weights based on carbon 12 
adopted in 1961 [7]. 

3. Preparation of the Samples 

The extremely toxic and reactive nature of these 
substances dictated the purification and su bsequen t 
handling procedures to be performed in a closed 
glass system. For the purification, the fractional 
crystallization and melting method was selected for 
its convenience in handling the substances in vacuum 
and no temperature higher than the melting points 
of the compounds being required. An increase in 
the rate of disproportionation of chloroftuoro to 
diftuoro and dichloro at the higher temperatures 
was also considered very likely. Visual observations 
indicated that the dichloro compound (mp = 30 °C) 
tended to grow in rather large crystals and might 
be susceptible to purification by fractional crystal
lization and melting procedures. 

• Since these measurements. the current through the adiabatic shield beaters 
has .been coutrolled automaticall y by means of electronic and electro·mecbanical 
eqUipment. 

Previous investigations on purification by the 
fractional crystallization and melting process re
ported from the N BS [1] indicated that with some 
substances a major portion (about %) of the impuri
ties is removed along with the first 20-percent frac
tion melted. The following successive 20-percent 
fraction melted removed abou t ~ of the remaining 
impurities. A preliminary determination of the 
purity of the difluoro sample before purification gav:e 
99.7 mole percent. With a starting material of thIS 
purity, the last 40-percent fraction melted was ex
pected to be 99.95 mole percent pure if the efficiency 
reported in reference [1] were achieved. 

The apparatus used in the purification process has 
been described previously [I]. The details of slow 
crystallization and melting procedures used with the 
completely closed apparatus are given in the refer
ence cited. The various cooling and warming baths 
used in the crystallization and melting processes are 
summarized in columns 5 and 6 of table 1, respec
tively. The last 40 percent to melt was collected 
in a single receiver and used subsequently for the 
determination of purity by the freezing-curve method 
and for the calorimetric measurements. 

4. Determination of Purity and Triple-Point 
Temperatures 

4.1. Freezing-Curve Method 

The procedures for determining the purity and 
triple-point temperature from time-temperature 
freezing curves and the principles involved have 
previously been described [2, 3, 4]. 

The apparatus used for the determination of purity 
by the freezing-curve method was designed especially 
for reactive substances that must be contained 
within a closed system. The details of the apparatus 
and the procedures for handling samples and making 
measurements in the apparatus have been given 
previously [4]. 

The results of the freezing-curve experiments are 
summarized in table 1. Figures 1, 2, and 3 show 
the freezing curves for difluoro, dichloro, and 
chlorofluoro, respectively. In the case of dichioro, 
measurements were also made at l .. atm pressure of 
dry ail'. For these measurements, air dried by cool
ing to liquid nitrogen temperature was admitted into 
the freezing-curve apparatus after the experiments 
were completed on the material at its saturation 
pressure. The results of these measurements are 
summarized at the bottom of table 1 and in figure 4. 
The purity and the freezing temperature are essen
tially unaffected by the presence of dry air. This 
indicates that dichloro is not decomposed by dry air 
and that the effects of the solution of air and of the 
pressure on the freezing temperature compensate 
each other. 

The purity of chlorofluoro was not significantly 
improved by the purification treatment. The in
crease in purity was only 0.5 mole percent. This 
poor result is attributed to the presence of relatively 
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TABLE 1. Summary of purificat ion conditions and l'esults of 
purity and triple-point tempemture determinations of methyl
phosphonyl difluoride, dichloride, and chlorofluoride by the 
freezing-cw'vB method 

Freezing 
point at 

saturat ion 
pressure 

ac. 
--36. 86±0. 01 

32. 96± 0. 01 

32. 95±0. 01 

-22. 5±0. 1 

"-r emperature and temper· 
ature ba t b used d nring 

Freezing Cr yo- purification 
point if no sco pic 
impuri ty Purity COll-
present SLant C rystalli-

used zat ioll 
tempera-

Lure 

Metb ylpbospbonyl difluoride 

ac. Mole % °C 
a-36. 84±0. 01 a99_ 95±0. OJ 0_ 0256 - 78 

Dry ice 
s lush 

M ethylphospbony l d ichloride 
(saturation pressure) 

32. 99±0. 01 99. 92±0. 01 0.0232 +25 
Constan t 

temper-
a tti re 
roo m. 

M eth y lphosphon yl dichloride 
(1 a tm pressure) 

32. 99±0. 01 99. 91±0. 01 0.0232 +25 
Constant 

tempor-
ature 
roo m. 

Metb ylphosphon yl chloroflu oride 

-22. J±O. l 99.0± 0.1 0.0228 - 78 
Dry ice 

slusb . 

Melting 
te mpera-

ture 

ac 
-30 

COl,-CH CI, 
Mixtu re 

coo led 
with dry 
ice. 

+38 
Heating 

tape 

+38 
Heating 

tape. 

- J5 
CCI,-CH Ol, 
Mixture 

cooled 
with dry 
ice. 

a.The fi gures preceded by ± indicate estimated un certainty. 

higher melting (50 deg higher ) dichloro as an im
purity. Also the rate of dispropor tionation of chloro
fluoro may be suffi ciently high even at room tempera
ture to yield d ifluoro and dichloro as impurities. 

4.2. Calorimetric Method 

The methylphosphonyl dihalide samples were 
received in glass break-seal ampoules after the com
pletion of the determination of their purity and 
triple-point temperature by the freez ing-curve 
method. The same precau tions were taken as in the 
earlier handling processes in transferring the samples 
into the platinum-iridium vessel for the calorimetric 
measurements. The ampoule containing the sample 
was attached to a glass transfer manifo ld to which 
the calorimeter vessel Wfl,S also attached by means of 
a platinum tube-soft glass seal. The platinum tube 
O~ in. O.D . X 0.007 in. wall and about % in. long) 
was attached to the calorimeter vessel by means of 
pure-gold solder. Prior to the transfer of the sample 
from the ampoule, the vessel and the connecting glass 
transfer manifold were heated to abou t 50 "C and 
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FIGURE 1. F'1'eezing curve of methyLphosphonyl difluoride at 
saturation pressw·e. 
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FIGURE 2. Freezing wrve of methylphosphonyl dichloride at 
saturation pressure. 

evacuated to 10- 5 torr or lower pressure for 48 hI' 
in order to remove as much of the moisture adsorbed 
on the apparatus as possible. The glass transfer 
manifold was connected to the vacuum system via 
a glass stopcock lubricated with fluorocarbon gr ease 
which was previously baked in a vacuum oven at 
150 °C. After the sample was transferred into the 
vessel by vacuum distillation, it was cooled to about 
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200 oK and pumped to remove any hydrogen halide 
that m ay have formed during storage from any small 
quantities of moisture adsorbed on the ampoule. 
The vessel was sealed at t he glass tube as close as 
possible to the platinum-soft glass seal. The glass 
tube was previously thickened and constricted to 
facilitate t he sealing under vacuum. A t the end of 
transfer oi' each sample a small quantity of relatively 
less volatile oil-like material remained in the ampoule. 
No attemp t was made to identify t his residue. 

During the process of sealing th e calorimeter 
vessel after transferring the difluoro sample, a small 
crack appeared in the soft glass seal on the platinum 
tube. Although the crack was quickly fused , there 
is a possibility that a small amount of air entered 
and was sealed in the vessel. Because of this possi
bility, three sets of purity determina tions were 

made- before, during, and after the heat-capacity 
measurements. The amount of air was, however, 
not sufficient to cause a " hump" in the heat capacity 
from the melting of ni trogen around 63 ole (Th e 
sample vessel was approximately 50 percent full. 
One atmosphere of air in the vessel should cause a 
noticeable "hump" in the h eat capacity. ) 

The procedures and principles involved in the 
calorimetric determination of puri ty and triple-poin t 
temperature have been described previously [3]. 
Briefly, the equilibrium mel ting temperatures are 
measured at various kn own liquid- to-solid ratios as 
determined from the successive measured increments 
of energy in troduced , heat of fu sion , and heat 
capacity . The observed equilibrium melting tem
peratures are plotted as the function of l /F, the 
reciprocal of the fraction in the liquid state. A 
linear equation is fi tted to the observations by the 
method of least squares and the product of the slope 
(m) of this equation an d the cryoscopic constant 
(A) is taken to b e the mole fraction impuri ty. The 
temperature in tercep t (l /F = O) is the triple point 
( T~ I» ) of the pure material. 

