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23 ASSTA ACT

Samples of the solid fluorocarbons CF and C 4F hrie been prepared by direct
fluorination of pure graphite. Low temperature heat capacity measurements

have been made on both of these samples using a hydrogen cryostat calorimeter.
Forthecomoud C 1.9, phas been measured over the temperature range 5-310 K.For he ompundCF1 . 09 , p

Values of S and GO have been c-!zulated over this range of temperature

also. Using a previously determined value of AH 298 (CF 1 1 2. s) it is possible

to calculate the theoretical Ea for an electrochenical cell utilizing the

overall reaction
CF1.12(s) +1.12 Li (s' - 1.12 LiF(s) +C (s)

The value of AH29 (CF0 .2369) has been derived from the energy of combustion

in fluorine for the sample of C4F. In addition, low temperature (15-57 K) c
data have been gather " for this compound. Extetding the c measurements top300K

wil! allow the calculation of a value of E0 for the electrochemical process

CF 0.2369(s) + 0.2369 Li (s) - 0.2369 LiF (s) + C (s)

rowm, A47 fLACgC 00 POM 147. 1 JAN 04. WHICH 1

DD Noeu4 3 OSOLL R- AY V29.
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Er

os the research reported herein has been to pepar e pure

samles of the solid flnoocn ns; =.- and C r and to masue their rhenv-

vroperties, C vs ae_rature and 2_4 Sth suffcient
accuracy tor Emx

an electro--ch=ical call.- These reactions can be written as the id-altzedit processes:
_r(s' + Li(s) --- LiF(s) + C(graphite)

j F(s) + I(s) U Fl(s) + 4 C(granhite)

ID the discussion that foflows, the CF connomwd was fotnd by chenicazl
analysi to h~ C hie th e C Fcorpvocad was found to be

"-_ t.09' -0.2369

±ne derived them-_-aic e-an-ti- s So. C, and -- 298.&0 were based

on th.ese stoich-.etries.

•The description of th.e exp-r-=eni work and the xesults has been

divided into three narts. Part I describes the preparation and purifi-

carion of the s=nles nsed. 2ar II describes the low e=erature heat

ity measurements. Part III describes the fluorine bozb calorizetry

mezhods used to arrive- at the enthalpy of fornation of CF.
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Par . .nF _Yr' 0? S5L--S ;

. Pre-raticn of Czrbo nfnrn-e, C. (a)"

Spectroscopic grade graphite p-rader (Caroona ro--:uct D-vision, BInioa

Carbide Corporation) (-325 eh) vas uifornfly spread on urflorinated

aceltrays icwere laced ' a 3 nch e rde nickel reactor- herresactor

ket at 635 ±20 C t otte run after -- initial period In

uihich nitrogen was passed o-zer the graphifte while tereactor reached its;

operation texa ixture. -ms . B E ~ Z
50 cim1-- nirogn ws pa hrogh he eacorf or 1--06-144 hours. After

ti..s zin, the flArw of fler-e was stop-tpd and nitrogen ws passe d over
th e sz~vie - le the reactor cooledJ to r-_ te~vera-mre. 7h-e_._ a3 trays

screen.

t -ite CF prepared in irh way aluxas shots the presence of altout

D. nickeli 1lride (Si) s N pF2  resably cones f t sanple

trays and fran flaking of the inside of the nicl reactor tube. A ntnber

of methods were tried to ren-ve this MYF2 i-mry. The vet -echods tried

included washing the product in solvents such as water, acetone, alcohol,

metharol, wtetrachlo":-.e, cyclohe3ane, cilute hydrochloric acid,

dilute nitric acid, 102 -metal -in wt and 50-50 acetone-water miture.

None of these solvents co.pletely separated the product fran the Si 2

mnpurity. In addition, it -as found that washing the white CF produced

a slightly off-color product. Because of these proble=s, several dry

ethods of separation were tried. Tres included centrifugation, a

tangential air flow, and vertical and horizontal air flow. Here also,

the in-purity, SiP2 , could be decreased but not co..letely removed. Finally,

a -ow er classifier which senarates a nisture of twu powders whicU iffer

in their densities was tried. (The density of Si?2 is 4.63 glcc where

as that of CF is 2.58 g/cc.) The classifier used was a Bahco 600 --co-

classifier. (H. W. Dierent Connany, Detroit, Xichtgan) During the

classification a very slow current of cry nitrgen was passed through the

apparatus. It was found tirat this gas flw facilitates an even flow of

2



CF z-"d res=Ilre nn evartcal sepnrartien af the esired 2Az Ff i~ h

= - ~ Clflicatioo of 10 g of CF requaired afr-,iur -haif ac ~zr

7-r- atrzF present decreased ce~s~c-erab±' in ateii:

ciassi! icaricn (abozt .3-a1 A second classificat ion hs:her dcEcreaset,--

2ra!e r o less ti- 0-.Z. Aft:er a third zs-iinanth* E~n

-of Yi, resent Sms 0-k _ ±021' Further class ificsticn a-arenr Ir did- no:

