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It was the objective of this research to make conduc ... 

tanee .maasuren:;ents of aqueous solutions of sodium 

monofluorophosphate and potassium hexa:fluorophosphate at 

25° C. From these ueasuremerrts the limiting equi.valent 

eonducttancas or the tt-10 salts wer-, to be detennined. Devi.­

atious of the equivalent conductance wi:th increasing 

concentrati.on from that predicted by tl1e Onsager equation 

were 'to be used to study the behavior or sodium monofluoro.­

phosphate and potassiurn hexar·1u01."'ophosph.ate in aqueous 

soluttons. 
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D TRODUCTION 

From measurements of the equivalent conductance of 

solutio s of electrolytes it is possi le to characterize the 

behavior of these electrolytes i n solution . 

ihe manner in which conductance data deviate from the 

Onsager equation classifies the electrolyte as being strong 

or weak. Further, oy using these data, the dissociation 

const t of the electrolyte can be calculated . 

Onsager has shown that for dilute solutions of electro­

lytes, the equivalent conductance of the solution is given 

by the equation 

•/here /\0 is t he limiting equivalent conductance, A and Bare 

constants ependent upon temperature an the nat ure of the 

solvent , and l is the equivalent concentration of the solu­

tion. 

The Onsae;er equation account s for the observed decrease 

of equivalent conductance of a solution of an electrolyte 

with increased concentration by means of two "effects" both 

of which result in a lowering of ionic mobilities (11) . 

he const ants A and Bl\0 of the Onsa er equation provide 

the corrections for these two ef.fects . A accounts for the 

2 



"electrophoretic ff ct" and B/\0 for th ntime of relaxation 

effect." 

h electrophoretic effect arises from the fact that 

there is a p eponderanee of oppositely charged ions 

surrounding an ion in solution. When a potential is applied 

to the solution , the surrounding at osphere 0£ ions oves i n 

a direction opposite to that of the ion being considered. 

Interionie ttraction and friction between associated sol­

vent olecules then impede the motion of the ion . The 

electrophoretic effect is d pendent upon temperature, 

visco ity, and dielectric constant of the solution. 

round an ion in sol tion there is a symmetrical space 

charge. A the ion is moved , the sp ce charge will build up 

in front of the ion and decay behind it . Since these 

processes are not instantaneous, there ill be an asymmetry 

of the spac charge developed . The asymmetrical space 

charge xerts an electrostatic attraction in a direction 

opposite to that of the otion of th ion. This is the time 

of relaxation effect. hich is independent of viscosity 

since it is purely electrostatic. It is dependent upon 

di lectric constant. temperature, limiting conductance of 

the ion, and the char eon the ion. 

Rearranging the Onsager equation to the form 

!\/ • I\ I: AVN 
0 1 - BYN 

3 



4 

provi es a means for evaluatin the limiting equivalent 
/ 

conductance of an electrolyte where /10 is written i n place 

of lb (2). 
/ 

It is found that 1\0 , which accordine to theory should 

he constant, increases with increasing concentration. A 

graph of ~ versus N has been found to he lir ear for many 

1-1 and 1-2 electrolytes. This offers a ready method for 

computing the limitine; conductance, /\,, of a strong electro­

lyte by extrapolation to i nfinite dilution . 

Since t he Onsager equation is valid only i n the limit 

of infinitely dilute solutions, deviations from it are note 

as the concentration of a solution is i ncrease (11 ) . For a 

stron electrolyte , the experimental points foll ow the 

Onsager equation i n the dilute region. As concentration i n­

creases, the curve rises above the theoretical slope givin 

an upward concavity. Solutions of weak electrolytes also 

follo the theoretical slope in dilute regions, but as con­

centration i ncreases. the experimental curve falls below the 

theoretical slope. However, the curve still retai.ns the 

upward concavity. Figure 1 shows the general types of 

curves found for strong and weak electrolytes . 

A method of estimating the dissociation constant, K, 

and the limiting conductance, /\, , through the equation 



appears to b the ost satisfactory ethod when only a 

single eries of conductance easurements is available (2). 

A plot of S{z) versu {c ~ yt2 } gives for the negative 

slope the valu /\0 /K an th interc pt the value for the 

li ·ting quivalt; t e nd"ctancc , /l 0 • 

5 

In th above expression the d ~ree of dissociation, o< , 

is fined by 

here 

and 

o( - I\ S{z) -~ 
2 3 

S(z) : l f Z f z_. f Z 
2 

.. . . 

