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The standard potentials of the silver, silver bromide electrode have been 
detemained in 1;2-dimethoxyethane (DME) and in nineteen D M E  + water 
solvents from the e.m.f, measurements of cells of the type 

Pt l  H~ (g, 1 atm) l HBr (m), sotvent [ AgBr lAg 

at intervals of 5 °C from 5 to 45 °C. The molality of HBr covered the range from 
0.01 to 0.1 molkg -1. In solvents of high D M E  content, where the dielectric 
constant is small, it was necessary to correct for ion-pair formation. The 
temperature variation of the standard potential has been used to evaluate the 
standard thermodynamic functions for the cell reaction, and the standard 
quantities for the transfer of HBr from water to the respective solvents. The 
results have been discussed both in relation to the acid base nature of the 
solvent mixtures and also their structural effects on the transfer process. 

(Keywo'rd,s: 1,2-Dimethoxyethane + water solvents; Electromotive .jbrce 
measurements; Silver, silver bromide electrode; Standard electrode potentials; 
Thermodynamics) 

Standardpotentiale der Silber, Silberbromid-Elekt.rode und thermodynami.5'che 
Eige~s'chaften yon H Br in 1,2- Dimethoxyethan und 1,2- Dimethoxyethan-- Was'- 

8er- M ischungen 

Die Standardpotentiale der Silber, Silberbromid Elektrode wurden in 1,2- 
Dimethoxyethan (DME) und in 19 verschiedenen DME--Wasser-Gemisehen 
aus EMK-Messungen der Zelle 

P t  [ H 2 (9, 1 arm) I HBr (m), Lsgsm. I Ag Br I Ag 
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in Temperaturintervallen von 5 ° zwisehen 5 und 45 °C bestimmt. Die Molalitgt 
yon HBr deekte den Bereieh yon 0,01 bis 0,1 molkg 1. Bei L6sungen mit 
h6herem DME-Gehalt - -  und damit niedrigen DielektrizitSotskonstanten 
war es n6tig, fiir die Bildung yon Ionenpaaren eine Korrektur einzuffihren. 
Ober die Temperaturvariation wurden die thermodynaInischen Gr6ften fiir die 
Zellenreaktion und die StandardgrS!3en ffir den Transfer yon HBr aus Wasser 
in das jeweilige L6sungsmittel bestimmt. Die Ergebnisse werden sowohl im 
Zusammenhang zur S~ure-Base Natur der L6sungsmittehnischungen als aueh 
in bezug auf strukturelle Effekte im Transferprozeft diskutiert. 

Introduction 

Elect romot ive  force measurements  of galvanic cells involving 
hydrogen, silver, silver halide electrodes have been extensively used 1, 2 
in recent years to determine the thermodynamics  of hydrogen halides in 
aqueous and nonaqueous media. Such studies further  offer a method of 
understanding the medium effects associated with the transfer  of these 
electrolytes from water  to any solvent and under suitable conditions 
can also be employed 3 for the est imation of transfer  free energies of 
single ions. 

Recently, we have undertaken 4 comprehensive e.m.f, measurements 
of HC1 solutions in pure 1,2-dimethoxyethane (DME) and its aqueous 
mixtures using the silver, silver chloride electrode. The s tandard 
potentials  of this electrode as well as the thermodynamic  properties of 
hydrochloric acid in these solvents have been reported 4. The silver, 
silver bromide electrode is highly reproducible 5 and, because of its low 
solubility, it performs bet ter  than  the silver, silver chloride electrode, 
part icularly for the determinat ion of the dissociation constants of the 
nitrogen bases 6 in such dipolar aprotic solvents. Roy et al. 7 studied the 
thermodynamics  of hydrobromic acid in three D M E  + water  solvents 
containing 10, 30 and 50~o (w/w) D M E  at  5-55 °C. However,  no e.m.f. 
da ta  have so far been reported in pure D M E  or its aqueous mixtures,  
other than  these three mixed solvents. 

