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Solvent structure and molecular orientation in the Hg-water 
interphase is an important and previously little investigated aspect 
of the electrical double-layer at charged metal interfaces. By using 
pyrazine and pyridine in critical comparative experiments on 
a) changes of surface dipole potential difference (Esin and Markov 
effects), b) surface pressure changes and c) charge dependence 
of free energy of adsorption, it is shown how the surface dipole 
contribution from oriented solvent molecules may be evaluated 
together with the charge-dependent distribution function for water 
orientation. In the case of pyridine, orientation of the adsorbate 
molecule itself occurs in a manner dependent on surface charge 
on the metal and interaction with oriented and bulk solvent 
molecules. 

INTRODUCTION 

The role of solvent structure and orientation of solvent molecules at 
charged interfaces has, until recent years1- 3, been a relatively neglected subject 
in discussions of the double-layer4 • It has obvious importance in relation to 
any real representation of the interphase between an electrode surface and 
the solution. The role of local solvent structure changes and molecular 
orientation has, however, played an important part in the development of the 
theories of solvation of spherical and linear charged particles (polyelectrolytes)5. 

Following the model by Watts-Tobin and Mott1 •2 and the application of their 
model to the treatment of field-dependent, substit utional adsorption at electrode
solution interfaces by Bockris, Devanathan and Mtiller6, a more realistic 
representation of the real structure of the double-layer, particularly in the 
water solvent, has resulted6. 

In terms of the theory of polar dielectrics near orientation saturation, the . 
first t reatment of the condition of polarized solvent molecules at an electrode 
interface was that given by Conway, Bockris and Ammar7 (c f. Conway8) fol
lowed after sometime by the related treatment by Grahame. 

The problem of pollution of water by surfactants, and the resultant 
foaming, has provided an added impetus to the study of adsorption of organic 
substances at liquid interfaces. As in the case of bulk solutions of organic 
substances in the water solvent, rather specific solute-solvent and solute-solute 
interaction and structure effects may be anticipated in interphases, dependent 
upon the orientation of either or both species in the surface. Orientation effects 

* Based on a lecture presented at the III International Conference on the 
Chemistry at Interfaces, Rovinj, Yugoslavia, June 27-30, 1972. 
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issociated with adsorption of organic substances in relation to the int r insic 
Jrientation of solvent molecules must hence be understood; especially at 
electrodes, where such effects will be charge-, or potential-dependent, knowledge 
of solvent orientation is an essential requirement for quantitative treatmen ts 
of the double-layer (cf.2,6). When the surfactant is ionic, other and longer r ange 
inter action effects arise13 and at appreciable coverages (8 > 0.2) solva tion co
sphere interaction effects9,10 become of major impor tance. 

In the present paper, we present some new experimental observa tions on 
the orientation of pyridine and pyrazine molecules at the mercury electrode 
which provide relatively direct and quantitative infor mation on the field
dependent orientation of solvent water dipoles. Elsewhere10, we have compared 
the adsorption behavior of these molecules at the air-water and mercury-w ater 
interfaces. 

General Basis of the Methods of Approach Used 

The orientation of solute and solvent molecules at an electrode interface 
can be evaluated (a) in terms of the shift of potential at which a given charge 
qm arises, including qm = 0, the e . c. m. condition; (b) the dependence of surface 
pressure due to an adsorbed solute molecule at a given coverage on surface 
charge or metal-solution p. d., and hence on orientation of the m olecule, and 
(c) the dependence of free energy of adsorption evalua ted at a given coverage 
g9, i3,14, on the electrode surface charge. 

Important solvent-structure factors in the adsorption can also be deduced 
from the coverage and charge dependence of the isosteric9,10 ent ropy and heat 11 

of adsorption of the solute. This aspect of the problem has, however, been 
dealt with in recent previous papers from this9, 10 and other 12 laboratories. 