The valu s for S{A} are tabulat db Harned and Owen (l). 

h e activity coefficie1t, yt, is d fined by the 

expression 

log Yt = -s(r)V«c -
S'f} als being tabulated by Ha d and Owen (J). 

,.j,/ us ng t is e uat: o, ere c n esti ate ~he issoc a­

tion c nstant a.TJ.d co~par!? the values of th . limit ng 

cond cta~ce ith thos btained by tle pr .viousl , cribed 

etho of 

Hill serib.d a metho o preparin 

sodium onofluorophosphate by fusing a ixture of sodium 

trimetaphophate and sodium fluoride . 



Th fluorophosphates are similar to th corresponding 

sulfates. In so cases this similarity is so close that 

t e fl orophosphates are iso orphous ith the sulfates • 

. i ed salts of tl e for i·~S 1..9 ( m4 )2Po3F•6n2o , here 1 : Ni, 

Cu, Co, Zn ., n , and g have been prepared ( 12). 

The alkali monofluorophosphates are readily soluble in 

water. The salts are stable in neutral or weakly alkaline 

solutions . The monofluorophosphates hydrolyze in an acid 

medium or when heated in an alkaline solution to form the 

fluoride and orthophosphate (lJ). 

Salts of hexafluorophosphoric acid can be prepared 

directly by the reaction 

4Cl /. PC15 /. 6HF > N F6 /. 6HC1 (in liq. HF ) 

Commercially , the alts are prepared by neutralizing the 

hexafluorophosphoric acid and removing the salt by frac­

tional crystallization (lJ). 

6 

Hexafluorophosphates are similar in solubility behavior 

to the perchlorates. The salts do not , however, have the 

same crystal form ( 9) . 'rhe hexaf luorophospl ate ion is 

symmetrical 1th the fluorine ato s located octahedrally 

around the phosphorus atom (8) . 

Alkali hexafluorophosphates form neutral aqueous solu­

tions and are very stable in neutral and slightly alkaline 



soltttions. 

acirl. I:f alka.1:-L salt, is tempera-

t ure, it d(:cornposes 'the ) . 



EXPERIMENT AL 1 THODS 

The conductance measurements of the solutions were made 

with a conductivity bridge assembly describe by Luder (10) . 

The 1000- cycle signal was provided by a Hewlett- Packard 

model 200A audio oscillator. The signal was amplified with 

an amplifier constructed after the circuit described in the 

article by Luder. 

The balancing resistance consisted of two decade box s: 

a General Radio type 602-G consisting of three decades having 

steps of 1, 10, and 100 ohms, and another box constructed 

fro General Radio decade resistances 578-E, 510-E and 510-F. 

The four decade resistances consisted of steps of 0 . 1, 1000, 

and two 10,000 ohm assemblies. 

The bridge components were shielded wherever possible. 

Shielded cable was used , and the elements of the balancing 

circuit were shielded from each other. Additional grounding 

for the operator was provided since it was found that a 

sharper null was obtained for the signal when the operator 

was at round potential . The tuning knob for the balancing 

condenser as mounted on a six-inch polystyrene rod. This 

was done to prevent the proximity of the operator's hand 

fro changing the capacitance of the balancing condenser 

during the balancing operation. 



9 

o 1a hbtrn-type conductivity cells ere used. Central 

Scientific Co pany type 70015B was used for measurement of 

the solutions, and type 70015A as use to d termine the 

specific conductance of the conductivity water. 

Conductivity water for preparin the solutions was 

obtained by distill ing ordinary istilled water fro an 

alkaline permanganate medium in an all-pyrex system. The 

water was distilled from a five-liter round-bottom flask 

equipped with a side-arm. A spray trap was provided between 

the flask and condenser. The neck of the distilli ng flask 

was provided with a nichrome heating element . After aging 

the system for several weeks by distilling water throu h the 

system, conductivity water having a specific conductance of 
-6 l to 1.5 x 10 reciprocal ohms ias obtaine. 

The salts used for the investigation were obtained fro 

Ozark-~ahoning Company, Tulsa, Oklahoma. No attempt was 

ade to purify the compounds since they ere specially pre­

pared in a high de ee of purity. 