In  continuation of our studies on this subject s-l°, we now have 
measured the e.m.f, of the cell without  liquid junction 

P tLH 2 (g, 1 atm) [HBr  (m), solvent IAgBr LAg (I) 

in nineteen D M E  + water  solvent mixtures as well as in pure DME.  

The s tandard  e.m.f, of cell (I), which is the s tandard  potential  of the 
silver, silver bromide electrode, has been determined for each solvent at 
intervals of  5°C from 5 to 45°C with a view to a comprehensive 
understanding of the thermodynamic  properties of hydrobromic acid in 
these media. 
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Experimental 
The preparation and analysis of the hydrobromic acid solutions in the 

various solvent mixtures were identical with the methods described 
previously s,9. The molality of HBr solutions covered the range from 0.01 to 
0.1molkg ~-. The acid concentration was known to within _+ 0.03°//oo. Re- 
distilled de-ionized water was generally used in preparing the solutions. DME 
(Fisher Certified) was purified in the manner described by Wallace and 
Mathews n. The middle fraction of the second distillate was subsequently used 
in the preparation of the cell solutions. Dry nitrogen was bubbled through the 
distillation flask during the distillation process. The purity of the middle 
tYactions was verified by gas chromatography. The mixed solvents were 
prepared by weight dilution methods by diluting the aqueous stock solution of 
HBr wit.h a known amount of DME and water. The DME content of the 
solutions was accurate to _+ 0.02 wt %. The solutions were all stored in dark 
bottles under a nitrogen atmosphere. Dissolved air was always removed from 
all of the cell solutions by bubbling purified hydrogen gas through them for 
1-2 h before the cells, which were fitted with triple saturators, were filled. All 
solutions were freshly prepared before taking measurements. 

The electrodes were prepared essentially as described elsewhere s,9. The 
experimental set up and the general procedure used for the e.m.f, measure- 
ments were identical with those given previouslyS, ~. The measurements were 
made with three hydrogen electrodes and three silver, silver bromide electrodes 
for each solution, at intervals of 5°C from 5 to 45°C. The cells were 
thermostated at each temperature with an accuracy of +_ 0.01 °C. The silver, 
silver bromide electrodes were found to be stable over the entire temperature 
range, and constancy of the cell e.m.f, to + 0.09 mV over a period of 1 h was 
considered as an adequate criterion of equilibrium in the e.m.f, measurements. 
As a precaution, a given cell was never measured over the entire temperature 
range. Three series of results were made at each acid concentration. The first 
was from 5 to 25 °C, the second from 20 to 35 °C and the third from 30 to 45 °C. 
As new solutions were prepared for the measurements in each, the results serve 
as an excellent means of checking the reprodueibility of the procedure. The 
e.m.f.'s were generally reproducible to _+ 0.09 mV for different solutions. The 
cell measurements were in triplicate, and the mean values of these observations 
recorded. The triplicates generally agreed within _+ 0.15 inV. In order to correct 
the e.m.f, data to a hydrogen partial pressure of 1 atm, total vapour pressures 
(p) for the DME + water solvents over the temperature range 5-45°C were 
taken from the previous data 4, 7, is. Extrapolation and interpolation procedures 
were based on the linear plots of log p as a function of 1/T, where T is the 
thermodynamic temperature. The dielectric constants (D) of the solvents 
required to evaluate the Debye-Hiielcel constants were obtained from the data of 
Roy et al. 7 by the method of extrapolation and interpolation, which utilized the 
straight-line plots of log D versus T. 

Results and Discussion 

Standard Electrode Potential 

The observed e.m.f, da t a  (F,) were corrected in the usual  way to 
1 a rm par t ia l  pressure of hydrogen  and  the ex t r apo la t ion  func t ion  E' 
given s-l° by  
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2 kA (dm)~ 
E '  = E + 2 k log m 2 k log (1 + 0.002 raM) + 2 k Ee~:t 

1 + BS(dm)~ 
= E , ; 7 - -  2 kbm (1) 

was constructed for each solvent at each temperature .  In  equ. (1), E,,~ is 
the s tandard molM potential  of the cell, k equals 2.3026 RT/F,  m is the 
molMity of HBr,  A and B are the Debye-Hi~ckel constants on the molal 
scale, d is the solvent density, M is the average molecular weight of the 
solvent, Eext denotes the Debye-Hi~ckd extended terms, b is an adjusta- 
ble pa ramete r  and 4 is the ion-size parameter .  The s tandard e.m.f, was 
obtained by the usual extrapolat ion technique and the procedure is 
essentially the same as tha t  used in our previous determinations s-l°. 