2 d-ecrezse tLe - .- n of S?,Threfore all the reuainingm C? w-as znassiffiaec

tcccerature hetcpct inueetthree tine__s before being finallr analyrzed pri;:r to ;re7_aaton

2- Prenaarario, of the Sol id Flinrocarbon. C 3 2 (C.?).-
Tim nehods were use-d to prepare saz; les of. a F lt-rocr-b-On apoProz-

if2t ing CF_ These were a static, h01g3 :ressurf zez~dad a "low aethod-

The product ofI zte static ne, _1 d wa=ot >i-z'ed or sul : ici-ent caalitv for

in -- a easrre. rs -when caazred writn oronoerries of Lae procuc: of the

~ ig resz n adc.

&nr granm of spectr-sscoriic grade gra-phite (Carbon ?roidnrts DiFvinion,

Unin arbdecorpi wams plcdIn the bo-ton- of a ize ~oof 0-32 liter
roicre ±ae toS sms sealed, evacuwatec Fo once hour, zand then" filled with

hywdrogen- fluzori-de to a Dressine of one at:s- ere. Tnen fluorine -.as

aflowed to v-ery. sloWlyv -er te brimb. Uzr:ake of fluowrine adhydrogen

fluoride ices -"daiyevido? -by r ress-r dron in thesst.A

mn=;=~ oressure ot anout 0-.5 ar~oshere wams reached in the haSb at ubich

point die pressure began to increase with cont'Inuin2 addition of fluorine.

Te addition of florine vas coatinuec =nt-4 tht pressure in the bo was

ap-nroxza:lv 75 ztst. At this srage the valve on the -aSwas closed and

all1-owed to stand for one hor. In order- to rcae the product, the fluorine

was venten, the oat- was then evacuated and refillled with dry trenoa

pressure of on-me arnosphere before being opeeen.

Zwelre bat-ches of C.-- were o-renared i;n thi.s manmner. :ne C4 rroon'ced

mas p~aeon for several day.s in a racuz= desiccator an! then h-ne wtfh

west analvtical results were based on ZZU1 derernina tions prf brycD
varius ndnnr~n: aboatoieson seanles ta2ken at vari-,us stages of

clazss if icar ion-



-methanol, dried i9 an even at 70-75 0 C overnight and stored in a desiccator

over calcitn chloride. it was found tIat the product prepared in this way

allays contained higher percentages of flaorine than is called for in the

for=ula C.F. The reason for thi behavior is not clear, and further work

on this proble- is being planned.

b. Flow method.

in a typical pre-paraticn approximately ten grams of spectroscopic grade

graitire p-ader were unifor ly spread out on a prefluorinated nickel beat.

The reacti : chaner was flushed with dry nitrogen for one hour to

re-ve noisture fron the sample. At the end of this tine, hydrogen fluoride

waz passe-d throh the sy.sten at about 2-6 cc/min. Then slowly, fluorine

nixed with nitrogen (25 cc/in fltmrine and 50 cc/nin nitrogen) were added

to the flow through the syste-. The fluorine-hydrogen fluoride flow Zas

cut off after 24 hours, and the syse purg t-d with nitrogen for an hour

after 1d ich the product was renoved. The crude product was placed in an

evacuated desiccator for one week and then washed in a methanol-iater

nixr-re (2:1). After drying in a oven at 70-75 OC overnight, the product

was stored in a desiccator. The product prepared in this way seemed to be

free of uman ted hydrogen fluoride and had the required anount I fluorine

(see Part Ii, Table I.).

Fifteen preparations of C F with 10 g of graphite vere carried out.

Each was treated the sane way. After about a week the weight loss in

vacuxm was negligible for each batch. From these fifteen batches, six

w-hich had reached constant weight were nixed together, and washed with

a ethan-ol-uater -=ature (2:1) umtil the filtrate was neutzal on the pH

scale. After filtering and drying at 70-75 0 C for 24 hour:, the sanple was

stored in vacuu itil used.

Part I. LOW T-ATE-MRA-E CAO FY OF T=- SOLID FLI ROCARO.xs,

F.09( CF0 . 2 3 6 9 (C4 F).
1. Apparatus.

-a. Cryostat.

The cryostat used in this research is of the Giauque-Euken i-othernalJ

type. !: carries the laboratory designation of Calorimeter B-and it has

been previously described ( 1 ) .

*We -ish to grateful'r acknowledge the 2oz.. of this calorineter b. Dr. John
Kil .-4 patrick -f Ricc. U niversity, Chemistry Departnent.
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b. Sample container

Since all previous calorimetry in this laboratory had been done on

materials which are liquids or gases at room temperature, the sample

containers on hand were not suitable for loading with solids. It was

necessary, therefore, to construct a new sample container for this research.