The results of the measurements of equilibrium 
melting temperat ures are summarized in tables 2, 3, 
and 4 and in figures 5, 6, and 7 for diflu oro, di chloro , 
and chlorofluoro, respectively. The temperatures 
in the column headed Tea le were obtained from the 
relation Teal e= T~p-N2/AF= T~p-m/F, wbere mis 
the slope referred to in t he aboye paragraph of the 
equation obtained by the method of least squares. 
After the mole fraction impurity (N2= mA, where A 
is the cryoscopic constant) and the triple-point 
temperature T~ p of the pure materiftl were deter
mined, Teale was obtained at the yarious observed 
values of 1/F. The deviations between TObS and 
T ea le indicate the combined effect of experimental 
errol' and non-ideal behavior of the system. 

The estimates of un certain ties given for the 
triple-point temperatures and the imp uri ty con ten ts 
of t he samples were obtained by examining the 
possible errors in the measurements of temperatures 
and of I fF and by considering the possibility of 
equilibrium not having been attained under the 
conditions of the measurements. 

The purity determinations on difluoro require 
fur ther explanation. Since the sample was possibly 
contaminated by air and moisture, the puri ty of 
the sample was closely followed. The sample was 
in the calorimeter vessel a total of 16 days. On the 
1st day, measurements of the heat capacity and 
heat of fusion were mad e and the sample recrystal
lized for the first purity determination on the follow
ing day. In the measurements of the 1st day the 
temperature of th e sample was not raised above 
270 oIL The purity determinations of run 2 wer e 
obtained on the 14th day following a series of 
heat-capacity and heat-or-fusion measurements in 
whi ch the sample was not raised above room 
tempera ture. On the 15th day hea t-capacity meas
urements were made up to about 340 oK. The 
purity determinations of run 3 were then made on 
the l6th day. 
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TABLE 2. EquilibriulIl ?np/ling temperatures of methylphos
phonyl difluoride 

~~" :\0' 1 

° K =OC + 273. 15° 

l\T2= O . 0256 ( 7~~ - T<Jh~) 

1/1'" T oh. 

I. R4 h 236. W62 
4.11 .2329 
3.12 .2483 
2. C2 .2624 
1.49 .2728 
1. 18 . 2891 

2.72 .2269 
1. 88 .2601 
1. 43 . 27G2 
1. 16 .2936 

1. 99 .2564 
l. 48 .2798 
1. 18 .2936 

I. 00 -----.------
0.00 -----.------

'r en t e' 

2;]5. 0193 
. 1711 
.2 114 
. :lSU2 
.2ii8 
.2904 

.2277 

.2(H9 

. 2802 

.2912 

.2574 

.2782 

.2904 

.2977 

.3384 

Tr iplc-point tcm peratu re, 236.34 ± O.02 0 K. e 
S lope, - 0.04 07 OK . 
JII1J)Urit~" O. ll± O.lO IlI O\C pcrccnt. c 

fI F is the fraction of ~all1plc melted . 
b rl' hc ielllpcraLUres given arC' bc\ievrd io he accurate to ±O.Ol OK. \\' hr revcr 

tcmpcraturrs are expressed to llic fou rth dccitll al place , t he last two fi gures arC' 
significant onl y insofar as slll all tC'lIlperature <litTen'noes are concerneci. 

c rl'hc un certai nt y was estimated by exam ining the imprecision of the I1lrasur('
I11cnts and the \-arious kno\nl sources of systC'matic error. 'r ile substanre is 
assullled to obev Raoult's la\\- of solution and to forlll no soli d solution with Lile 
jlllpuriLies prese nt. 

TABLI" :3. Eqllilibl'illm mel/ina /empera/w'es oJ methylphos
phonyl dichlorid e 

1/ "' · 'foh~ 1 'c!l1c 

-----
10.25 \' 306.1 080 306. 1080 
4. 85 · 12G7 . 1260 
3.68 .1292 . 1299 
2. 79 · J327 . 13~'8 
1.88 · J350 . 1358 
1.10 . 1389 . 1;]84 

J.()() . 1388 
0.00 -------------- .1421 

'rripie-pOinL temperature, 30G. 14±O.02 
° K .c 

Slope. -0.00322 ° " . 
I lIlpu r iLy. 0.008±O.005 1Il 0ie perce n L. ' 

1\ Sec footnote a, table 2. 
b See footnote b, table 2. 
c Sec fooLlloLe c, table 2. 

The rcsults of runs 2 and 3 show that the puri ty 
.(lid not change significantly between the 14th and 
the 16th day although the tcmperature was r9ised 
in t he meantime up to :340 OK. Except for t he 
fi rst three observa tions (l j /I'= 7.84, 4. 11 , and 3.1 2) , 
t he rcsults of run 1 are in i'air i1grcemc nt with t hose 
of the subscq uent runs . Th e deyil1tioll of the above 
first th rce points (these we re not used in thc least 
squares ana.lysis) n1fty bc th e l'esulL of observations 
of nonequili brium temperatures or the maLerial and 
the impurities do not form 1tt1 ide9l solution. The 
devilttion is considered d ue most likely to nOI1-

equilibrium conditions. On t he basis of the above 
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T A B I~E -1. Equilibrium melting temperatures oJ methylphos
phonyl chlol'ofluol'ide 

N,=0.0228 ('1'7" - T ob,) 

Hun :-.Jo. 1/ " '" Toh~ 1'(,llle 

-------
5.45 h 249. 8502 249. 8570 
1. (;3 250. 4456 250. 4445 

13.25 248.694 1 248. 6574 
5. 10 249.8255 249.9108 
~ . 13 250. J 608 250.2138 
2. 10 25). ;]980 2.,0. ~722 
L 25 250.5854 250.5030 

l.()() ---- -- --- 250.54 14 
O. ()() --- ------- :!50.6952 

Triple-poin t t(,lI1prraturc. 250.70±O.20 °K ,c 
Slope, -0. 153~ OK . 
Illlpurity , O.35± O.10 l!loil' percrnt. c 

R Sec footnote a, tab le 2. 
b Rcc footnote h, table 2. 
c S('c fOOLnote c, tab le 2. 
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results and interpretation, the purity of the sample 
did not change during the 16 days of measurements. 
The higher purity obtained for the sample in the 
freezing-curve method indicates that some contam
ination did occur when the soft glass seal cracked. 

4.3. Discussion of the Results 

The results of the purity and triple-point tempera
tures obtained by the two methods are compared in 
table 5. A recent work at the NBS on the inter
comparison of purity determination of benzene by 
freezing-curve and calorimetric methods showed that 
when the measurements are performed carefully 
using scrupulously cleaned equipment the two 
methods yield the same results [3, 15] . Because of 
the bighly reactive nature of the substances investi
gated, the degree of dryness of the apparatus is 
expected to influence the purity results obtained. 
The hydrolysis products are observed as impurities. 
In the intercomparison studies with benzene an 
auxiliary pure sample was used to purge the appara
tus before the sample to be investigated was intro
duced. Since relatively small amounts of purified 
samples were available, the above precautionary 
procedure was not followed with the methylphos
phonyl dihalide samples. 

The products of the hydrolysis reaction are widely 
different in volatility from the parent substance, 
therefore they are easily separated by distillation. 
The higher purity values obtained by the calorimetric 
method on the samples of dichloro and chlorofluoro 
indicate that the platinum-iridium calorimeter vessel 
was drier than the glass freezing-curve apparatus. 
The sample was purified in the process of transferring 
from the glass freezing-curve apparatus to the break
seal ampoule for s torage. Impurities were produced 
by the moisture in the ampoule (as indicated by the 
less volatile residue referred to earlier), but they 
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TABLE 5. Comparison of the purities and triple-point 
temperatures of methylphosphonyl difluoride, methylphos-
phonyl dichloride, and methytphosphonyl chlorofluoride 
samples obtained by the free zing-curve and calorimetric 
methods 

Purity Triple·point temperature 

Compound 
Freezing- Calorimetric Freezing- Calorilnetric 

curve curve 

}Jole% M ole % 0[( oK 
Dinuoro. ___ .... __ .. - 99. 95± 0. 01 -99. 89 ± O. !O a 236. 31 ± O. 01 - 236. 34± 0. 02 
D iehloro_ . . .. . ... _ .. 99. 92±0. 01 99. 992±0. 005 306. 14±0. 01 306. 14± 0. 02 
Diehloro b._ .••••• • •• 99. 9l ± 0. 01 --------------- 306. 14± 0. 01 --- -----------
Chloroiluoro ..... _ .. 99. 0 ± O. ! 99. 65 ±0. 10 251. 1 ±0. 1 250. i O±O. 20 

- See footnote e. table 2. 
b Saturated with dry air and at 1 atm pressure . 

were removed again in the process of transfer to the 
calorimeter vessel. 