In  the DME-rich solvents, where the dielectric constant  is smaller 
than  25, ion-pair format ion occurs and hydrobromic acid behaves as a 
weak electrolyte. So, corrections for ion-association in these solvents 
were taken  into account. The s tandard e.m.f, can no longer be obtained 
by  the simple procedure, but  the method tha t  involves prel iminary 
knowledge of the ionisation constant  of H B r  is applicable TM 14 As in our 
previous work s-l°, following the procedure reported by Mussini et al. 13 
the s tandard e.m.f, in the DME-rich solvents have been determined. 

The least-squares values of the s tandard  potential  E ~  (molality 
scale) of the silver, silver bromide electrode found in this investigation 
are summarized in Table 1, for each solvenL along with the values for 
water  as the solvent s,9. The ion-size parameters  tha t  gave a satis- 
factory linear extrapolat ion were in the range 0.46 to 0.62 nm depend- 
ing on both t empera ture  and solvent composition. The s tandard 
deviat ion in E ~  is ± 0.09 and ± 0.18 mV for solvents containing 5 to 40 
and 45 to 100% (w/w) DME, respectively. 

The new s tandard e.m.f, value for the 30% DME solvent is in full 
agreement  with tha t  obtained by Roy et al.: at  25 °C, namely 0.06696 V. 
On the other hand, the discrepancies between the results for the rest of 
the solvents might  be ascribed either to some unsuspected fault  present 
in the silver, silver bromide electrodes used by  Roy et al.7 or to some 
undetectable malfunctioning of their hydrogen electrodes 15. Moreover, 
some comments  should be made in regard to the arbi t rary  choice of the 

• . E - o -  ion-size parameters  (8) in the de t e rmmatmn  of ,~. Roy et al.7 reported 
tha t  the suitabil i ty of the ~ value was based on the s tandard deviation 
for regression of the experimental  E '  as a function of m. Their results: 
indicate tha t  ~ = 0 .6nm gives the best linear fit, and consequently 

= 0 .6nm was used for the 10, 30 and 50% DME solvents and at  all the 
eleven tempera tures  in the range 5~5  °C. However,  as they s tated 7, it 
should be mentioned tha t  the s tandard deviation of regression is not  a 
reliable guide to the best choice of the ion-size parameter .  
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The  va lues  of E , ~  o b t a i n e d  for each  so lven t  were f i t t ed  by  the  
m e t h o d  of  l eas t - squa res  to  

E , ~  = a - - b  ( t - - 2 5 ) - - c  ( t - - 2 5 )  2 (2) 

where  t is the  t e m p e r a t u r e  in °C. The  p a r a m e t e r s  a, b and  c a re  g iven  in 
Tab le  2, for each  solvent ,  a long wi th  the  va lues  for  w a t e r  as the  

Table 2. Values of the parameters a, b and c of Equ. (2) for evaluation of E ~  in 
1,2-dimethoxyethane + water solvents at 5-45 °C and the standard potentials of the 
silver, silver bromide electrode on the molar concentration (E~/V) and mole fraction 

(E~-T/V) scales calculated at 25 °C 

D M E  
/wt% a/10-2 V b/10-4V oC 1 C/10-6 V oC-2 E~/V --E~/V 

0 7.105 4.903 3.027 0.07090 0.13535 
5 7.049 5.073 3.413 0.07023 0.13380 

10 6.992 5.232 3.800 0.06954 0.13218 

15 6.935 5.401 4.207 0.06885 0.13047 
20 6.869 5.587 4.613 0.06806 0.12874 
25 6.791 5.797 5.033 0.06714 0.12701 

