
Pressure and Temperature Dependence of the Electrical 
Permittivities of Formamide and Water 

By L A. DUNN • AND R. H. STOKES 

Department of Physical Chemistry. University of New England, 
Armidale, N.S.W. 23S I, Australia. 

RLcdr:ed 21st March, 1969 

11le elcc.tricaJ pe.rmittivitics of (om13mide and water have been measured over the temperalUJt 
ranee s..65

t

C a.nd at pn:ssures up to 2000 b:J.r, using a lran.~ronner bridge techOlque in the frequency_ 
Rnee 1()"520 kHz. IlrI::asil;es or forma1l1ide a t I bar and te:nperatures S--6rC are also reported, and a 
con1innatory Yaluc rOC' the comprcsslbility at 2S ~C. 

The tbroretical tvaluation of the limit ing slope of the curves of apparent molar 
volumes of strong electrolytes against the square root of concentratio n requires a 
knowledge of the ~sure dependence of the electrical permittivilY of the solvent.' 
This quantity is also of interest in connection \\ lth theories oi cJeclrost riction.2 

While precise values.are available ror ",ater~ l the most accura te work is confined to 
the region up to 1000 bar. For formamide, an importan t so"ont for electrolytes 
because of;ts small molecular size and high permittivily. no high.pressure values have 
been available and even the data at atmospheric pressure. are sparse. The present 
work, t"ou~ its primary purpose is the study of formamide, includes data for water 
up to 2 000 bar in !hoc range I ()'6S' C. 

EXPERIMENTAL 

PURIFICATION OF MATERIALS 

Water was distiHedand do-ionized. and when first put in the cell usually had a conductance 
or -8 x 10--' ohm-

1 
cuc'. This inCTCJ.scd several-fold during the pressure-runs. without 

effect on the atraporaJed capacitance readings. 

Fonnamidc (analytical reagent grade) was fractionaUy frozen three times (fina l f.p .. 
2.38°C). ~ product W35 neufral izcd to bromolhymol blue with a few drops o f dilute 
sodium hydrmide solation and heated to -40"'C under reduced prcS!lurc. Further acidity 
developed during the process. and (he neutralization \\as RpCaled until the liquid remained 
neutral on heating. k "'''85 then d istilled ill -0. 1 torr and 32-3SoC. A conductance cell in 
the condensate' was used to monitor the Quality. Aftcr four such distilla tions the product 
had the foJJo..ing physical proJ)Crties (literature values lOin parenthesis) : 

tp. 
coaductanoe 
-?. 
d(2SC) 
est.. water oantent 

2.SO"C 
2.8x 10-' ohm-' cm-' 
J.446~1 
1.129 IS g cm-' 
0.Q2~ % 

(2.ss°C) 

(1.44591) 
(1.12918 g cm-') 

The density or lormamidc was measured over the range S-6S"C with the results in table J. 

• pr<omt ad"'-: a..m. Dept., University of Tasmania, Hobart, Auslr.llia. 
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TABLE 1.-DENsrTY OF rORMAMIDE 

1f'C ~/. cm-J IO~/(-c)-' 

5.79 1.14531, 7.33 
15.00 J.1l759. 7.41 
25.00 1.12914, 7.49 
3S.00 1.12061. 7.S8 
4S.00 1.1 t2 Il. 7.67 
SS .OO 1.10361, 7.76 
65.00 J.09S 02, 7.8S 

d/gcm-' - J.\SO In-8.3n Sx 10-' 1-1.740 Sx 10-' I'; ~ - -(a Ind/etl,. 

. .. " sured in 3 prel iminary model piezometer, giving 
The compressibility _~f ro~ml~as :cnt with the value of 4.119 x 10- ' bar-I o.brained 
P(25' C) = 4. t I x.IO bar '~ .f . (U~~raSOnie melhod) reported by Mikhailov. ROllOa and (rom the adiabatiC compresSI I lYE d Luff 6 

Shutilov ' combined wi th the heat capacity given by gao an . 