The sample containcr that was constructed, consists of a copper cylinder,

7.3 cm long, 3.8 cm diameter, and 0.30 mm wall, closed at the top and

bottom with end caps of 0.40 mm thickness. Two wells, for the thermo-
meter and heater, and a radial vane system run from the top of the body

to within 4 mm of the bottom. The bottom cap has a 12 mm diameter hole

in it for loading of the sample. A disc, 12 mm in diameter and 1.5 mm

thick, with a coaxial tube, 2 mm in diameter, 6 mm long, and drilled out

to 0.5 mm, was machined out of a single piece of copper. After the sample

container is loaded with the material to be studied, the disc is flash

soldered in place. The sample container is then placed in a bell jar

-Iand evacuated. After the bell jar and sample container are filled with

helium at atmospherice pressure, the sample container is removed from

the bell jar and a small brass cap is soldered over the end of the tube.

The thermometer and heater are placed in their wells. Thermal contact

with the walls of the wells is made with a fixed weight of Apiezon N

Agrease.
The sample container has an internal volume of 75 cm and weighs

81.9 gm complete with thermometer, heater, and leads. The heat capacity

-of the empty sample container was determined over the temperature range

of 15 to 315 K.

c. Thermometer and temperature scale

The Meyer type platinum resistance thermometer used in this research
(2)was constructed in this laboratory and carries the laboratory designation

100-4. It has been calibrated twice (2 ,3 ) and has shown good stability.

It's ice point and hydrogen triple point resistance are 78.3 ohms and

0.11 ohms, respectively.

The thermometer is calibated on the International Practical Tempera-

ture Scale of 1948 above 90 K and on the NBS - 55 Temperature Scale below

90 K. Since it is desirable to report new tl:et-modynamic data on the _1

The exterior surface is -old plated.

4 ~x Mj



International Practical Temperature Scale of 198, conversion of the results
(4)~

of this research to the new temperature was done by the method of Douglas

The data for conversion of IPTS-48 results to IPTS-68 were taken from

Douglas while data for conversion of NBS-55 results to IPTS-68 were

taken from Bedford, et al.(5). All results reported herein are on the

IPTS-68.

d. Measuremeats.

The alparatus used for making potential measurements has been described

by Taylor(6), Putam and Johnson (8). The temperature circuity and the

method of taking temperature measurements have been described by McEachern ( 2) ,
(6) (8)

Taylor and Johnson The power circuity and the method of taking

power measurements have been described by Taylor(6) and Johnson(8).

The standardization of all e.m.f. and resistance standards is traceable

back to the National Bureau of Standards.

2. The Fluorocarbon CF.09 (CF).

a. Sample.

Two preparations of CF were used in this research. They will be

labeled CF-A and CF-B. Both materials are of the white grade. The

elemental analysis of these compounds are summarized in Table I. The

agreement between the two analytical laboratories and even between the

same laboratory on different samples of the same material is poor for
C, 11, and F analysis. The indicated presence of H is bothersome. If

this H is present as a low molecular weight species such as H20 or HF,

its contribution to the heat capacity of the CF would be significant.

Personnel at commercial analytical laboratories have indicated in conver-

sation that the zeported levels of hydrogen are probably in error in the

method. This is supported by an experiment in which pellitized CF was

placed in a vacuum line and was pumped on at a pressure of 2 x V(- mm

of Hg for a period of 24 hours. The resulting weight loss was 0.003%.

b. Heat capacity and thermodynamic functions.

The sample container was initially loaded with '346 gn in vacuo

of CF-A. Since liquid hydrogen was on hand, it was xtcessary to do the

very low temperature measurements first. It was discovered that the thermal

conductivity in the sample container was so low that it was impossible to

This sam !le was comprised of CF-A and CF-B.

6



TABLE I.

Elemental Analysis of CF.

ACF Laboratory %C %F %Ni

A C 35.55 64.02 0.09 0.04

35.73 64.19 0.11

A E 35.91 64.31 0.03 0.03

-B G 36.28 63.62 0.14 0.11 N-
A36.14 63.59 0.10 0.12

B G 34.98 60.75' 0.01

B E35.48 63.26 0.00 0.10

Laboratory G: Galbraith Laboratories, Inc., Knoxvjille, Tennessee

Laboratory E: Elek Microanalytica'l Laboratories, Torrance, California

~ I 7
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4 take meaningful measurements. This behavior continued to well above

120 K.

It was decided that compacting the material into pellets would

probably improve the thermal conductivity. The CF was °chen compressed

with a pellet press into pellets 3 mm in diameter by 3 m long. The

sample container was then loaded with a mixture of 28.5508 gm in vacuo

of CF-A and 15.5564 gm in vacuo of CF-B.