EXPE RIMENTAL 

(i) Choice of Compounds Studied 

Much of the work on adsorption of organic molecules at electrode interfaces 
has been concerned with adsorbates of such relatively complex structure and poly
functionality that quantitative interpretation of the electrochemical adsorption 
behav~or is rendered very difficult, bearing in mind the already highly specific 
salvation effects that are indicated15, 16 in the aqueous medium through such properties 
as partial molal volume15, compressibility16,17, specific heat behavior, etc. Also the 
question of relative molecular size of solute and solvent molecules is an important 
factor to which little attention has been given18 in studies of adsorption of organic 
molecules (but cf.9,10 ,1920 where the size factor was treated in terms of Flory-Huggins 
type isotherms21). In the present work (a) pyridine and (b) pyrazine were chosen as 
the adsorbates because (a) exhibits interesting orientation effects22 and carries a net 
electric dipole while (b) is almost exactly the same size and has similar conjugated 

structure but has no overall dipole moment (it has, however, two local g) N: dfpole 
components that promote hydrophilicity) and (c) both molecules are rigid and hence 
cannot change their conformation in a field in the way that such previously studied 
molecules as dioxane23 or butene- or butyne-1,4-diols18 can, e.g. with respect to the 
direction of the OH groups. 

(ii) Electrocapillary Measurements 

In general, the technique employed was similar to that described in refs. 9 and 10. 
Surface tension measurements on an Hg electrode were made by means of a Lippmann 
capillary electrometer employing the special techniques9 developed previously in 
thi:s laboratory. The improved accuracy of measurements of surface tension using 
this apparatus, over that with conventional technique, has been discussed previously9• 
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The whole electrocapillary cell, including the Hg column and reservoir, was thermo
statted to ± 0.1 °c and experiments could be conducted from 5 to 75 °c. Supporting 
electrolyte solutions were made up from 0.03 M NaCI04 in most experiments. The 
solutions contained 0.01 M NaOH to ensure that the bases pyridine and pyrazine 
remained virtually completely un-ionized. 

Measurements were made at the following temperatures and some or all of the 
following molal concentrations of the adsorbates, pyrazine, pyridine and amyl alcohol: 
281, 293, 308, 323 and 338 °K; 0.003, 0.006. 0.008, 0.012, 0.020, 0.035, 0.055, 0.090, 0.130, 
0.180, 0.250, 0.350, 0.50 M 

0.03 M KCl calomel or 0.01 M NaOH/HgO reference electrodes were used. Their 
potentials were constant to 0.2 mV during runs. The junction between the electrolyte 
in the cell and in the reference electrode electrolyte was made in a wetted ground 
glass joint covt?ring the bottom of the reference electrodes. Liquid junction potentials 
were constant to better the 0.5 mV during runs and their absolute values were 
< 5 mV. The 1. j. p. does not enter into the experimental results which were expressed 
in terms of surface charge. 

In experiments where runs were made at various temperatures, both the refe
rence and the capillary electrodes were maintained at the same temperature thus 
eliminating thermal junction potentials in the electrolyte. The advantage9 of expressing 
derived results for conditions of constant qM rather than constant E again arises here 
with respect to measurements over a range of temperatures where a change of 
reference electrode potential must occur. 

(iii) Evaluation of Surface Excess I', Surface Pressure tP, Coverage f) 
and Surface Charge q 

As in previous work9, 10 ,13, surface excess quantities and q were evaluated from 
the Gibbs-Lippmann equation for given values of q24, the electrode surface charge. 
The surface pressure <P was obtained for various coverages and q values by simila1 
calculations2•. e values were obtained from the derived r values taking r max for 
saturation adsorption as 4.5 X 10-10 mole cm-1 for pyrazine. In the case of pyridine, 
where two orientations of the molecule can arise, I'max was taken as 4.5 X 10-10 or 
8.3 x 10-10 mole cm-2, based on Courtauld space-filling models. 