HIGH·PRESSURE CELL 

The dlelectnc cell (fig. 1) consisted of t"'o concentnc P13~lnu~~I~n~~~. it~te ~~~: o~~ 
2em long and 1.1 cm ext. dlJ.m l, andd [h~ho~tc~a~I~:!~;SC~ ;r10rated With 4 s'mal1 holes to end of the outer C)ltndcr "as c osc WI p 

rmlt the free p:lSS.:H~C of liqUid, and a centr.li hole to serve as I 
pc rt for a solad glass cone D "hlch \\as attached to the 
~n::t:~r the inncr cyhnder. thus locatmg t~il [ end rigidly with F 
respect to the outer cylinder. Heavy plat mum \\ Ircs E "'ere 
welded to the closed end of the outcr cylinder and the o ther end 
of the inner cylinder, and \\ere then sealed through the p} rex glass 
cell with tun~ten seals F. The outer cyhnder, at Its open end. 
was flgldly located by four indent:lIions G In the glass cell \\311. 
The outer cyhnder proJccted about 1 em beyond the ends of the 
inner one to minimize end effects. The platinum surfac:cs \Ioere 
coated ",ith platinum black. 3 5 for cond uctance .cells; thiS vastly 
improved the constancy of the bndge r:-,dmgs at different 
frequencies. Though three:-tcmllOal cell d~lgns are usually pre­
ferred for preclSC C3paCltancc measurements, these ,",ere not 
possible with the pressure·bomb 3vatlable to us,. 35 th iS had o nly 
a Single Insulated elcctnC::J.1 co nncellon to.th~ IOslde. !'levertheles~. 
we believe that ourceH deSign sho .... "S no slgmficant d,sad~antages. 

The cell was filled \\ith the liqUid under study and a thin P.V C. 
bulb full o f the liquid was attached to the filling. lube H to take 
1I volume changes. The lOner electrode was connected to the 
i';'ulaled pressure·sealed lead of the bomb. and Ihe ou'er :ne.l~ 
the earthed bomb casing. The pressure· vessel was fille Wit 

transformer 011. Pressure W3S developed by 3 ~mall-stroke hand· 
operated piston pump, and mea,urcd on a large Bourdon gauge . 
readable wilhin - J.S bar, whleh had been calibrated aga tnst FIG. J.~Hlgh pressure 

dead-wei ht gauge by the Defence Standard!; Laboratory. caP3C11ancc cell. 
a C . d ' an oil thennosfat controlled to 
-:;!'c V~SCI ~~~~mm~pel~at~res were measured with a D}mec quartz osciIJalor thenna-. 
~::~ ~~~ra~ed J.~inst a platinum resistance thermometer. 

CALIBRATION OF THE CAPACITANCE-CELL 

calibrated by two independent methods: (0) the capacitan~e a t 25°C was mea~~~i;;:'~ir and then deionized distilled waler at. t aim in Ihe .cell. f U~lI1ga~h;5~~u~:J 
78.304 given by Malmberg and Maryott ., (or the relative permittivity 0 Wil er , 
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taking that af air from standard tables, lead capacitances \\'Cre eliminated giving a vacuum 
c:apacilance Co = 4.3.56 pF. (b) The cell "'as filled \ .. ith a dilute solution of tClra--ethyl 
ammnniumiodide in ethanol. and the resistance R of this solution v.';1S mC3surcd 3.125' with a 
I....eem and Northrup Jones-Dike conductance bridge. The conductance K of the soluition 
was also measured in nonnal calibrated conductance cells. The ccll-constant J of the 
c:apacitance-afJ was then c-•. dculated as J = RJ\. Since the electric field distribution is the 
&a.mc: whclhc:rthc cell is used for conductance ('It capaci tance, the corresponding cell constants 
are rclatedbF 

lCo = 8.S54 x 10-16 farad m-·. 