30 6.696 6.022 5.447 0.06603 0.12533 
35 6.582 6.273 5.880 0.06472 0.12369 
40 6.441 6.553 6.333 0.06313 0.12216 

45 6.274 6.885 6.787 0.06125 0.12071 
50 6.068 7.271 7.253 0.05897 0.11946 
55 5.848 7.662 7.753 0.05650 0.11811 

60 5.571 8.124 8.260 0.05342 0.11707 
65 5.254 8.642 8.813 0.04990 0.11612 
70 4.857 9.247 9.393 0.04551 0.11562 

75 4.362 9.994 9.980 0.04008 0.11567 
80 3.734 10.786 10.627 0.03324 0.11655 
85 2.853 11/706 11:333 0.02378 0.11930 

90 1.646 12.753 12.040 0.01098 0.12451 
95 0.082 13.897 12.787 --0.00714 0.13386 

100 --2 .302 15.231 13.533 --0.03083 0.14669 

so lven t  s,9. Values  of E ~ c a l c u l a t e d  b y  equ. (2) and  the  e x p e r i m e n t a l  
va lues  (given in Tab le  1) agree  gene ra l ly  w i th in  +_ 0.11 mV. 

The  s t a n d a r d  po t en t i a l s  E + on the  c o n c e n t r a t i o n  and  E + ~ on the  

mole - f r ac t ion  scales were c o m p u t e d  a t  25 °C wi th  the  help  of  the  usua l  
r e la t ions  s, and  are  also inc luded  in Tab le  2. 
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Standard Thermodynamic Functions for the Cell Reaction 

The s tandard thermodynamic  functions for the cell reaction 

H2 (g, 1 at, m) + AgBr  (s) = Ag (s) + H B r  (solvated) (3) 

were computed at  5 4 5  °C, by  the usual relations s, from the temperatu-  
re variat ion of the s tandard molal e.m.f, in D M E  + water  solvents. The 
s tandard free energy changes for the cell reaction increase while the 
s tandard ent ropy changes, which are all negative,  decrease with an 
increase in either the D M E  content, in the solvent mixture  or the 
t empera ture  of the solvent system, i.e. with a decrease in the dielectric 
constant  of the solvent. The s tandard entha lpy  changes, A H ÷, are all 
negative. At 15-45°C, the values of A H  + decrease with increasing 
tempera ture  or D M E  content.  On the other hand, the values of A H ~ at 
5 °C increase to a m ax i m um  at. around 20~o D M E  and thereafter  
decrease, with increasing concentrat ion of DME.  

Standard Thermodynamic Quantities Jbr the Transfer Process 

The s tandard thermodynamic  quantit ies fbr the transfer  of one mole 
of H B r  from the s tandard state in water  to the s tandard  states of the 
respective solvents, 

H B r  (in water) = HBr  (in respective D M E  + water  solvents), (4) 

were obtained from the t empera ture  var ia t ion of s tandard e.m.f, of the 
cell (E~.) on the mole-fraction scale to eliminate the Gibbs energy 
change as a result of concentrat ion changes in the transfer  processlq 
The s tandard  changes of Gibbs free energy (A G t ) can be represented as 
a function of t empera ture  (in K) by  

w ~ s + A G [ + - = A _ _ B T + C T ~  F( E, v - E ¥ )  = (5) 

w ÷ E y in each where E N is the s tandard e.m.f, of the cell in water,  and 8 + 
solvent. The least-squares values of A, B and C of equ. (5) are given in 
Table 3. The s tandard changes of enthalpy (A Ht+), en t ropy (A S t ) and 
heat  capaci ty  (A Cp ) for the t ransfer  process of H B r  from water  to the 
respective solvents were obtained by applying the usual thermodyna-  
mic relations s to equ. (5). 