The lower purity obtained by the calorimetric 
method on the difluoro sample shows that when the 
soft glass seal cracked some moisture entered and 
produced impurities. The purity was still suffi
ciently high to continue the heat-capacity measure
ments. 

The chlorofluoro sample was thought originally to 
disproportionate to a high concentration of difluoro 
and dichloro. The calorimetric purity determina
tion on chlorofluoro was done more than 1 year after 
the freezing-curve measurements, but the results 
show that the purity of the material had not changed 
significantly during this period while it was stored 
at room temperature. The resu] ts of run 2 in the 
calorinletric measurements, obtained after the sample 
was raised previously to 340 OK, show essentially the 
same purity as run 1 which was obtained before su b
jecting the sample to the higher temperatures. 
These results indicate that the disproportionation to 
a high concentration of difluoI'o and dichloro is a 
relatively slow process at room temperature and at 
340 OK. On the other hand, if the equilibrium con
centration is reached very r apidly, even at the 
triple-point temperature, the equilibrium dich10ro 
and difluoro "inlpurities" in chlorofluoro will not be 
discernible in the cryoscopic purity determinations 
described in this paper. 

The triple-point temperatures obtained on dichloro 
by the two methods are the same. The result ob
tained by the calorimetric method on difluoro of 
slightly lower purity is higher than that obtained by 
the freezing-curve method on a sample of higher 
purity. Conversely, the triple-point t emperature 
obtained by the freezing-curve method on cbloro
flu oro of lower purity is higher than that obtained 
by the calorimetric method on a sample of higher 
purity. A recent systematic measurement at the 
NBS on a series of four benzene samples of decreas~ 
ing purity indicates a possible trend toward an in
creasing triple-point temperature [15J. This suggests 
that the cryoscopic method for determining purity 
and triple-point temperature requires further study 
to investigate the factors that lead to these results. 



5. Heats of Fusion 

The h eats of fusion of the samples were determin ed 
in the usual manner by measuring the amount of 
electrical energy needed to heat from a tempera ture 
below the triple-point to a temperature above it. 
Corrections were applied for the heat capacity of th e 
container and sample below and above the triple 
point and for the premelting of the sample due to 
the presence of impurities. Because of the low 
purity of the difluoro and chlorofluoro samples, the 
electrical energy was introduced from a temperature 
considerably below the triple-point temperature in 
order to minimize the relatively uncertain premelting 
correc tion. The results of the measurements are 
summarized in tables 6, 7, and 8 for the dift,uoro, 
dichloro, and chlorofluoro samples, respectively. 
Although the precision of the measurements is shown 
to be fairly good, the uncertainties in the prem elting 
corrections and in the heat capacities in the region 
below the triple-point temperature, in particular for 
the diflu oro R,nd chlorofluoro samples, impose lm'ge 
es timated uncer taint ies on the heats or fusion. With 
materials of low purity the absolu te uncertR,in ty is 
greater in t he determination of t he tripl e-poin t 
temperature and of the purity, whi ch leads to a 
greater uncertain ty in the determinR,tion of the 
premel ting correction and in the heat capacity. The 
uncer tainty of the solution behavior of the impurities 
contribu tes also to the overall uncertainty. The 
overall heat input is determined , however , with 
high accuracy limited only by the experimentfll 
equipment . 

6. Heat Capacity 

The hea t capacity of the substances was measured 
from about 15 to 340 OK. T wo sets of measuremen ts, 
one on the vessel-pIus-sample and the other on the 
empty vessel, were made on all three samples. T he 
vessel-pIus-sample measurements were completed 
fir s t and the sR,mple was removed by vaporization 
from the vessel through a small hole punched into 
the thin-wall platinum tube previously described . 
The vessel was thoroughly cleaned and the emp ty
vessel measurements were then made. For the 
subsequent sample a new platinum tube-soft glass 
seal was attached to the vessel by means of gold 
solder as previously described. 

I n order to minimize the curvature correction in 
the region where the heat capacity has a large 
curvature, the temperature increment of heating 
was in general smaller than 2 deg below 35 OK, 2 to 
5 deg from 35 OK to about 90 OK, and as high as 8 
to 10 deg at higher tempera tures, Curvature cor
rections were applied wherever significant according 
to the relation given in a different notation by 
Osborne et al. [9] : 

(1) 
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T ABLE 6. NI olal heat oj jusion oj rneth ylphosphonyl dijluoT'ide 

Gram molecular weight = 100.0051 g, mass of samplc = 37.8505 g 
T riple·poin t temperature=236.34 OK, °K =oC + 273.150 

Tern perat ure Heat in· 
H eat capacity 

and pre- (). II b L f in terval put a melting 
corrections a 

OK J J J J lmole 
218. 8406 to 256.5282 7244. 6 -2748. 9 4495.7 11878 
222.4604 to 241. 6295 5820. 1 - 1324.3 4495.8 11878 
215. 6684 to 237. 3642 5912. 3 - 1418.7 4493. 6 11872 
217. 3546 to 239. 6000 5987.5 - 1489.6 4498.0 11884 
174. 5253 to 237.7456 8396. 4 -3900.3 4496. 1 11879 

M eaD __ . . . __ . __ . __ .... __ .......................... __ .. __ ... 11878 
Standard deviation of t he mean 0.......................... ±2 
Estimated uncer tainty of t he m ean d.... ................... ± J2 

• Includes en t halpy chaDge associated wi t h container. 
b The heat of m eltin g for 37.8505 g of sample. 
o Standard deviation of t he m ean as use(l here is d cfi ned as [};d'ln(n- l )jii, 

wbere d IS the dlllerence of a smgle observation from the mean and n is the num. 
ber of observations. 

d See footnote e. t able 2. 

T A BLE 7. NIolal heat oj jusion oJ methylphosphonyl dichloride 

Gram m olecular weight= 132.914 g, mass of sample=34.6223 g 
Triple·poin t tempera tu re=306.14 OK , ° K =o C + 273.15° 

T em perature Heat in-
H eat capaeity 

and pre· ().J[ b 
interval pu t a m elting 

corrections " 

°I( J J J 
297. 4007 to 314. 4917 5838.7 - 1, 128.9 4709.8 
298. 6786 to 312. 7249 5632.0 -925.2 4706. 7 
298. 2602 to 308. 854 7 5388. 2 -679. 4 4708.8 

Mean ............................................... _ .. . 
Standard deviation of t he mean 0 ........... ............. ::· 

E sti mated un certainty of the mean d ...................... : 

• See footnote a, t.able 6. 
b The heat of melt ing for 34.6223 g of sample. 
• See footnote c, table 6. 
d See footnote c, table 2. 

L r 

Jlmole 
18,081 
18, 070 
18.077 

18,076 
±J 

± 15 

T ABL E 8. Molal heat oj jusion oj methylphosphonyl chi oro
jlum'ide 

Gram moleeular lVeigh t= 116.460 g, mass of sam ple=27.0J27 g 
'l' riple·poin t temperature=250.70 OK , °K =oC + 273.150 

T em perature H cat in· 
H eat capari ty 

an d pre· (). II b L f interval put· melting 
corrections 8. 

oJ( J J J J lmole 207.5262 to 258. 4266 5412.8 -2665.3 2747. 5 11845 
211. 7855 to 258. 9488 5241. 9 -2488. 1 2753.8 11872 
212.5767 to 254. 8591 4952.3 -2197.2 2755. 1 11878 
161. 5768 to 258. 0041 7500.9 -4759.9 2741. 0 11817 

M ean ............................................. 11853 
Standard deViatIOn of t he mean 0......................... ± 14 
Estimated wlccrtainty of t he mean d ..................... :: ± 30 

• See footnote a, table 6. 
b The hea t of m elting for 27.0127 g of sample. 
, See footnote e, tab le 6. 
d See footnote e, table 2. 