This method alSo yielded Co = 4.356 pF. For OIhcr temperatures and pressures. values of 
Co = 4.356 pF. For other temperatures and pressures, values of Co \Ioere calculated from 
the therm3J apansion coefficieDts and compressibiJities of platinum and Pyrex and the 
aeometry of die cell. 

Flo. 2.-Transformer bridge. 

TRANSFORM ER BRIDGE 

A balanced.- screened eQuaJ~arm transfonner T (fig. 2) was specially built for bridge use. 
It was energizrd bY:1n oscillator providing sct"eral \'olts at 10-520 kHz. The out-of-balance 
sign",] (rom tbc bridge "as d isplayed on an oscilloscope. The standnrd arm of the bridge 
consisted of a calibrated General Radio 7220 prcclsion capacitor CS. in parallcl v. ith a 
resistaoce-bala.ce element RS \ .. hich was specially designed 10 show a negl ig ible capaci ta nce­
change with cb:rnge of resistance setting. CF and RF \\crc fixed capacilanL"C and resistance 
elch1cnts used 1m bring the standard arm readings to a suitable point on the scale. ex 
represents the tfielcctric cell. which could be s\\ itched in or out by unplugsing a coa:liaJ 
cable. An altcmativc substitution mode of the bridge was also available and was used for 
some of the IDClsurcmcnls; the extrapolated capacitances in this mode agreed '''th the 
djrect~readingODCS within the reading uncertainty. A parallel R-Cnet\\ork \\i(h set values 
can match the impedance of the capacitancc-ccll at all frequencies only if the equivalen t 
circuit of the c:CIi is also a parallcl R-C Clct\ ... o rk. This is nn ovcrsimplilic:.llion for any real 
cell cootainin& ar conducting liquid, because of the unusual frequency derendence of the 
Warburg impab.nce· IJI of the solutioo-elc:ctrode interface (fig. 3). Ho\\cver. the coaling 

--.--..I~ 5 
ex 

f'ID. 3.-Networt eIccIriaI.Iy equivalent to capacitance cd!. 
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!1kHz 

4560r-__ ~5~20~1~9~5-29~5 __ ~4~9 ______ -=2~05~ ________ 9~8~--, 

% 45!;O v 

45<10 L----:"O':-.I -----;:;O':;-2----r;03~---' 
I~ 

FlO. 4.-Frequency dependcocc of capacitance; formam ide at 4SeC. 1 bar. 
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Since there is no dispersion in the frequency.ran.ge. u~d. the permittivities so obtained :: 
static values The validity of the extrapolations IS indicated by the fact th~~ r~r m~st?f to 

Ics used the reSistive component RX of the cell impedance decreased Wit 111m: OWing 

:~~~ c?"lamination) without 311fccting th~t~~nne~a~~ h~~~!~C ;~;~~:I~~~rc::,~a~~~:C~an~ 
tests with water, the same rcsu ts \\crc 0 1 x to- 5 ohm-1 
8 x 10-' ohm-' cm- I and a rclath'cly contaminated sample of conductance - hms . h t 
em-I. The rcsl stan~e of the cell contcnt.s could drop to a few hundred 0 . wit OU 
affecting the extr.apolated capacitance readings. 

TADLE 2.-DJElECnUc COJ'o;STANTS OF WA~ AT 1 BAR. IN nm 
TE~tpERATURE RANGE S-6S C 

trC 

S 85.75, 
10 8l.82, 
IS 81.97, 
20 SO.IO. 
2S 78.30.-
30 76.54. 
l5 74.SI, 
40 7l. t5. 
45 71.50, 
SO 69.S9, 
S5 68.33, 
60 66.S0, 
65 65.30, 

.. 
0.005 
O.OOl 

-O.oz5 
0.005 
0 .000 
O.OOl 
0.005 

-0.008 
-0.004 

0.002 
-0.008 
-0.004 

0.002 

- JOJ (8 to .'8,),.. 1 .. , 

4.54, 
4.S4, 
4.54, 
4.54, 
4.54. 
4.54, 
4.54, 
4.54 .. 
4.54. 
4.53, 
4.5l, 
4.52, 
4.51, 

c (I bar) _ 87.n7-0.l98lr+8.699x 10~ r'-7.948 x 10-' r' (I). 
- . calibration point . 