IThe behavior with respect to thermal conductivity was satisfactory

except at the very lowest temperatures in the liquid hydrogen region. At115 K, the effect was large; it was smaller at 17 K and was not obvious

at 19 K. The heat capacity data at temperatures below 30 K, however,

were somewhat less precise than could normally be expectea.

The experimental heat capacity points are presented in :a'.le 'U ir.

the ord r in which they were measured. They are corrected for the helix

present in the sample container and for the presence of NiF The NiFz

heat capacity data of Catalano and Stout were used to make the latter

correction.

The precision is within 0.05% between 90 and 273 K, decreases

slowly to 0.3% at 30 K, and then decreasing rapidly to 11 below 25.

Above 273 K, the precision decreases El!owly to 0.2% at 310 K.

The usual procedure of extrapolating tn= heat capacity data to '

using the Debye function was attempted. The data could not be fit

with this type of function using an integer number of degrtes of freedom.

Graphite also exhibits this L.;pe of low temperature behavior(10,11)

Tht data was smoothed, extrapolatea co 0 K, and -wed to genprate
(12)the thermodynamic functions by means of the FITAB program The

smoothed heat capacity and other thermodynami functions at rounded

temperatures are presented in Table III. The estimated uncertainity in

the entropy at 298.15 K Is 0.15%.

3. The Fluorocarbon CF _(C ___ .
0.2369--=4F)

Ad Sample.

The material used in thir research was analyzed by Schwarzkopf

'Microanalytical Laboratory in Woodside, New York. The results are as

follows:

~~--.I= --~'~-~.-~---.-8



% F :27.24, 27.47
% C :73.13, 72.85

Hi :~! 0.00, 0.00
Since the material is prepz.~red by fluorination at a relatively low

temperature, contamination wtth Nirl is not a problem. The above

analysis indicates a compositon of CF0 3 .

b. Heat capacity.

The sample container was loided with 51.9712 Vg, in vacuo of C F. The
_ - 44material was loaded as a powder. Attempts had been made to compact the

material into a solid pellet, but ±hey were all un-.uccessful. It was

hoped that, since C 4F has a much grtater electrical conductivity than

CF and since materials with high ele-:trical conductivity als3 have h-igh

thermal conductivity, the thermal conductivity of CJF would be high enough

that it could be studies as a powder. Experiments at 80 K showed no
sign of Jinadequate thermal conductivit- in the sample container. Since

licuid hydrogen vas on hard, the low teaiperature heat capacity was studied

immediately. The experimental heat capa :ity points are presented in

'fable i's. They are corrected for the hel;iun prestnt in the sample

container.

The precision at low temperatures is noticeably better than that -if

the CF- results. It is better than 0.5% betueen 15 and 30 K and is better

than 0. 15% between 30 and 57 1K.

As was the case with CF, the low temperature data could not be
(12)f--: td -wi-Fh - Dr!.v~i f unrtion. -he F:TAP, program was again zsed to

extrapri1ate to 0 K and to generate smoothed heat capacities and entropies

at rounded tem-peratures. The results are presentee in Table V.

Part Ill. FLUORINE CONUSTIO'N CALORLMETRY OF CF 0 .2 36 9 (C 4F).

1. Experimental Apparatus.

a. Fluorine system.

The fluorine used in the combustion experiments was transfered in a
(13)copper and stainless steel pressure/vacutn system of standard design

At n) 'lime in any of the transter operations did the fluorine pressure

exceetd 300 psi, although the system has been leak tested at over 600 psi

9
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TABLE II.

The Heat Capacicy of CF

T c T c cP p p(K) (J/gm K) (K) (J/gm K) (K) (J/gm K)

Series A Series ! Series B (cont.)

90.93 0.2168 57.54 0.09445 251.08 0.7121
99.12 0.2497 63.60 0.1145 259.86 0.7330

106.20 0.2775 69.05 0.1332 270.84 0.7595
113.99 0.3074 74.33 0.1526 279.14 0.7797
121.64 0.3359 79.78 0.1738 287.29 0.7978
129.13 0.3631 85.77 C.1974 295.34 0.8171
i36.59 0.3888 91.53 0.2203 303.42 0.8329
144.78 0.4171 96.89 0.2415 311.3 0.8492
153.20 0.4447 103.34 0.2665
161.47 0.4708 110.73 0.2953
169.94 0.4967 117.31 0.3198 Series C
178.83 0.5233 124.19 0.3453 19.81 0.01492
186.95 0.5463 131.54 0.3716 21.86 0.01735
195.70 0.5708 139.22 0.3984 24.09 0.02095
2'41.16 0.5.36 147.22 0.4252 26.45 0.02417
211.98 0.6147 157.32 0.458! 2.I1 3.02875
220.<n 0.6373 165.77 0.4842 31.9; 0.03405
228.99 0.6585 i74.15 0.5098 35.16 0.03995
237.35 0.6799 182.16 0.5326 38.80 0.04762
245.50 0.6996 190.47 0.5569 42.92 0.05650

a 253.62 0.7185 199.35 0.5805 47.58 0.06724

-.,61.'75 0.7377 208.03 0.6043 52.51 0.07993
269.84 0.7573 216.81 0.6269
277.49 0.7751 224.75 0.6475

285.51 0.7918 233.39 0.61;89
293.07 0.8095 242.26 0.6910

74
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TABLE III

The Thermodvnamic Functions of CF at Rounded Temperatures.