---_._------ ---
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in which Z1'1n is t he corrected heat capacity at the 
mean temperature Tm of the heating in terval b..T; 
Q is the electrical energy introduced ; and «)2 Z/O T2) Tm 

is the second derivative of the heat capacity with 
respect to temperature at Tm. The values of 
(o2Z/oT2hm were ob tained appropriately from a 
plot of W /OT2)(Q/b..T) which is adequate for the 
purpose. 

A smoothed table of heat-capacity values for the 
empty-vessel measuremen ts was calculated at evenly 
spaced in tegral temper atures for the complete tem
perature range of the experimen ts. The observed 
heat capacity of the sample was ob tained by first 
making curvature corrections to the observed mean 
heat capacity of the vessel-pIus-sample experimen ts, 
then sub tracting the hea t capacity of the empty 
vessel ob tained by interpolation in the smoothed 
table men tioned above. 

The observed values of heat capacity given in 
tables 9, 10, and 11 for difluoro, dichloro, and 
chlorofluoro, respectively, were ob tained by the 
above process and are expressed on a molal basis. 
The values listed have been corrected , in accordance 
with the method ou tlined by Roge [5], for vaporiza
tion effects down to temperatures where the correc
tions become insignifican t. Vapor pressure and 
density data for t he corrections were taken from 
those reported by Zeffer t, Coulter , and T annenbaum 
[16]. The maximum vaporization corrections for 
difluoro, dichloro, and chlorofluoro were 0.45, 0.43, 
and 0.08 percen t, respectively, at the highest tem
perature of the observations. 

The values listed , however, have not been cor
rected for premelting effects in the region below the 
triple-poin t temperature. Corrections for curvature 
and vaporization have been applied to the given 
values of observed heat capacity, because these 
corrections are dependen t upon the experimen tal 
conditions. The premel ting correction is, however , 
dependen t only upon the nature of the substance 
including the impurity. Figures 8, 9, and 10 show 
plots of the observed values of heat capacity of the 
methylphosphonyl dihalides . 

The observed valu es of th e heat capacity were not 
corrected for th e con tribution of the impurities. 
The heat capacity of the impuri ties was assumed to 
be t he same as the sample. 

Smoothed values of heat capacit:v were calculated 
at evenly spaced integral temperatures for each of 
the substances from the analysis of the observed 
values of h eat capacity given in tables 9, 10, and 11. 
The values in the r egion just below th e triple-point 
temperature were obtained by applying premelting 
corrections and by judiciously extrapolating the 
values at the lower temperatures to the triple-point 
temperature. Those values of heat capaci ty very 
close to the triple-point temperature are believed to 
be uncertain by as much as 2 to 3 percent for difluoro 
and chlorofluoro. The values for the purer dichloro 
are co nsidered to be more accurate. Measurem en ts 
of the experimental heat input are believed to be 
aCC UTate to about 0.01 percent. The analysis of the 
experimental data has been perform ed so that the 

TABLE 9. Observed molal heat capacity of methylphosphonyl 
dijiu01'ide 

Gram mol ecul ar \\"cight ~ 100.0051 g, °K~oC + 273.15° 

Run Tm a tJ.T 
I 

C sa t b 

No. 

OJ( 01< J /dey-mole 
1 0 214.7574 o 8. 1664 98.390 

222.8022 7. 923~ 102.18 
230.4280 7.3282 114.44 
259.6332 6.2101 141. 71 
265.8382 6. 1997 142.19 

2 228.0814 1l.2420 109. 16 
244.8004 6.3418 140.61 

3 238.4352 2.1420 140. 10 
242.8167 6.6210 140.51 
249.4139 6 .• ,)734 140.95 
255.9706 6.5399 141. 43 
262. 4992 6.51i4 141. 87 
270.0368 8.5577 142.56 
278.5608 8.4903 143.29 

4 83.1686 3.5007 51. 024 
86.6180 3.3981 52.545 
90.5122 4.3902 54.068 
94.8333 4.2520 55.742 
99.0247 4.1308 57.351 

103 .• ,)945 5.0088 59. no 
108. 52()8 4.8557 60.986 
113.7826 5.6560 62.982 
119.3510 5.4808 65.06 1 
125. 1973 6.2091 67.209 

5 116. 7778 4.63.')1 fi4.098 
122.7352 6.2795 66.312 
129.6306 6.2107 68.852 
136.5044 7.5367 71. 365 
143.9268 7.3083 73.808 
151. 1290 7. 0960 76.288 
158. 1372 6.9203 78.676 
164.9730 6.7514 80.957 
172. 2738 7.8501 83.299 
179.0744 5.7512 85.760 

6 15.6738 1. 4849 6.8428 
17.2192 1. 6059 8.3430 
18.6956 1. 3469 9.8400 
19.9582 L 1784 11. 146 
21. 1345 1. 1742 12.368 
22.3080 1. 1727 13.431 
23.4228 1. 0570 14. ('80 
24.6048 1. 3070 15.843 
26.4544 2.3923 17. 693 
29.0166 2.7320 20. G83 
31. 5850 2.4048 22. 336 
33. 8582 2. 1416 24.344 
35.9750 2.0921 26.087 
38. 2220 2.4017 27.794 
40. 8473 2.8490 29.638 
43.6756 2. 8076 31. 532 
46.6350 3.1112 33. 409 
49.9479 3.5146 35.374 
54.2472 5.0841 37.609 
59.5584 5. 5;193 40.361 
65.7194 6.7825 43.373 
72.2326 6. 2441 46.194 
78.4064 6.1035 48.888 

7 168.1723 11. 8746 81. 972 
177. 9294 7.6395 85. 196 
185. 4762 7.4541 87.736 
192. 8409 7.2658 90.279 
200.0195 7.0914 93. 147 
207.0449 6.9594 95.398 
213.9396 6.8300 97.925 
221. 1040 7.4989 101. 12 
228.8298 7.9527 108.14 

8 216.0872 8.0162 98.797 

9 274.5950 2.8771 142.95 
280.3669 8.6666 143.49 
289.0014 8. 5971 144.31 
297.5207 8.4416 145.12 
305.9286 8.3743 145.98 
314.2738 8. 3159 146. 78 
32:3.5867 10.3100 147.81 
333.8511 10.2188 148.89 

10 238.9768 2.4624 140.22 

a T m is the mean tem perature of the heating interval .6.T. 
b C~at is the heat capacity of the condensed phase at its saturation pressure 

corresponding to rp m. 
o Sec fo otnote b, table 2. 
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TABLE 10. Observed molal heal capacily of melhylphosphonyl 
dichloride 

Gram molecular weight = 131.914 (j, ° K = oC + 273. 15° 

HUll 
N o. 
--

1 

2 

3 

4 

.) 

6 

, 

8 

9 

a Sec fOOl-nolf' i:l, table 9. 
" See footnote b, table 9. 
o See footnote b, table 2. 