The sample of potassium hexafluorophosphate was 

analyzed by precipitation with nitron after the method of 

" Lange and r. uller (9). The analysis of sodium monofluoro-

phosphate, which is a difficult procedure, was performed by 

• w. B. Estill of Ozark-Nahoning Company. The sample was 

analyzed for fluoride present as the monofluorophosphate ion 

and for fluoride present as sodium fluoride . 



Conduetance measurements were made on five series of 

solutions of sodium monofluorophosphate and three series of 

solutions of potassium hexafluorophosphate . Each series 

consisted .of four or five solutions o.f different c.oncentra-

10 

tion .. The first solution of a series was prepared by adding 

a known weight of conductivity water to a known weight of 

salt. Each succeeding solution of the series was prepared 

by diluting a weighed quantity of the preceding solution 

with a weighed quantity of conductivity water. 

To determine the equivalent concentration 0£ the solu­

tions it was necessary to measure the density of the 

solutions at the temperature at which the measurements were 

to be made . A Nicol-type pycnometer was used for this 

purpose , and the densities were measured at 25° c .. 
All measurements ware made at 2;0 t 0 . 02° C. Kerosene 

was used in the C·onstant-temperature bath •. 



Tha experimental condnetanee data. tor sodi,.um mono­

i'luorophosphaee and potassium hexafluorophosphate are listed 

in tables land 2. 

'file values for ~he equivalent eoncentratf.on of the &o­

lutions were calculated from an expression determined. from 

the density measurements o.f the solutions and th& percentage 

composition of the solutions. For sodium mono.fluorophosphate 

(m.w. 143.,97) the equivalent concentration i.s expressed by 

and for potassium hexafluorophosphate (m.w. ltl4.0i0 

Horma:lity a 0.05440 (% weight of KPF6). 

The observed specific conductances,,x, of ·the· solutions 

and solvents were calculated from the expression 

X: K/R 

where K is the cell eonstant and R is the resistance 0£ the 

solution measured in the cell. Cell number 1. used for 

measuring the resista."lee of the solutions., bad a cell con-

t u O 7·5r.:1" - 1 ,... ll b 2 ed t th stan •. .h1 = • . ,.,.. cm ... ..;,e · . num er · •,. ua ·. · ·O measure . e 

reslstance of the C(Taduetivity water, had a cell constant 

K2 = 0.07212 cm-1 • 

ll 



The equivalent conductance of the solutions,11. was 

calculated from the e.quation 

A= 1000:x 
N 

of the solution corrected for· the co:i:1ductance of the sol-

veztt * It is the difference t,et'N€H:n1 thi: observed specif'l,c 

co11cluctance a.nd the speeifie c.onduct;a:nae of t,he solveirt. 
/ 

'l'he expressitm, /l0 ~ used to dete1~mi:n.e the limiting 

conductance by the method of Shedlovsky is. calculated from 

ithe equation 

where A= 110-6 and B: 0*5265 for sodium monofluorophos­

phate. and J'i = 60.19 and B = 0.22$9 :for pot,assium hexa-

fluorophosphate. 

Analysis ( in triplicate) of the pot,assium .hexafluoro-

result;.s: 

12 



I., Total Fluoride Analysis 
A. 12.8)5~ 1-
B. lJ.20% r­
e. 1,.10% p-

Avg. 13 .o,,;to.14,ff. 
n. m12P0:3F Analysis 

.aw. 

l. Fluoride as P03?-. 

A. 12.6615 
B. 12.951; 
c. 12.70/~ 

Avg. 12.r4i.to.06~! 

A. 
a. 
c. 

97.44%_ 
9,.)- 'I "'1,.4'1 

,O·• ,JJ;;,/:i . 
('\6 2~!17 ;, ... . J.t) 

97 2~1o 69er! .• o- .• . fJJ 

This analysis of sodium monotluorophosphate shows an 

impurity o£ sodium fluoride amounting to 0.58%. 

13 



ANALYSIS OF IUl:l'A 

Potassium [exafluoro2h9p;e!1a~~: 

A plot of /\ versus }IN for potassium hexa.f.luorophospha:te 

is shown. i:n :£.'tigure 2. The ci1rve rises ab0'!1e the Onsager 

limiting slope indicating that potas;si.um bexaf"luorophosphat.e 

is a strong electrolyte. 