T c S (h-ho%/T -(g-h )/Tp 0 0M
(K) (J/gm K) (J/gm K1 (J/gm K) (J/gm K)

0 0.0 0.0 0.0 0.0

5 0.00161 0.00089 0.00058 0.00031

10 0.00504 0.Ob299 0.00190 0.00109

15 0.00951 0.00585 0.00367 0.00218

20 0.01511 0.00932 0.00580 0.00352

25 0.02205 0.01341 0.00833 0.00508

30 0.03033 0.01814 0.01129 0.00685

35 0.03976 0.32351 0.01467 0.00884

40 0.05006 0.C2949 0.01845 0.01104

45 0.06106 0.03601 0.02256 0.01345

50 0.07335 0.0a306 0.02701 0.01605

55 0.08719 0.05k69 0.03184 0.01885

60 0.1022 0.05891 0.03707 0.02184

65 3.1189 0.06775 0.04272 0.02503

70 0.1367 0.07720 0.04879 0.02841

75 0.1553 0.08-2b 0.05526 0.03200

80 -).1746 P..0790 0.00212 3.03578

85 0.1942 0.1091 0.06931 0.03976

90 0.2141 0.1207 0.07680 0.04394

95 0.2339 0.1328 0.08455 3.04829

100 0.2536 0.1453 0.09251 0.05283

110 0.2923 0.1713 0.1089 0.06241

120 0.3298 0.1984 0.1258 0.07261

130 0.3660 0.2262 0.1429 0.08335

140 0.4009 0.2546 0.1601 0.09457

150 0.4344 0.2834 0.1772 0.1C52

160 0.4664 0.3125 0.1943 P.1182

170 0.4971 0.3417 0.2112 0.1305

180 0.5265 0.3710 0.2279 0.1430

V77

-IS



-~~~~~P --- -W 
--< -

(Table III cont.)I190 0.5550 0.4002 0.2444 0.1558
200 0.5826 0.4294 0.2606 0.1687
210 0.6094 0.4584 0.2766 0.1818
220 0.6355 0.4874 0.2923 0.1951

230 0.6609 0.5162 0.3078 0.20841240 0.6856 G.5448 0.3230 0.2218
250 0.7098 0.5733 0.3380 0.2353I
260 0.7337 0.6016 0.3528 0.2489
270 0.7573 0.6298 0.3573 0.2625

273.15 0.7647 0.6386 0.3719 0.2667

280 0.7807 0.6577 0. 3817 0.2761
1290 0.8036 0.6855 0.3958 0.2897

298.15 0.8218 0.7081 0.4072 0.3008

-1300 0.8258~ 0.7132 0.4098 0.30341310 0.8466 0.7405 0.4236 0.3170



TABLE IV.

The Heat Capacity of C 4 F.

T c P

(K) (J/ g K)

Series A

15.55 0.01649

17.19 0.01901

18.78 0.0215q

20.70 0. 02427

22.79 0.02750

25.34 0.03213

28.23 0.03752

31.32 0.04351

34.85 0.05074

38.63 0.05945

A 42.79 0.06969

47.43 0.08103

52.26 0.09364IM
57.58 0.1082

I
Mg
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TABLE V.

lhe Hear Capacity and Entropy of CF at Rounded Temperatures.

T cp s
(K) (JIgm K) (J/gr K)

0 0.0 0.0

5 0.00289 0.00159

10 0.00882 0.00532

15 0.01575 0.01019

20 0.02324 0.01573

25 0.03149 0.02179

30 0.04079 0.02834

35 0.05123 0.03539

40 0.06269 0.04297

45 0.07491 0.05105

50 0.08770 0.05960

35 0.1010 
0.06585]
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of nelium. Pre5,ure meast-rements were made with a Monel Boudon tube

gauge c! sufficient accuracy for this work.

Comercially available (98% =-_ii=u= Purity) fluorine was used in

all the con-bustion exveriments. The =ajor i=n-.-rft~ -. as tff which -was

renved by a sodium fluoride trap in the transfer line.

9. 'Combustion bomb.