1~m a 

° I( 
c 278.623:2 

287.2900 
294.0525 
301. 4278 
317.3858 
323.1628 

286.5885 
315.6274 

79.9972 
84.5S()(i 
88.9450 
93.1406 
97.2455 

l Ot. 2782 
105.6774 
110.421 2 
115.0274 
119. 5879 
124. 1J32 
128 . .)400 
132.8765 

125. 7240 
130. 1903 
J35. 6236 
142. 0402 
148.2580 
154.3:l94 
160. 297e 
J 66.4835 
J n. 8980 

163 8636 
](i9.7947 
J7G. 1481i 
182.3872 
188.9614 
195.8652 
202.6528 
210.4000 
2J 9. J628 

207.0185 
214 . 0554 
222. 5762 
230.94 17 
239. Hil 8 
247. 2356 
255. 1850 
263.0122 
270. 7074 
278.2708 
285.6995 

5G.9483 
60.9S97 
64.9204 
68.9392 
72.9073 
77.5811 

17.0.\68 
18.5078 
19.9837 
22.3783 
25. 1980 
27.9984 
30.8674 
33.9492 
37.3522 
40.7683 
43.6298 
47. 1684 
51. 8 185 
56.4084 
61. 0008 

294.0789 
3 11. 8420 
317.8000 
323. 73(iO 
319.6517 

72D-562-·-G4 - -3 

A7' C~It! u 

----
o j( J liley-lltole 

o 10. 5053 124. 10 
6.8285 ]27.51 
6.6964 100. 25 
8.0542 J38. 12 
8.7881 162. 90 
5.7660 163.3(j 

24.1802 127.00 
5.8049 162.56 

4.7091 54.737 
4.4577 57. lIiS 
4.2709 59.1.)8 
4.1204 61. 185 
4.0894 ti2. 975 
3.9759 ()4.762 
4.8181 fi6.683 
4. 6fm4 08.725 
4.5420 70.701 
4.5782 72.589 
4.4720 74. 458 
4.3813 76. 187 
4.2918 77. SHO 

4.5:228 7.5.026 
4.4098 71i.824 
1;.4.)li7 78. S98 
ii.2902 81. 298 
6. J4 .)3 83.529 
ii.0175 S5.664 
.).8989 87.638 
G.4730 89. GG2 
(j . 3561 91. 7.)8 

5.4478 88.782 
n.4 J44 90.764 
6.293.) 92. 780 
Ii. J8 10 94.1i41 
6.9673 96. i22 
(i. 8405 9S.782 
6.7347 100.6e 
8.8 196 103.06 
8.6461 105.58 

5.4714 102.0.) 
8.6019 104.12 
8.4397 106. ii2 
8.2918 100.04 
8. 1391 111. 48 
8.0084 IJ0.90 
7.8905 lU;.28 
7.7637 118.71 
7. ii269 121. 28 
7.4997 120. 89 
7.3578 126.87 

4.1918 42.719 
3.8910 44.975 
0.9704 47.191 
4. 0673 49. 153 
3.8688 51. 134 
5.4791 53.482 

1. 5970 8.647 
I. 3051 10. 457 
1. 6466 J2. 239 
3. 1426 15. 123 
2.4969 18.369 
0.1039 21. a88 
2.6341 24.280 
3 . .\294 27.099 
3.2766 30.094 
3.5556 32.621 
2. 1675 34.593 
4. 9095 3ii.915 
4.3908 39.804 
4.789] 42.420 
4.4016 44.994 

83626 130.11 
5.9693 l{i~. 48 
5.9465 l(t?G7 
5.9257 Jlil. 86 
5.90.';6 163.16 

275 

T ABLE 11 . Observed molal heal capacity of melhylphosphonyl 
chloroJluo1'ide 

Gram m olecular \\'eight ~ 116.460 g, °K ~ OC + 273. 150 

Run 'l'm" :''1' 
:\0. 

o J( OJ( 

1 0 139. 7868 <8.9624 
148.5ii76 8.5993 
157.0592 8. 3809 
165.6160 8.7296 
174.23 16 8.5016 
182. 6321 8.2994 
192.0382 10.5127 
202.4104 10.2317 
212.5044 9.9564 
222.3294 9. i;G3.\ 
23 1. 8ii50 9.3778 
24 1. 5778 10.0477 
:NS.2159 3.2486 

2 2W.5858 9.6007 
226. 1950 9.6177 
235.6094 9.2J09 
265.3440 n 7903 
278.0760 12. 6709 
290. (i889 12.5518 
303 1 ~02 12.4307 
0 17.0766 \.).3632 
002. 3526 15.1887 

3 24!).25llS 1.1314 
2.\0.49 17 0.1874 
25~. 7'2'22 4.2737 
257.0449 4.0716 

4 81. 4146 5. (j'2~ J 
8G.8612 5.27 10 
92.5048 6.0158 
98.3896 5. 7537 

104.0347 5. 53(;(i 
11 0.0878 Ii 5697 
1 Hi. 5381i 6.00 19 
J:n.7(i70 6.1249 
128.8026 .).9463 
134.67 14 .).79! J 
141. 5J{j~ 7.8987 
147.4880 4.0449 
15.).543(; 12.0663 
252.4670 7.3741 

.) 54.7114 3.7825 
5S. 89~0 4.5707 
63.0030 4.2393 
li7.4194 3.9905 
71.3158 0.7994 
75.1879 0.9448 
79.0498 3.7795 
83.2006 4.5:?20 

6 19. 20ii9 1. 56:!H 
21. 0195 2. (X)26 
23.1.119 2. :W:!2 
:.!5.72fi6 2.8871 
28.7820 3.2244 
32.1024 3. 41 59 
05. 579 L 3.5374 
39.3997 4.1038 
43.6982 4.4903 
48.2508 4.6 11 7 
50.2988 5.4843 
58.52 18 4.96L9 

" Sec footnote a, ta!)le 9. 
h Sec footnote hJ table 9, 
o Sec footnote b, table 2. 

C~ lItb 

J ldeY-1ILole 
76.997 
80.237 
83.205 
86.205 
89.171 
92. 095 
95.382 
99. 151 

103.01 
107.26 
113.12 
140.39 
670. 13 

104.74 
lI O.08 
118.76 
150.87 
1.51. 64 
152. ii! 
153.51 
154.69 
] 55.87 

1381. 3 
2049.3 
700.28 
L50.21 

53.4'25 
5;'.9.)0 
58.282 
60.701 
63.036 
iiS.484 
ii8. 109 
70.543 
72.858 
75.107 
if. 751 
79.918 
82. li44 

J8U.8 

40.90L 
4'0.042 
4.).290 
47.182 
48.822 
50 .. 569 
52. 339 
54.278 

14 .2iiO 
16.249 
18.550 
21. 18] 
24.070 
2ii.968 
29.7 13 
32.062 
04.984 
37.588 
40.249 
42. 866 

f Cd T plus L f would be consistent wi t h t he above 
accuracy. Thus, alth ough the distribution of the 
heat input to the heat capacit~T ltnd to the heat of 
fu sion ma~' h,we a high ull certl1.in t~~, the sum of the 
two heat inputs is expccted to be ,LCCUl'ate to 0.01 
pel·cent. 

Th e fin ,LI smoothed values of molal h eat capacity 
are given in tables 12, 13, and 14 for difluoro, dichloro, 
and chlorofiuoro, respectively. 
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FIGURE 9. Observed heat capacity of methylphosphonyl 
dichlon;de. 
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F I GURE 10. Observed heat capacity of melhylphosphonyl 
chlm·oflum·ide. 

T A BLE 12. 1110lal thermal functions for melhylpho8phonyl 
d1jluoride (CII3POF2) 

376 

Gram molecular \\'eight ~ 100.0051 ,g, T cleg K~t cleg C +273.15 

I (H T- H O) I ( I-fT;H o) I 

Solid 

OJ( J /deq J J /(/ey 
0.00 0.000 0.000 0.000 

5.00 .264 .330 .066 
10. 00 2.072 5.237 .524 
15. 00 6.124 24.946 1. 663 
20.00 11. 207 68.151 3.407 
25. 00 16. 263 136.94 5. 478 

30. 00 20.970 230.24 7.675 
35.00 25.292 346.07 9.888 
40. 00 29.047 482.22 12. 055 
45.00 32.384 635.91 14.131 
50.00 35.400 805.52 16. 110 

55.00 38.002 989. 13 17.984 
60.00 40.567 1185. 6 19. 759 
65. 00 42.992 1394.5 21. 454 
70.00 45.309 1615.3 23.076 
75. 00 47.55.1 1847. 5 24.633 

80.00 49.727 2090.7 26.134 
85.00 51. 830 2344.6 27.584 
90.00 53.861 2608.9 28.988 
95.00 55.815 2883. 1 30.349 

100.00 57.742 3IG7.0 31. 670 

105.00 59.661 3460.5 32.957 
110.00 61. 562 3763.6 34.2 15 
115.00 63.443 4076. I 35. 445 
120. 00 65. 305 4398.0 36.650 
125.00 67.146 4729. I 37.833 