The value I\, = 1.30.4 reciprocal ohms for potassium 

hoxafluorophosphate is determined by extrapolating a plot of 
,,, 

/\ 0 versus concentration to in.finite dilution. This is 

sholfm in Fig,'Ure 3. 

Because of the scattering of points in the dilute 

.range,, the graphical extrapolation in Figure 3 results in a 

deviation of !0.5 reciprocal ohm for the value of the 

lintiting equivalent conductance. 

Sodium ~~onpf~}.uoro12hosphate: 

Figure 4 is a plot of I\ versus '{'ii tor sodiU!l'J .mono­

f'luorophospha.te. The deviation of the experimental curve 

from the Onsager equation in the more eoneentrated regions 

is characteristic of a strong electrolyte. In the more 

dilute solutions the experimental points would be expected 

to fall below the theoretical slope because o:t the similar­

ity of the raonofluorophosphates to the sulfates. Jenkins 

and fJionk have shown that for concentrations below .001 

14 



normal the equivalent ·conductance of sodium sulfate .falls 

belor1 the theoretical value ( 7) • 

15 

Analysis of the data tor/\ by the Sbedlovsky method is 
0 

shoim in Figure 5.. This gives a value of 113 .• 5 reetprocal 

obras for the limiting conductance of sodium mQnof'luoro­

pbo$phate:. 
./ 

The ext.rapolation ot I\ versus N is or sucb a. precision 
0 

that a deviation or to .. 25 re·ci,proeal ohm tor the limiting 

conduetauce is obtained. However, the uncertainty or the 

analysis of the sodium .monotluorophosphate sample indicates 

that the deviation .from the value or llJ.5 reciprocal ohms 

for the limiting conductance should. be to.s reciprocal chm.· 

An impurity of .3~1~ sodium .flttoride in the sample would change 

the limi.tin.g equi valen:t conductance of sodium mono.fluoro­

phosphate by 0.5j&. The value for the limiting conductance 

or sodium monofluorophosphate, then, will. be taken as 

113.,fo.5 reeipPocal ohms. 

An. a.tten1pt was made. to estimate d.iesoeiation constants 

for sodium monofluorophosphate. and potassium huafluoro-. 

phosphate by· the method.. desor·ibed in the introduc-tion, but 

the available data. were not of suffici-ent precieion to just­

ify t-he computation.. However, the plot £or potassium 

hexafluorophosphate resulted in a value of' 1.30 •. 4 reciprocal 

ohms :ror the limiting eon.duetanee which eompare,s ~tell with 

that obtained using the Shedlovsky method. 



co1mtUSIOI-!.S 

Conduotanee measurements of aqueous solutions 0£ s.odium 

znono:fluorophosphate and potassium hexai. ... luorophosphat.e were 

e1ade at 2;0 c. to determine t.he limiting equivalent conduc­

tances and to study the behavior ot the.se salts in aqueous. 

solution. 
O· The limiting equivalent conductance at 2; c. :f!or 

sodium monofluorophosphate in aqueous solut.ion is 

113. 5to. 5 reciprocal ohms. For potas.sium hexaflucrophos­

phate this value or the limit.ing equivalent. conductance. is 

130.4lo.5 reciprocal oluns. 

From the expression for the limiting equivalent con­

ductance of a salt in terms of the limitL"lg ionic 

conductances 

and the values 0£ the limiting ionic conductances or sodium 

and potassium, it is possible to calculate the limiting 

ionic conductances for P0.3F= and PF6-. Harned and Owen list 

the. values ( 4) 

16 



for 25° c. Hence, the value of the limiting ionic condue­

tance for PO.J'.1''= at 25° c. is 63 .• JCO. 5 reci.proeal ohms# and 

the value 

'rhe deviation of the conductance data f'or pc:,ta.ssium 

17 

hexafluorophosphat.e fro:;u the Ons~6er equat:to.n shows the salt 

to be highly dissociated i:r1 aqueous soJ.ut.!on. The conduc­

tance data for sodium monof1uorophosphate irid.icates tbis 

salt also to be h.:tghly dissociated in aqueous solution, ita 

behavi.or being sir1ilar to that of nodium sulfate. 

The precision of the conductance measurements is not 

sufficiently high to permit, an astir!lati.on of' dissociation 

constants for sodium monofluo:rophosphat& and potassium 

hexafluorophosphate. 
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APP EU DIX 



Colorimetric Determination of Fluoride: . . .. . . ~ . - ··. 