(iv) Evaluation of Esin and Markov Effects 

Esin and Markov plots were made by calculating from the experimental surface 
tension-potential plots, the potentials at which various surface charges arose as 
surface excess I' changed with increasing adsorbate concentration. At fixed surface 
charges, the corresponding potentials were calculated from a computer programme 
as described previously9,2s. 

RESULTS AND DISCUSSION 

Solvent and Adsorbate Orientation 
Information on orientation of adsorbate dipoles has previously been 

considered23 in terms of the Esin and Markov (EM) effects (shift of potential 
of zero charge) related to the dipole p. d. x.1 established according to the Helm
holtz relation 

(1) 

for N dipoles of moment ,ll normal to the surface in an interphase of dielectric 
constant c5 [note that c5 is itself expected limitingly to be a f (Xa) and 1~ can 
be a f (N)]. 

The previous treatments of effects due to Xct have not taken into account 
solvent orientation. That this is a significant, if not major, factor is indicated 
from Fig. 1 which shows a substantial EM effect for adsorption of the non-polar 
molecule naphthalene25 from a methanolic 1 N H~S04 solution at q = 0. The EM 
effect can also be evaluated for q values other than zero and hence provides a 
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Fig. 1. Esin and Markov effect for adso r ption of naphthalene a t H g f r om m eth anolic Na,so, 
solution at 25 •c at the potential of zero cha rge". 

means of evaluating not only the qualitative role of solvent orientation, but 
quantitatively the solvent dipole orientation contribution in ti x which deter
mines the experimental change of potential ti E for a given q value as the 
extent of solute adsorption increases. 

Results for !'1 Eq ( = Ery, base solu tio n - Eq, ailoo rbate) for a given electrode surface 
charge are shown in Fig. 2 for pyrazine adsorption at several temperatures 
from solutions in 0.3 M aq. NaClO,. !'1 Eq shows a linear change with T with 
a slope depending on q. At q = 0, there is an appreciable dependence of ti E 
on T as in the case of naphthalene. Pyrazine is a flat molecule (like naphthalene) 
with zero (net) dipole moment and will not itself tend to be oriented in the 
double-layer field. Hence the substantial effects in Fig. 2 must be attributed 
to charge dependent, water dipole orientation. 

Such effects will arise because adsorption of pyrazine must occur by 
replacement6 of solvent molecules already adsorbed and oriented in the inter
phase, to an extent determined by q or the corresponding outer field. It is of 
interest that zero !'1 E as f (T) arises not at q = 0 but at - 2 ~l C cm-2 which 
indicates intrinsic orientation of water at the p. z. c. From the sign of !'1 E, the 
orientation must be with the 0 atom towards the Hg surface, a direction 
consistent with greater image energy6. This is also consistent with the in
creasingly negative !'1 E for more positive q where relatively greater extents 
of H 20 dipole orientation will arise, also with the negative ends of the dipoles 
disposed towards the positive Hg surface. Fig. 2 shows that the EM effect is 
symmetrical about q = - 2 ~l c cm-2 for various other q values. 

The standard free energy of adsorption, evaluated elsewhere10, is also a 
symmetrical function of q about q = - 2 µ C cm-2 (Fig. 3), so that pyrazine 
forms an ideal molecule for examining the solvent replacement theory of 
electrochemical adsorption6 and thus for providing direct information on the 
extent of solvent dipole orientation as a f (q) experimentally. This can be done 
as follows. 



>
 ... <I
 

-0
 I

' 

-
0 

IO
 

-
0
~
 

+-
0"

' 

•O
 1

0 

•0
1

5
 

0
0

 

/. ;Q
/·
·~

··2 
,.!

/. 
.. 

P
Y

R
A

Z
IN

E
 

T
 •

 2
9

3
 

"IC
 

·~
··

··
a 

4 

*
*

I
 4 

• 
Q

• 
-2

 

Q
' 

-
4 

Q
• 

·8
 

,0
 

2
0

 
J
O

 
4

0
 

r•
 1

o'
0

<1
'11

0ic
! 

c1
11

-•1
 

·O
 I
~ 

.o
 

.
Q

 0
, 

>
 •

0
0
~
 

"' <I 
+

O
 1

0 

•O
' 

Q
. 