8c = c (eqn (I)-c. 
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RESULTS 

WAT£Jt.-Mc03urcments a t I bar were made at 5 deg intervals from 5 to 65"C (Iable 2). 
The PRSsure·clqcndence was measured at 10.25. 4S and 65 ' C !table 3). 

FOfUfA!-flDE.-Tablc 4 givcs ~lts at I bar in the mnge 5-60~C. Pressure runs were 
made at 10, 25 md 45<:l'C (table 5). The pressure range at IO~C is rcstricted by the need to 
avoid solidifica!ion. At the foot of each table are cqn (1).(4) fitted to Ihe da ta by least­
squares mClhCll:k. Eqn (2) and (4). analogues of the Tail equation, gave much more satis­
fact<l<y represemuioru of the dallllhan did simple polynomials in P. 

TA8l.E 3.-n.ncnuc COSSTAN15 OF WA'TtJl AT VAlUOUS lEMPERATUJlES AND PRESSUP.ES 

,,- ' U"C ,,·C 4l'C 6la C 
I 83.82. 78.30, 71.50, 65.30, 

161 84.42, 78.85, 72.05, 65.87, 
339 85.08, 79.47, 72.62, 66.45, 
517 85.75 7 SO. 10, 73.25, 67.03, 
689 86.37, SO.67. 73.82, 67.54, 
862 86.99, 81.30, 74.35, 68.01, 

1034 87.60, 81.83, 74.89. 68.54_ 
1207 88.23, 82.40, 75.45, 69.03, 
1379 88.81_ 82.99, 75.95, 69.50, 
1551 89.38 , 83.49, 76.41, 69.90, 
1724 89.94. 84.02, 76.92, 70.38, 
1896 90.52, 84.54, 17.42, 70.84, 
2068 91.10. 85.09, 17.90. 71.27, 

At fixcllliomperatu=. 

t{1') = A+[BP/(l+CPJ}. (2) 
where.(,B. C have tbe following values : 
,re .. .... -., IOSC/bU 'mu.!bu .. d.or. 
10 83.810 3.8409 4.394 5 2100 0.012 
25 78.281 3.6181 4.8400 21 00 0.018 
'U 71.486 3.5294 6.7300 2100 0.016 
65 65.324 3.4030 9.0345 2100 0.021 

T.eM.£4.-DlEl.EC'TIUC COl'-'STANn OF FORMAt-fIDE AT 1 BAR IN 

THE .IDIP£RA llJRE RAI<G£ 5·6O' C - .. -101 (a In .,an,. .. 1 bar 

S 117.19 -0.02 3.50 • 115.07 0.04 3.57 
IS 113.04 0.01 3.64 a /11.00 -0.01 3.70 
!So 100.oJ -0.08 3.75 » 106.8S 0.05 3.80 
J!o 104.89 0.00 3.84 • /02.87 0.01 3.88 .as 100.89 0.00 3.90 

'" 98.92 O.oJ 3.92 
.Sli 97.09 -0.06 3.93 .. 95.11 O.oJ 3.92 

«I .. ) ~ 119.208-0.4011 31-2.311 x I()-A .'+ 5.833 x 10-' ,'. (3) 
lie - «eqe (3)) - . 

.:: 

L. A. DUNN AND R. H. STOKES 

TABLE S.-DIELECTRIC CONSTANTS OF f ORMAMIDE AT VARJOUS 

TE.\,PERATURES AND PRESSURES 

p,,,,, JO· C "'c 
I 115.06, 109.02, 

20 115. 17. 109.14, 
50 115.30, 109.30. 