The conbusrion boh: used in the experiment was fabricated of Honel

(Parr Instrunent Conpa: *, ?fol)ine, Illinois )with nickel fittings used

inside whnere the sa =-le was held in Place n-rior to cenbustion. A

=odif led twL-chan-ber device which consisted c-f a nickel cup weighing

_p rxinately 58 gran-s, Figure 1.wa e intecbstos

in this device, tbe sannile can be isolate' from the fiwrfn

within the ono by means of a iD CID inch tugzte= foil held in Place

bv a retaininR ring and tw'a1 ve =- z1 scre-us. _Ihe suponort tube is nade

0= f nickel and can be screwed into the bhn head. seating into ..-e

connectivg hole to a -ealve. 'arotgh th= valve, heli =-can be aiided

to oessurize the snle cma arzzeat suf"iITl so that =o sfuorine

cansen i ad ttah hesznple v-re.atuxrey " practice, a heli"-

,-s.- ighzly. greater than the fluorin--e press:re -.as enlo~ed..
c. Ca~rimter.

7he calor!ieter =sed in the flurine ccutaexperi-enzs is a

0 tatin !ilringe =C=l -o r*rnv- 'S arion-aI oa:

~ .:~6.:,- rotazag reat%._e %ms ---- used.- a y!e lU

net Cc~any. Model 123 vorolzcrrionaZ te=nezrature controller wa-s -:sed

to =imzain the ja6:et Ee~,eratxure of thcalorinzeter isothernal at

26.5 2.= to w-ithin O'.0 C. h igniio vseue in : e experie-

-~~~~ts~~, da oensr snr es ign similar to that 2f 00 -

:ne energy equivzient oz the calori~seer s7-sten !~cor), just

as ir sms used to dete-rnine the react ion heats Of wih f luorine*3.2369
wsfo"--d to be 159-'.' !:0_4 calldaeg- (fou ee'-tos ucertain ity

is the standard ileviation oar thne T=~Z the calibration experinents

pure oxygen wzs used to burn a sa-le of National Bureau of Ste-dards

benzoic acid,* s:qple 39i -which ':a-s a etof combust;i=- of -6317.47 cal/g

under the conditions surplied in a certificate by the NSS. J

d. Th.ernoneter.

lenperature changes in the callori"neter syvsten were measured using a

Dq)vcec Made-3 2B)1 A quartz thercon-eter wt a resoluti,,-. Of 0.0001

;5 I
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The thernorneter -.ms used as a dififerential. tlerncmeter incoziparisons of

the calibration ex:oerinents to the coabusti;on exver, eas on the co=-m-:Dzd

of interest.I

2. Coznbustion Teclmiau-es that Failed- ~ r~er

One of the mo-jor vroblens: in fluorine __oi~ez. is sa=Dpie preparz-

izion so that at the desired tin- the cocbustion reaction. is initiated

an-d proceeds to co=. etion w-ith- few~ side re'actions. Trhe solid f luoro-

carbon, F, could be placed in an ooez- nlckel crucible inside the bo=ab

filled wi4th fluorine, and at the Dro:,: z--e ignited by s,.e substance

s-uch as Teflon. T1his teehnique has been used with success in burning CF R

infloin l5* Eo~er, it --as fo:ind that wi-le the CJ-- szannIes do not.

avpear to react with -hgh t'ressur-e fluorine prior to ignition, the =aterial

stil is difficult to ignfte ca3eldutothe Jfat- that it does not

Deletize as CF1 2 does and therefore is scattered in the turlalence

of the fluorine fia=-e.

Teflon poo-der and Teflon tapeee used -with soane success to make

mixtures of C 4 F- Teflon w.hich-, pell--Li-zed and could be placed 7- -IC open

nickel crucible. 'ref 1o_ tave ignited b-y a short 4O0-gat~e nickel wire

was -sed to ignite t~ese vellets. Excee-in y large (;40 ?ag) residues

wiare sv-r-. left ;=thecr-db!e ?ifter cz*-justjrir'. '7ne-;c rpesic'ucs

were gray-wit?-e in color. X--ray powder pattern data i-ndicated the L-Ldk2

of this solid to -be CF. T1he stoichiometrv of these residues was notn

detern-ined sin-ce it ues learzed that :;owder&d '-xtures of C4 ? and

su Arur pomwder gae zudi =ore ne-gative heats of con-mbustion, Table Vi.

Subsequent exp-erinents on sanp-i as of C, F with a- Proxizately 101'

(by weight) ro-wdered sulfuzr added indicated that co=-!ete cabuStion

!as 3-ot7 being achieved; again, see Table VI. vn wo-chz=nber techniaue

--Ins us~ed for these ezn.erinenrs si;ce sulfur spontaaeously ignites -

in luorIne.

3- T7_1e S-uccessful2 Ccnb.Iustion Techn-icue.