130.00 US. 955 5069.4 38.995 
135.00 70. 727 54 18.6 40. 138 
140. 00 72.472 5ii6. G 41. 262 
145.00 74. 193 6143.3 42.3US 
150. 00 n .897 6518.5 43.457 

165.00 77.580 6902.2 44 .531 
160.00 79. 248 7294.3 45.589 
165.00 80. 907 7694.7 46.634 
170.00 82.565 8103.4 47.667 
175.00 84.220 8520.3 48.688 

180.00 85.891 8945.6 49.698 
185.00 87.582 9379.3 50.699 
190. 00 89.298 9821. 5 51. 692 
195.00 91.058 10272 52.679 
200.00 92.85J 10732 53.660 

205.00 94.657 11 201 54.638 
210.00 96.483 11679 55.613 
215.00 98.335 12IG6 56.585 
220.00 JOO.2 1 12662 57.555 
225. 00 102. 13 13IG8 58. 524 

230.00 104.06 13683 59. 493 
235.00 J05.99 14208 60.462 
236.34 106.50 14351 60. 721 

LIQulcl 

236.34 140.08 26230 110.99 
240.00 140.31 26744 11l. 43 
245.00 140.64 27446 112.02 
250.00 J40.99 28150 11 2.60 
265.00 !41. 35 28856 113. IG 

260.00 141. 74 29564 113.71 
265. 00 142.13 30273 11 4.24 
270.00 142. 54 30985 114.76 
273. 15 J42.81 31434 11 5.08 
275.00 142.97 31699 115.27 

280.00 143.41 32415 115.77 
285.00 143.87 33133 116.26 
290.00 144.34 33854 116. i4 
295.00 144.83 34577 117.21 
298. 15 145. 14 35033 117.50 

300.00 145. 33 35302 117.67 
305.00 145.84 36030 118.13 
310.00 146.36 36761 118.58 
315. 00 146.89 37494 119.03 
320.00 147.43 38230 ]]9.47 

325.00 147.98 38969 119.90 
330.00 148. 54 39710 120.33 
335. 00 149.12 40455 120.75 

Sr 

J /deq 
0.000 

.088 

.699 
2. 242 
4.693 
7.742 

11.131 
14.693 
18.324 
21. 941 
25.512 

29. 010 
32.427 
35. 771 
39.042 
42.245 

45.383 
48.462 
51. 482 
54.447 
57.359 

60.222 
63.042 
65.820 
68.659 
71. 263 

73.932 
76.567 
79. 171 
81. 744 
84. 288 

86.804 
89.294 
91. 758 
94. 198 
96.615 

99. OIL 
101. 39 
103.75 
106.09 
108.42 

110.73 
113.03 
115.33 
117.61 
119. 88 

122.15 
124. 40 
125.01 

175.27 
177.43 
180.32 
183. 17 
185.96 

188. 71 
191. 42 
194.08 
195.73 
196.70 

199.28 
201.82 
204.33 
206.80 
208.34 

209.24 
211. 64 
214.02 
216.36 
218.68 

220.97 
223.23 
225.47 

\
-(GT-Ho)\ - (GT-H O) 

'1' 

J 
0.000 

.110 
1.765 
8. 684 

25. 705 
56.606 

103. 69 
168. 20 
250.74 
351. 41 
470.07 

606.41 
760. 03 
930.55 

111 7.6 
1320.9 

1539.9 
1774.6 
2024.5 
2289.3 
2568.8 

2862.8 
317l. 0 
3493. 2 
3829. 1 
4178. 7 

4541. 7 
4918. 0 
5307.3 
5709. 6 
6124. 7 

6552. 5 
6992. 7 
7445.4 
7910.3 
8387.3 

8876. 4 
93ii. 4 
9890.2 

10415 
1095l 

11499 
12058 
12629 
13212 
13805 

14410 
15027 
15194 

15194 
15839 
16734 
17642 
18565 

19502 
20452 
21416 
22030 
22393 

23383 
24386 
25401 
26429 
27083 

27469 
28521 
29585 
30661 
31748 

32847 
33957 
35079 

J /deq 
0.0 00 

. 02 

.Ii 

.57 
1. 28 
2.26 

3.45 

2 
5 
9 
5 
4 

6 
6 

US 
4.80 
6.2 
7.8 09 
9.40 

11. 02 
12.66 
14.31 
15. 96 
17. 61 

19.24 
20.87 
22.49 
24.09 

1 

6 
7 
6 
6 
1 

9 
7 
4 
8 

25. 688 

27.26 
28. 82 
30.37 
31. 90 
33. 43 

34.93 
36.42 
37.90 
39. 37 
40.83 

42.27 
43.70 

5 
7 
5 
9 
o 
6 
9 
9 
7 
1 

4 
4 
3 
1 
7 

45. J2' 
46.53 
47.92 

49.3J 3 
50. 
52.05 

688 
4 
9 
5 

53.40 
54.75 

56.09 
57.42 
58.74 
60.05' 
61. 35 

62.65 
63.94 
64. 28 

64.288 
65.99 
68.30 
70.57 
72. 80 

75.00 
77.17 
79.31 
80. 65 
81. 42 

83.51 
85. 56 
87.59 

I 
4 
o 

89.5 90 
6 90.83 

91. 56 
93.51 
95.43 
97. 33 
99.21 

101. 07 
102.91 
104.72 

II. is the enthalpy of t he crystal at t h e saturation pressure at 0 OK . 

___ ---.J 



TABLE 13. "Molal thennal functions for m ethylphos phonyl 
dichlo1'ide (CU 3POCI2) 

Gram mol ecul ar \Veight ~ 132 .914 g, 'I' d eg K =t d Cl( C + 273. 15 

'I' 

°I( 
0.00 

5.00 
10.00 
15. 00 
20. 00 
25.00 

30.00 
35.00 
40. 00 
45.00 
50.00 

55.00 
60.00 
65.00 
70. 00 
75.00 

80.00 
85.00 
90.00 
95.00 

100.00 

105.00 
110.00 
U 5.00 
120.00 
125.00 

130.00 
135.00 
140.00 
145.00 
150.00 

155.00 
160.00 
165.00 
170.00 
175.00 

180. 00 
185. 00 
190.00 
195.00 
200.00 

205.00 
210. 00 
215.00 
220.00 
225. 00 

230.00 
235.00 
240.00 
245.00 
250.00 

255.00 
260.00 
265. 00 
270.00 
273. 15 

275.00 
280.00 
285.00 
290.00 
295.00 

298. 15 
300.00 
305. 00 
306. 14 

306. 14 
310.00 
31,.00 
320.00 
325. 00 

330. 00 

c •• , [(I-J r- H o) I (I-I r- H o) II 

I 'I' 

~o1id 

J /de" J J jtleg 
0.000 0.000 0.000 

. 262 . 328 .065 
2.071 5.208 .521 
6.384 25.353 1. 690 

12.266 71. 691 3. 584 
18.133 147. 90 5.916 

23. 416 252.04 8.4Ot 
28. 045 380.96 10. 884 
32. 054 531. 45 13.286 
35.532 700.62 15.5(i9 
38.663 886.20 17.724 

41. 604 1086.9 19.762 
44.400 1302.0 21. 700 
47.098 1530. 8 23.550 
49. 711 1772.8 25. 326 
52.287 2027.8 27.038 

54.831 2295.6 2R.695 
57.325 2576.0 30. 306 
59.727 2868.7 31. 875 
61. 994 3173. 1 33.401 
64.201 3488.6 34.886 

66.407 3815. 1 36.33'1 
68.579 4152. 6 37.751 
70.701 4500.8 39. 137 
72. 783 48.59.5 40.496 
74.795 5228.5 41.828 

76.764 5607. 4 43. 134 
78.6b4 5996. 0 44. 41 5 
80. 558 6394.2 45.673 
82.399 680 1. 6 46.907 
84.182 7218. 1 48.120 

85.905 7643.3 49.312 
87.593 8077. 1 50. 482 
89.240 8519. 1 51. 631 
90.849 8969.4 52.761 
92.435 9427.6 53.872 