120 115.64, 109.64, 
156 115.81. 109.80, 
195 115.99. 109.98, 
339 11 6.69. 110.64, 
414 117.00, 110.96, 
517 117.47. 111.38, 
689 118.14, 11 2.08, 
862 118.78, 112.75, 

1034 113.32, 
1207 114.01. 
1379 114.59, 
1551 115.11, 
1724 115.64, 
1896 116.15, 
2068 116.64-, 

At fixed temperatures. 
£(P)= A+[BP/(I+Cp)]. 

where A. B. C have the following values : 
,rc A 

10 115.054 
25 109.055 
45 100.888 

020 

015 II 
" 

.. 
" 

010 

0 

005 

" 000 
D 

-005 

o 10 

.. 
0 

20 

10l B/b.r 

5.133 5 
4.880 I 
5.4748 

" 

" " " 
0 0 

30 
Tr C 

IO'C/bar 

2.1169 
1.5982 
2.105 I 

.. 

40 

0 

" 

""'c 
100.89, 
101.01. 
101.15, 
101.51, 
101.73, 
101.90, 
102.60, 
102.98, 
103.45, 
104.15, 
104.85, 
105.55, 
106. 17. 
106.75, 
107.28, 
107.81, 
108.31, 
108.76, 

(4) 

'fN. 1bv •. d.of. 

900 0.014 
2100 0.020 
2100 0.015 

0 0 " .. 
" 

El 

" " 
50 60 70 
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FlO 5 -Dielectric constants o{ 'W3.ter at 1 bar--comparison with earlier work. 
. . work) : O. ref. (7); O. ref. (3); A. ref. (9). 
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COWPARlSONS WITH OTH!a DATA 

WAT£J<.-Fig. 5 comp;lrCS ou lib .. 
precision studies 0 I r rcsu (S at . ar (solid hoc) with those of rhree recent high 

. ur ~u lS agree well wuh those of Malmbcr d 1· 
temperatures.. Those of<A'cn t!t al.:J and of Vidulich and Ka' g an M~on at all 
temperarures, and cross OUrs at 4O"' C 0\.\< I') Y. are up to 0. 14 higher at low 
cannot explain this diffcn:oce cs ;';'11 as cn ~t a. used a ~dlo-.frequency technique. We 
constant temperature agree w~1I ::=h (your measurements of (he pressurc-dcpendence at 
of (a In £/ap)' calcuJared from eqn (2) =c~f ov.~ n~" as shown in lable 6 where values 
the equation of OVoCD e.1 at . .J mpa WI the COlTC5pond..ing vaJues given by 

,.-
TABU: 6.-.Plu:.ssmtE-DEP£l'.,"OENC! OF TIlE D[[L£CTA.lC CONSTM7 OF WAttR 

(d) Ibis work; (b) Owen" 01.' 

IO'C 1rC 10: In " ol')-r{Nr1 .ere (,. 
Cb, C-) we C_, Cb) 1 45.12 c.) Cb) 45.84 46.21 47.10 200 44.63 49.36 49.1 8 52.08 51.72 44.68 44.93 45.67 47.61 400 43.48 43.53 47.47 49.7S 49.83 43.69 44.24 45.93 600 42.31 4S.76 47.57 47.93 42.37 42.50 42.81 800 44.35 44.05 45.52 46.03 41.11 41.21 41.37 41.38 42.85 42.34 1000 40.21 40.05 40.27 39.95 

43.61 44./3 
41.43 40.63 41.82 42.23 

3S~~~ ~~!'..:;e~';"r: at 1 bar are those of Leader' at temperatures of IS-
4t.ao (25QC 1 b.u) = 7830 his b I '3ter uSing. an older v:tluc. On adjusling to the basis 
biBh press~ have bee~ ,. ne~u rs agree with our! within 0.1 % No other results at 
c:qo (4) arc gi_ "' table ~ . Values of (a In <lap) for formamide calculated from 