One cther co=-ust io-n technique whi.,ch was tried !aS that of using

powderedi silicon sredon the loose sa-ple of Ct? Vhen fluorine

ccnes in contact -. ith silicon. !.rnediate ignition takes place witha at

17
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very high temperature produced. This method has been used to burn

graphite satisfactorily (16)

The technique used initially consisted of weighing the powdered

0 4F into a nickel cup of such dimensions so as to just fit into the

larger nickel device (Figure 1). On top of this weighed sample was

sprinkled powdered silicon (Electronic Space Products, Ih ., Los Angeles,

Stock No. K4695F, 99.999%) and the total sample rewe.ghed. Lext, the

sample was placed in the nickel device which was then sealed with a 1 inch

diameter 0.001 inch thick tungsten foil (A. D. 'ackay Co., New York, 99.99%)

by means of a retaining ring and twelve 4-40 screws. The nickel device

was then screwed into the bomb head, the bomb was assembled, and connected

to the (10 mm) pressure/vacuum line to be evacuated for two or three

hours.

When the time came for the combustion experiment, helium was added

to tl.± nickel sample holder while fluorine was added to the bomb. By

keeping a slightly greater helium pressure in the sample chamber, the

possibility of fluorine leaking in to react with the sample was lessened.

In all the e:tperiments a final pressure of 220 psi helium and 200 psi

fluorine at 25 0C was used.

Post-combustion analysis of the first four or five combustion

experiments performed in the manner described above yielded results

much more negative than the previous experiments using C4F-Teflon and

C F-sulfur. However, the scatter in the alues was unacceptable. This
4
sratter was found to be due to rather large amounts of graphite under

the inner nickel sample cup. This material vas presumably formed from

C4F which was blown around in the nickel crucible while helium was being

added. It has been determined in this laboratory that at elevated tempera-

tures C4F decomposes to graphite and CF4, so this would appear to be a

logical explanation for the presence of the graphite.

In an effort to reduce the scatter in the results and at the same

time reduce the size of the graphite residue, a new series of experiments

was begun in which the smaller nickel sample cup was omitted. The C F-
4

silicon mixture was weighed out into the more massive nickel crucible.

The results of these experiments are reported in Table VIII.

19 19
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4. Results of Combustion Runs.

Analysis of the combustion product gases was carried out by allowing

a small portion of the gaseous contents of the bomb to fill an evacuated

10 cm gas IR cell fitted with CaF2 windows. The only detectable gaseous

products were CF4 (9) and SiF (g). The solid residues from each combustion

experiment were weighed to ±0.02 mg after being carefully dusted from the

bomb fittings. An X-ray powder pattern of this residue indicated it to be

graphite.

Certain auxiliary data were employed in deriving the energy of combustion

of the C4F sample in fluorine. These data are given in Table VII. In
4 (17)

the computation of the temperature changes, a computer program, CALOR

was used which utilizes a least aquares fit for the linear data in the initial

and final periods of the combustion experiment, and a trapezoidal integration

of the main period data immediately after ignition.

The combustion data have also been corrected to the standard states

of 250C, and I atmosphere pressure using the techniques described by
(13)Hubbard 1

. These small corrections appear as AE (contents) and AE (gas)

in Table VIII.

All weights have been reduced to mass in vacuoM1 8 .

CONCLUSIONS AND RECOMMENDATIONS

1. Future Samples.

There are a number of other solid fluorocarbons of the formula CFn
where n = 0.4-0.9. Many of these compounds have already been tested

and found to be useful cathodic depolarizers in conjunction with lithium
(19)in batteries A compound of this type, CF0 7 ' has been prepared in this

laboratory and is currently being purified. It is planned that c and
p

heat of combustion measurements will be carried out in the near future.

Other carbon-containing compounds are planned for study as possible

cathodic depolarizers after being fluorinated. If any of these compounds

prove promising their thermochemical properties will also be studied.

2. Discussion of Heat Capacity Data.

The heat capacity curve of CF exhibits no unusual features except

for its failure to follow a Debye function at low temperatures. This

20



TABLE VII.

Auxiliary Data (25 QC)

c (cal/deg. g.) C V(cal./deg. mole)

-~Si 0.72 5 .4 9 a

b 2b a
w 0.032 SiF 4  15.61

CF0.2 36 9  0.58 aT 64

CF 4  12.61a

AE0/M (calig) (aEb3aP)T (cal/atm. mole)

C 1 8,5 2 0 .4 d F 2/CF 4  -2 .0 58 d

Si -1 3,7 2 1 .8  (mixture)

a aNational Bureau of Standards Technical Note No. 270-2, U.S. Government

Printing Office, Washington, D. C. bAA hrohmclTbeScn

Edition, NSRDS-NBS 37, U.S. Government Printing Office, Washington, D. C.,

1971. Est*inated on the basis of c of graphite, CF and CF at 50 K.
d P 0.24

dReference 16. S. S. Wise, J. L. Margrave, H. M. Feder, and W. N. Hubbard,

=J. Phys. Chem., 67, 815(1963). fP. A. G. O'Hara and W. N. Hubbard, J. Phys.