The s tandard Gibbs free energy of t ransfer  is an impor tan t  index of 
the differences in interactions of the ions (for example,  H + and Br-)  and 
the solvent molecules in the two different media. The values of A Gt ~ 
decrease negatively,  pass through minima (at around 80, 70 and 60~ 
D M E  at 5, 25 and 4:5°C, respectively), thereafter  increase with 
increasing D M E  content  in the solvent and become positive in pure 
D M E  at 5 to 35°C and in 90 to 100~o D M E  solvents at 45°C. The 
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Table 3. Values of the parameters A, B and C of Equ. (5) for evaluation of 
thermodynamic quantities for transfer of HBr from water to 1,2-dimethoxyethane 
+ water media at 5-45 °C~ and difference between the standard free energies of 

transfer of the chloride and bromide ions, A G t , at 25 °C 

D M E  A/IO 2 B / J K  1 C/IO 2 A G t ,  / 
/wt ~o J tool-1 tool-1 J K -2 tool 1 J mol 1 

10 57.9250 42.6891 7.4583 618 
20 118.6292 87.5513 15.3025 1246 

30 179.3157 132.9991 23.3493 1 877 
40 242.4917 180.7039 31i8978 2 665 

50 304.3429 228.7865 40.7744 3 768 
60 370.9688 280.8744 50.4904 5576 

70 442.7283 338.0047 61i4221 8498 
80 515.1295 397.4874 73.3283 13 202 

90 599.8818 463.9852 86.9615 20 120 
100 694.7419 531:5721 101i3667 29 525 

observed negative decrease in A G~ values suggests tha t  the transfer of 
HBr  from water to the D M E  + water solvents is increasingly favour- 
able. The negative values of A Off support the view that  water is less 
basic than the mixed solvent, whereas the positive k G ~  values indicate 
tha t  HBr is in a higher free energy state in pure D M E  than in water, 
and therefore the transfer process is not spontaneous. 

The standard transfer enthalpy and entropy show similar trends. At 
5 °C, the values of A H t and A S ~  increase positively, pass over 
maxima at 20 and 40~o D M E ,  respectively, and thereafter decrease 
negatively, with increasing D M E  content in the solvent. At 15-45 °C, 
the values of A H t and A S t decrease negatively with an increase in 
either the temperature or the D M E  content in the solvent mixture. The 
values of A H ~  and AS t could give us an insight into the solvent 
structure. The transfer process of ions from water to mixed solvent 
includes a number of changes connected with building up and breaking 
down the structure 17. Further,  the structure-forming processes are 
exothermic and accompanied by entropy decrease and the structure- 
breaking processes are endothermic and leading to the entropy in- 
crease. At 15 45 °C, the negative and decreasing values of AHt  ~ and 
A S  t a s s u m e  that  ions are more effectively breaking the water 
structure than in the mixed solvent. The water is therefore a more 
structured solvent than the D M E  + water solvents. On the other hand, 
the positive entropy and enthalpy of transfer of HBr  from water to 
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water-rich solvents at 5°C can be a t t r ibuted  to a greater  s tructure 
breaking by H B r  in these solvents than  in water.  The values of the heat  

- 9 -  capaci ty ACp are all negative and decrease with increasing tem- 
perature  or D M E  content  in the solvent. 

The A Gi ~ values by themselves do not provide a clear picture of ion- 
solvent interactions 18,19. Single-ion values would be more useful but  
these will have to wait  until s tandard potent ial  da ta  for the silver, silver 
iodide electrode become available. Meanwhile, consider the function 
A Gt ~ '  givenlS, 19 by 

AG+" t = A G t ( H C 1 ) - - A G t ~ ( H B r ) = A G t ( C 1 -  ) - A G  t~ (Br  ) ( 6 ) -  

The difference between the free energies of transfer  of hydrochloric 4 
and hydrobromic acids gives the difference between the free energies of 
transfer of the chloride and bromide ions. The values of AGt ~ '  so 
calculated at 25 °C arc given in Table 3. The values ofA G t '  are positive 
for all the solvents and increase with increasing D M E  content  in the 
solvent. This is quali tat ively in agreement  with the Born theory which 
predicts tha t  the bromide ion should be in a lower free-energy state 
than  the chloride ion in mixed solvents of lower dielectric constant  than 
water  19. The same observations were previously madeS, 19. 
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