TABU 7.-PkEssURE-DEPEND£NCE OF 
"IHE DIEUC'RIC CONSTAz...,. OF FORM-

AMIDE AT 1 BAIl 

Ire 101(8 la .ta"n-ftMrl 
10 44.59 
25 44.73 
.5 54.24 

Md~ tbank~ Dr. hS. D. Hamann of the Division of Physical Chemistry C SIR 0 
cquip;:er;:~' ~I ~al~~n of the pressure-vessel, and for advicc on high-~r~s;ur~ 
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Heat Conductivity of the Slowly Dissociating System 
2N02 F2NO+01 from 200 to 400'C 

By T. K. RAt DASTlDAA, P. K. BHATTACHARYYA AND A. K. BAIluA, 

Indian Association for the Cultivation of Science, Calcutta-32, lodia 

Recti.ed 171h December, 1968 

... · 1 

The thermal conductivity of the slowly dissociating system 2NOJ ;::e:2NO + 0% has been measured 
from above 200 to 4(XrC by the hot wire technique. On comparison of the: cxpcrimenuJ data. with 
the theories of heat transfer in reacting gases. it is found that the effect of chc:mica.1 rc:ac1ion upon the 
heat conductivity is 3.pparcnt at 350 C and highertemperalurt:5, while at 3OO3 C and bclowit is negligibly 
small. However. the prescnt theories of he:Lt conductjvity in reacting gas miXlwe5 are found to be 
inadequate to account for the effects quantitatively. 

The problem of heat transfer in dissociating and chemically reacting gas mixtures 
has been troated theoretically by Hirschfelder I and Butler and Brokaw 1 by assuming 
local chemical equilibrium. Subsequently, Secrest and Hirschfelder) considcred 
the effect of relaxation of chemical energy on thc hca t conductivity. A more rigorous 
treatment of relaxation effects was given by Brokaw < when the departure from the 
local chemical equilibrium is slight. It has been suggested by Rai Dastidar and 
Barua ' iliat, owing to the effect of chemical reaction on diffusion, the heat transport 
due to cbemical enthalpy will be less than that obtained by using the diffusion co­
efficient calculated on the Chapman-Enskog theory." This effect. which should be 
present even when the condition of local cbemical equilibrium is satisfied, bas been 
confirmed by experiment. 7 

For the N,0. F2NO, system the reaction rate is fast but that for 2NO,F2NO+ 
0, is slow at ordinary temperatures and the elIect of chemical reaction on heat 
conductivity is almost negligible. However, this rate increases with the increase 
of tcmperature.' Consequently at highcr temperatures transport of chemical en­
thalpy sbould playa significant role. Experiments on tbe system 2NO, ?2NO+O, 
have been previously confined to the range below 200' C. A study of the heat 
conductivity of this system at higber temperatures would enable a more critical test 
of the range of valid ity of Brokaw's theory to be made. In this paper we report tbe 
heat conductivity of 2NO,F2NO+O, in the temperature range 2()().4()()' C and at 
various pressures. 

EXPERIMENTAL 

For Ibe heat conductivity measurements, the thick·wire-variant of the hot-wire method 
'WaS used. The conductivity cell used was similar to that of Rai Oastidar and Barua.7 The 
electrical leads werc insulated from the bath liquid by porcelain insulators enclosed in 
stainless steel tubes. The cell was immersed in 3 high-temperature bath prepared by melting 
a mixture of sodium and potassium nitrates taken in equa l proportions. The insulation 
between the electrical leads and the body of the cell prevents any electrolytic action in the 
bath liquid. The temperature was controlled by an electronic controller; the control at the 
highest temperature was ± O.2°C and better than this at the lower tempe:ratufCS. 

To provide a steady state in the coli. a large cube made of stainless stH:1 (volume SOO ml) 
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