CThem., 70, 3353(1966).
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behavior is not suprising since graphite also behaves strangely at very

low temperatures. Because of this behavior, more work will be done on the -

extrapolation to 0 K but it is not expected that there will be any

significant changes in the thermodynamic functions at room temperature.

The heat capacity data for CF, although not complete up to room

temperature, show a very surprising feature. This feature becomes
obvious when comparing the heat capacities of one mole of graphite (10)

une mole of CF, and one-fourth mole of C4F given in Table IX. In each

case the heat capacity is for an amount of material containing one mole

of carbon. The fact that the addition of one fluorine atom to each

carbon atom in forming CF raises the heat capacity of CF significantly

above that of graphite is to be expected. The fact that adding one

fluorine atom to every fourth carbon atom to form C4F raises the heat

capacity of C4F almost to the level of that of CF is surprising. This

disproportionally large heat capacity would indicate that the carbon-

fluorine bonding in C4F is quite different from that in CF.

3. Calculation of Gibbs Free Energy for Cell Reaction.

The heat of formation of CF with n =  1.12 was determined by Wood,

et al. (15) This was corrected for a new value of the heat of formation

OCF 4  to give a value of -195.73 ± 0.96 kJ/mole for the heat of

formation of CF with n = 1.12. Using this data and heat of formation

data for other Derfluorinated hydrocarbons we can write for the

heat of formation of CF
n

f 298 =-258.0 n + 93.3 M/mole.

jFor the reaction

CF (s) + n Li (s) n LiF (s) + C (s).
n

the enthalpy may be written as

AHO = n AHf (LiF)- Of (CFn)

f 03

Using the value for Lhe heat of format-oi- of LiF given in the JANAF
(20)Thermochemical Tables 2 , we obtain

c "2



TABLE IX.

Relative Heat Capacities of Graphite, CF, and C4 F.

Graphite CF C4 F

T c c c

(K) (J/mole K) (J/mole K) (Jlaole K)

15 0.043 0.311 0.260

25 0.126 0.721 0.520

50 0.507 2.399 1.448

150 3.232 14.21

300 8.597 27.01

I
I
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AH9 -93.3- 358.9 n (±1.3) ki/mole.

Using the entropy for CF with n = 1.09 as determined in this research,n

the entropy of gravhite as given in J.NAF Tables, and using the Kopp

approximation we may write CFn = 5.69 + 16.02 n J/mole K

$298 n

Using the JANAF entropy data for the entropies P' 14thium and lithium

fluoride, we may write for the entropy change of the cell reaction

Aso (-9.46 ±0.09) n J/mole K

The Gibbs free energy change for the cell reaction, then, is

AG = -93.3 - 356.1 n (±1.3) k/mole

Using the relationships,

L dT

the standard potential and its temperature coefficient of the cell reaction

may be calculated. These are tabulated as a function of n in Table X.

Note that the equation for the temperature coefficient may be combined with

the expression for ASO to give
298

dE0  -9.46
dE F -0.0001 v/KdT F

and does not vary with n.

In the near future, we will generate a table of Gibbs free energy

for the cell reaction as a function of temperature.

" F CFData.

Using the energy of combustion of the sample CF0.23S9 in fluorine
CF0 239(16)and the best available heat of formation value for CF4 (gas) it is

possible to derive values for the enthalpy of combustion and enthalpy of

25



formation of CF 0 .24.1 at 298.15 K. These values are simnmarized in
Table XI. When sufficient heat capacity data have been gathered for this

compound (see 1, above) it will be possible to calculate AGO and £0 for
the electrochemical reaction

CY 0 2 3 6 9 (s) + 0.2369 Li (s) 40.2369 LiF(s) + C (s).I

, 41

J

261
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TABLE X

Changes in Certain Thermodynamic Quantities of F for

Various Values of n

-ASo -AGO E0
n 298 298 E

(J/mole K) (kJ/mole) (volts)

0.7 6.62 ±0.06 342.6 5.07

0.8 7.57 ±0.07 378.2 4.90

0.9 8.51 ±0.08 413.8 4.76

1.0 9.46 =0.09 449.4 4.66
1.1 10.41 ±0.10 485.0 4.57
1.12 10.59 ±0.10 492.1 4.55

iL i
I UI

II

I

IN
IN

° i.
N ' & 2



TABLE XI.

Derived Data for CV at 298.16 K.

Cy 0 2 6 (s) + 1.8815 F2 (g) -~CF 4 (g)

A - -905.58 ±0 .8aI W~/moQeb

W= -907.76 ±0J.28 Wc/mole d

C (graphite) + 0.236 F ()- F 2 6  s

AH0  -25.43 ±0.84 kJ/moleC

a Stan&d deviation of the mean. bThermochemical calorie =4.184 3.

CReferred to gA0 ',CF g) -933.26 ±.75 Wc/mole; Reference 16. S

f 4'
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