94.000 9893. 7 54.965 
95.542 10368 56. 041 
97.046 10849 57. 100 
98. 527 11338 58. 143 
99.994 1183'1 59. 171 

101. 46 12338 60.185 
102. 92 12 49 61.1 85 
104.38 13367 62. 173 
105.84 13893 63.149 
107.30 14426 64.114 

108.76 14966 65.068 
11 0.23 15513 66.014 
111. 70 16068 66.950 
113.19 16630 67. 879 
114.70 17200 68.800 

11 6.24 17777 69. 715 
117. 78 18362 70.62.5 
119.40 18955 71. 530 
121. 07 19.,57 72. 431 
122.14 19940 72. 999 

122.78 2Ot66 73.331 
124.53 20784 74.230 
126.31 21412 75. 128 
128. 12 22048 76.026 
129.95 22693 76.925 

131.12 23104 77. 491 
131. 80 233'17 77. 824 
133.67 2'1011 78.724 
134. 10 24163 78.929 

Liqu id 

162. 42 42242 137.98 
162.46 '12869 138.29 
162.58 43681 138.67 
162.75 44495 139.05 
162.94 45309 139.41 

163.20 46124 139.77 

[_ ((:T_ Il,)\-(Gr- lIo) 
o 'I' 

J lder J J /deg 
0.000 0.000 0.000 

.088 . 110 .022 

.695 1. 743 . 174 
2.270 8.696 .580 
4.895 26.2 17 1.3 11 
8.272 58. 904 2.356 

12.055 109.61 3.654 
16.020 179.75 5. 136 
20.033 269.89 6.747 
24.014 380.03 8.445 
27.922 509.91 10.198 

31. 746 659. 11 11. 984 
35.487 827.23 13.787 
39. 148 1013.8 15.598 
42.734 1218.6 17.408 
46. 252 1441. 1 19.214 

49.708 1681. 0 21. 012 
53. 107 1938. I 22.801 
56. 452 2212.0 24.577 
59.743 2502.5 26.342 
62.979 2809.3 28.093 

66. 165 3132. 2 29.830 
69. 304 3470.9 31. 553 
72. 400 3825.2 33.262 
75. 453 4194.8 34. 957 
78.465 4579.6 36. 637 

81. 437 4979.4 38.303 
8'.370 5393.9 39.955 
87.266 5823.0 41. 593 
90. 12.5 6266.5 43.2 17 
92.948 6724 . 2 44.828 

95.737 7195.9 16. '125 
98.491 7681. 5 48.009 

101. 21 8180. 8 49.581 
103.90 693. 6 51.1 39 
106.56 9219. 7 52.684 

109. 18 9759.1 5·1.217 
ll1. 78 103 12 55.738 
114.35 10877 57.246 
116.89 11455 5~. 743 
119.40 12046 60.228 

121. 89 12649 61. 702 
124.35 1:1261 63. 164 
126.79 13892 64.615 
129.20 14532 66.056 
131. 60 15184 67.486 

133.97 15848 (is. 906 
136. 33 16524 70.315 
138.66 17212 71. 715 
140.98 179ll 73. 105 
143.28 18621 74.485 

145.57 19344 75.857 
147.84 20077 77. 219 
150. 10 20822 78. 573 
152.35 21'>78 79.919 
153. 76 22060 80.762 

154 .59 2234.5 81. 256 
156.81 23124 82.:,1l5 
159.03 23914 83.907 
161. 25 24714 85. 222 
163.45 25526 S6.529 

164.84 26043 87. 349 
165.65 26349 87.829 
167.85 27183 8Q. 123 
168.35 27374 89.4 17 

227.40 27374 89.417 
229.43 28256 91.148 
232. 03 29409 93.364 
234 . 60 30576 95.550 
237. 12 31755 97.709 

239.61 32947 99.840 

J 10 is t he enthalpy of t he crystal at t he satura tion pressure at 0 OK. 

729- 562--64----4 377 

T A Br,E 14. Niola.lthe1'1nalfu nctions fo r melhylphosphon yl 
chlol'Oflu01'ide (CH3POC1F) 

____ Gram molecu lar wei g h t~ 1l6.460 g, Tdc g K =t deg C + 273 .15 

'I' Co. , I (l l r- IIo) II (lIr- If.) I Sr 1-(Gr- 118)1-<Gr- r/O) 

T I I 'I' 

Solid 

OJ{ J /tleg J J ldeg J /deg J J /tleg 
0. 00 0. 000 0.000 0.000 0.000 0.000 0.000 

5. 00 .373 . 468 .093 : ~~~ 
.157 .031 

10.00 2.915 7.398 .740 2. 485 .2'18 
15. 00 8.36 1 3'1.672 2.3 11 3.125 J2.209 J4 
20.00 14.774 92.574 4.629 6. 41 2 35. 676 1. 784 
25.00 20. 448 181. 14 7.246 10.341 77. 397 3.096 

30.00 25.1 51 295.39 9.846 H . 494 139.44 4. 6'18 
35.00 29.267 431. 69 12.334 18.688 222. 41 6. 354 
40.00 32.731 586.98 14.674 22.830 326.24 8. 156 
45.00 35. 749 758.28 16.85 1 26.862 450.52 10.012 
50.00 38.533 944.08 J8.882 30.775 594.67 11. 893 

55. 00 41.109 1143.3 20.786 34.570 758.08 13.783 
60.00 113.575 1355. 0 22.584 38.253 94 0. 18 15.670 
65.00 45.949 1578.9 24.290 4 1. 835 11 40. 4 17.545 
70.00 48.261 18 14.4 25.920 45.326 1358. 4 19.405 
75.00 50.540 206 1. 4 27. 486 48.733 1593.6 21. 247 

80.00 52. i78 23 19.7 28.997 52.066 1845.6 23.070 
85.00 54.982 2589.1 30.460 55.332 2114.1 24.872 
90.00 57. 153 2869.5 31. 883 58.537 2398. 8 26.653 
95.00 59. 282 3160.6 33.269 61. 684 2699.4 28.4 14 

100.00 61. 379 3462.3 34.623 64.778 3015.6 30. 156 

J05.00 63. 444 3774.3 35.946 67.823 3347. 1 31. 877 
110.00 65. 471 4096.6 37.242 70.821 3693. 7 33.579 
115.00 67. 468 'JoI29.0 38.5 13 73.776 4055.2 35.263 
120.00 69.436 4771. 3 39. 761 76.689 4431. 4 36.928 
125.00 71. 373 5123.3 40.986 79.563 4822.0 38. 576 

130.00 73.279 5<185. 0 42.192 82.399 5227.0 40.207 
135.00 75.156 5856.1 '13.378 85.200 5646.0 41. 822 
140.00 77. DOL 6236.5 44.546 87.967 6078.9 '13.42 1 
145.00 78.814 6626.0 45.697 90.701 6525.6 '15.004 
150.00 80.591 7024 . 5 46.830 93.403 6985.9 '16.572 

155. 00 82.333 7<131. 9 47.947 96.074 7459.6 48. 126 
160. 00 84 . 052 7847.8 49.049 98.715 7946.6 49.666 
165.00 85.760 8272.4 50. 135 101. 33 8446.7 51. 192 
170.00 87. 464 8705.4 51. 208 103.91 8959. 52.705 
175.00 89. 169 9147.0 52.269 106.47 9485.8 54.204 

1 0.00 90.872 9597. 1 53.3 17 109.01 10024 55.691 
185.00 92.574 10056 54 . 355 .11 1.52 10576 57.166 
190.00 94 . 273 10523 55.383 Jl4.0 1 1 1140 58.630 
195.00 95. 970 1099 56.402 ll6. 48 11716 60.081 
200.00 97.665 11483 57. 413 118.93 12304 61. 522 

205.00 99.359 11 975 58. 415 121. 37 12905 62.952 
2JO.00 JOI. 05 12476 59. 410 123.78 13518 64.372 
215.00 102.74 12986 60.398 126. 18 14143 65.78 1 
220.00 104 .43 1350 1 61. 380 128.56 14 780 67. 181 
225. 00 106.11 14030 62.355 130.93 15429 68.571 