Hill aic"ld Reynolds de.scribed a colorimetric analytical 

method for the dete:rmina,tion o£ ttronofluorophosphate ion ( 6) .. 

They presented a method based upon the ble.aching of titanium 

peroxide complexes in an acid medium by fluorid.e, ion. 

'rhe analysis of sodium mono.f'luoropl1osphate used in this 

inve.stigation ua.s attem.pted by this method. Hill and 

rtoynolds used a Lumetron r~1odel 402EF colorimeter in their 

investigation. For the ana.lysi.s in thi.s investigation a 

Beckman !~odel DU .spectropbotora.eter was used for the light 

trar1smission measurements. 

A calibration c1;.rve was. to be determined for the change 

in transmission of the solution with the addition of a known. 

quantity of fluoride i0-n. 'fhe author was unable to repro­

duce a calibration tru.rve· using the Beclonan DU spe·ctrophotom­

eter. trith the: reagents .speei.f'ied by Hill and Reynolds for 

the color reagent it was round that the change ,of 1ight 

transmission for the fluoride ion coneentra:tion range speci­

fied was toe small to yield the precision reported by Hill 

and Reynolds. 

Conduetometric Titrations: 

An attempt \1'a.s made to detern1ine .fluoride by condueto• 

metric titration. .Samples of sodium £luor1de in the pres.enee 

,20 
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o:f perehloric acid and glaa,s beads ware steam-distilled and 

'the distillate titrated conduetometri.cally with a solution 

of thorium nitrate. The curve obtained f'rom plotting 

resistance readine;s ver.s.tts volur{::e of titrarrt indicated a 

break at ·the equivalence point. However, there ,.z:a.s no 

portion of the curve vtith sufficient linearity to allow ex­

tensio:n to th.e end-point. Since the method for determinin,g 

tbe end-point of a eond.uctometrie titration is to extend the 

linear portions of the curve before anii after the equiva­

lence point to the point. of intersection, this L'"lethod had to 

be aband01:1ed .. 



Solution 
I\lo. 

1 
2 
3 
4 
lA 
2A 
JA 
4A 
lB 
2B 
3B 
4B 
lC 
2C 
3C 
4C 
1D 
2D 
3D 
4D 
50 

Normality 

X 103 

26.lj 
6.464 
1.915 
0.7901 

62.62 
1g.17 

5.$91 
1.e17 

. ,:)!._ . -_ _. 7 ,;', 20 
28.72 

7.41~2 
1.595 

106.6 
25.32 
l+.J.39 
0.7953 

301.7 
11t.9 
6.3.38 
35.27 
12.J? 

TABLE 1 

COIWUC1'ANCE °'1? SODilJrJl LOHOFLUOROFHOSPHlrl'E 

2.399 
0.655g 
0 2010 •. .:;.7 
0.08692 
5.271 
1.720 
0.5997 
0.2015 
6.429 
2.61? 
0.7497 
0.1724 
$.469 
2.Jla,2 
0.4509 
0.0$775 

20.64 . 
9.280 
;.327 
3.1;; 
1 .. 199 

1.14 
1.28 
1.28 
l.2tt 
1.e2 
1.s2 
1.10 
1.10 
0.904 
1.16 
1.16 
1.16 
1,08 
1.11 
1.11 
1.04 
1.09 
1.09 
1.09 
1 •. 09 
1.19 

91.77 
101.) 
106.3 
1oe;.4 

g, ... l'· . . ,..,. .. ... 
94.55 

101.6 
106.8 

$2.19 
91.oe 

100.6 
107 • .3 
79.43 
92.4,5 

103.7 
109.0 
Ge.40 
78 .. 04 
84.03 
89.42 
96. fJ4, 

/\,/ 
Ohms-1 

119.t, 
u5.o 
113 ,:, 
" .. ·- C,; 

113 .. 2 
128.8 
117.8 
114.7 
114.2 
132.6 
120.6 
115.3 
114.1 
1 ':)t'\. e::. 

.r:I •"' 
120.1 
114,.9 
113.76 
1e1.7 
142.6 
129.0 
122.3 
11,.9 

N 
N 
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FIGURE 1: General Types of conductance Curves 
For Strung and We <: k Electrolytes. 
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