230.00 107. 80 ]4565 63.325 133.28 16089 69. 953 
235.00 109.48 15108 64.289 135.6 1 16761 71. 325 
240.00 111 . 16 1 . .5659 65.2'18 137.94 17445 72. 688 
245.00 112.84 16219 66. 202 140.24 18141 74.044 
250.00 ll4 .52 16788 67.15 1 142. 54 18848 75. J91 

250.70 114 .75 ] 6868 67.284 142.86 18948 75.5i 

LIquId 

250.70 149.91 28723 114.57 190. 15 189·18 75.578 
255.00 150.17 29368 115. 17 192.70 19771 77. 532 
260.00 ]50.48 30J20 115.84 195.62 20741 79.775 
265.00 150.80 30873 !l6.50 198. 49 21727 81. 988 
270.00 151. 13 31628 117.14 201. 31 22726 84 . 171 

273.15 151. 35 32104 117. 53 203.06 23363 85.532 
275.00 ]51. 47 32384 11 7. 76 204 .09 23740 86.326 
280.00 151. 82 33 142 U 8.37 206.82 24767 88.454 
285.00 152. 18 33902 118.96 209. 51 25808 90.554 
290.00 152.55 34664 119.53 212.16 26862 92.628 

295.00 152.93 35428 120.09 214.77 27929 94. 676 
298.15 153. 17 35910 120.44 216.40 28608 95.953 
300.00 153.31 36194 120.64 217.34 29010 96.699 
305.00 153.70 36961 121.18 219.88 30103 98. 698 
310.00 154. 10 37731 121. 71 222.38 31208 100.67 

315.00 154.50 38502 122. 23 224. 85 32326 102.62 
320.00 154. 90 39276 122.74 227.29 33457 104.55 
325.00 155.31 40052 123. 23 229.69 34599 106. 46 
330.00 155.72 40829 123.72 232.07 35753 108.35 
335.00 156. 13 41609 124. 20 234.41 36919 110.21 

H g is t be enthalpy of t he crystal at the saturation pressure at 0 ° K. 



7. Derived Thermal Properties 

Values of relative enthalpy, enthalpy function , 
entropy, Gibbs free energy, and Gibbs free energy 
function were calculated from the smoothed values 
of heat capacity by tabular integration, usmg 
Lagrangian four-point integration coefficients. The 
thermodynamic relations used are as follows: 

- (Gsat- H g)= T(Ssat-sg)- CHsat-Hg) + TSg 

The relation: 

-(Gsat-H g)= iT (Ssat-sg)dT 

(3) 

(4) 

_.£T V.at(dp/dT)dT+TSg (5) 

was also evaluated to check the calculations in eq 
(4). In the evaluation of the above expressions, 
the residual entropy (sg) was taken to be zero 
and adjustments were made for the phase transitions 
(heat of fusion) wherever necessary. The enthalpy 
function and the Gibbs free energy function were 
obtained by dividing values of enthalpy and Gibbs 
free energy, respectively, by the appropriate tempera
tures. The values of heat capacity below the 
experimental range of each substance were obtained 
by extrapolation using a Debye heat-capacity 
function fitted to the experimental values obtained 
at the lower temperatures. The evaluation of the 
thermal properties was done on the IBM 7090 
computer at 1-deg intervals up to 75 oK and at 
5-deg intervals at the higher temperatures. The 
calculated values were rounded to three decimals 
or rounded to five significant figures for the larger 
values. Smoothed values of heat capacity and the 
derived thermal functions are given at 5-deg inter
vals in tables 12 , 13, and 14. 

8. Discussion of Results 

At about the time of the conclusion of the measure
ments, the authors noticed in unpublished British 
literature heat-capacity measurements on difluoro 
and dichloro in the range of about 90 to 290 oK 
by Spice et al. [11]. In figures 11 and 12 are com
pared the results on difluoro and dichloro, respec
tively.5 The difluoro samples were of comparable 

5 The au thors are gratefu l t o -P1"1fcssor .T . E. Spice for pernlission to make these 
comparison s prior to the publicAtion of his rrsults . 
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FIG URE 11. Comparison oJ the observed heat capacity oJ mel hyl
phosphonyl difluoride with those re ported by Spice et al. [11]. 
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FIGURE 12, C.omparison of the observed heat capacity of methyl
phosphonyl dtchlonde with those "e poried by Spice et al. [11]. 

pu~ity while t.he dichloro sample investigated by 
~plC~ was :onslderably less pure. The lower purity 
IS qUIte eVIdent from the relatively large premeltino' 
effects shown, the values not having been adjusted 
for premelting. For difluoro, Spice gave values of 
heat capacity adjusted for premelting. These 
adjusted values are shown to be in close agreement 
with the final smoothed values selected in the present. 
investigation (solid curve). 

Spice calculated the entropy of gaseous difluoro 
and dichloro at 298.15 OK from his data by extrapo
lating below 90 OK and by estimatino' the heat of 
vaporization at 298.15 OK using vapor·in'essure data 
and heat-of-vaporization measurements at hio·her 
temperatures given in unpublished literature. These 
results are compared in table 15 with those obtained 
in the present work. In the present work the heat 
of vaporization was estimated using the Clausius
Clapeyron relation and vapor-pressure equations for 
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difluoro, dichioro, and chlorofluoro given by Zeffert 
et a1. [1 6]. For th e dichloro compound , the vap or
pressure equation for the liquid was extrapolated 
down to 298. 15 oK. The heat of fusion at 298. 15 oK 
was calculated assuming constant difference in th e 
heat capaci ty of the liquid and solid between th e 
triple-point temper ature (306.l4 OK ) a nd 298.15 oK , 
the experimentally observed difference at the t riple
p oint temperature being used . The calculation of 
th e en tropy of chlorofluoro is also given in table 15. 
The tables show that the experimen tal work between 
90 and 298.15 oK are in close agreement. The 
extrap olation by Spice et a1. , [11] below 90 oK gives 
en t ropy values abou t 6 J jdeg-mole lower than the 
present experim en tally obtained values with extrapo
lation only below 15 oK which co ntributes only 
abou t 2 J jdeg mole total. 

T ABLE 15. Com pari son of values of enI7'OPY 

I) inuoro 

L'.S, 0-90 OK 
L'.S,90-Z9S. 15°K 
S, 298.1.\ ° K 

'I'his 
work 

51. 5 
156.8 
208. 3 

Spiceetal. 
45.2 

156.0 
20 1. 2 

L'.S [usion , 29S.15 o J( ___________________ _ 

L'.S vaporizati on. 298. 15 129.7 131. 8 
OK , 

e:.S sublimation, 298. 15 ___________________ _ 
OK . 

L'.S compression to 1 -25.3 -25. t 
atm, 298.15 oK. 

7'hi8 
work 

5G.5 
108.3 
164.8 

59.9 
164. 1 

224.0 

- 49.1 

I)ichloro 

Spice et aZ. 
50.6 

108.6 
159.2 

52. 0 
161. 4 

213.4 

-49.4 

C hloro· 
fluoro 

Th is 
work 
58.5 

157.9 
216.4 

155.3 

-3G.7 

Sgas, 1 aLIll , 298. 15° K 312.7±3 307. 9±8 339. 7±3 323.2±21 335.0±3 

The differ ence in the entropy of vaporization for 
difiuoro is consis tent with the possible error of 1 to 
2 percent often present in calculating the heat of 
vaporization using Clausius-Clapeyron equation and 
vapor-pressure data. The large difference in the 
entropy of sublimation [or dichloro arises largely 
from the low v uJue obtained by Spice for the heat 
of fusion. Spice considered the measurements ill 
t be regio n of the melting point of dichloro beyo nd 
t il e upper temperature limit of his calorimeter for 
accurate meas urements. Using the experimentally 
observed heat of fusion of the presen t work with 
Spice's value for the heat of vaporization , t he entropy 
of sublimation would become 221.3 J jdeg-mole, 
which is closer to that value obtained in the present 
work. This comparison of entropy values shows 
that the entropy of vaporization could be estimated 
within 1 to 2 percent from vapor-pressure data. 
The extra.polation below 90 OK could, however, 
introduce a much larger error. 

The a.uthors are ind ebted to A. R . Glasgow, Jr., 
for the supervision of th e purification and fr eezing
curve p uri ty measuremen ts. 
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