+
;:. 

Q
. 

c: 

P
Y

R
A

Z
IN

E
 

T
• 

3
2

3
•K

 

~
 

.. 
A

. 
t 

&
 

.
.
 

_
_

_
_

 
;p

-
Z.

 

~
~
,
 

·
~
~
o

·-4 
~Q

·-~ 
,0

 
ro

 
J
O

 
4

0
 

r 
1

1
0

 IO
 (

 ll
lO

IE
 

c"
' -

I
)
 

-0
.2

0 

-
0.

1
, 

-
0

.1
0 

-o
.o

' 

~ "' <J 
+

0
.0

'} 

+
c:.

10
 

+
0

.1
'\

 

Q
' 

•
6 

P
Y

 R
A

Z
 I

N
E

 

T
•3

3
e

•K
 

/ 
,,

 

~/.
 c 

. 
,/ . 

. 
k
~
~

Q·-
2 

'~
 

',
~
 ·\.
~·
··
• 

~
q•-

6 4 

, 
r 

I 
l(

)I
O

 
(I

M
)I

C
 

C
m

-I
) 

F
ig

. 
2.

 
E

si
n

 
a

n
d

 
M

a
rk

o
v

· 
p

lo
ts

 
fo

r 
p

y
ra

z
in

e
 

a
d

so
rp

ti
o

n
 

a
t 

H
g

 
a
s 

a 
fu

n
c
ti

o
n

 
o

f 
r 

a
t 

v
a
ri

o
u

s 
q 

v
a
lu

e
s 

in
 

0.
03

 
M

 
a
q

. 
N

aC
JO

,.
 

a
) 

29
3 

'K
; 

b
) 

32
3 

°K
; 

c
) 

33
8 

•K
. 

[f
l 0 ~ ~ >-'
l 

(/
J ~ ~ ~ :> z tj
 ~ t;; n ~ ~ ~ 0 ~
 ~ >-'
l :>
 ~ 0 z .....

.. 
.....

.. 
w

 



114 

- >-.5 

--
'cu -30 0 . 
E 

0 "" (!) 

<l - 3 5 

-4 .0 

B. E. :OONWAY A!ND H. iP . DHAR 

PYRAZINE, x=3 
rx1d0 mole cm- 2 

8 
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0 22 2 
0 26 7 
0 3 11 
0 4 0 
0 so 

+ 10 1"8 +6 +4 + 2 0 - 2 - 4 - 6 - 8 -10 -1 2 

QM (l'C. cm ') 

Fig. 3. Variation of »apparent standard free energy of adsorption«'' ·"·" of pyrazine at 25 °c as a 
function of charge q at various surface coverages (data fo r one coverage by pyridine is included 

for comparison). 

Changes of x Potential due to Replacement of Oriented Solvent Dipoles 

(a) Pyrazine. - Let the experimental slope of an EM effect relation be 
m = d (L'l E)/d I' = 8 (L'l E) / 8 T where 8 represents a finite change of L'l E or I' 
with increasing coverage by the adsorbate, itself remaining unoriented. The 
number of oriented solvent dipoles can be represented6 as (Nt- Nt)q cm-t at 
a given q and will be f (q). At a given q, each pyrazine molecule replaces x 
adsorbed water molecules (x ~ 310). Hence for I' mole cm-2 of adsorbed pyrazine, 
x I' mole cm-2 water oriented in the ratio Nt/NT and Nt/NT are replaced. 
Hence a degree of net solvent orientation in the double-layer has been eliminated 
by displacement equivalent to x I' (Nt- N t)IN T where NT = Nt + N t. This 
change of extent of solvent dipole orientation per cm-2 gives rise to 

xI'(Nt-Nt) 
/'i.Eq = 4:;r,µft:

5 

NT 

The experimental slope m of the integral ti E - I' relation is hence 

x(Nt-Ntl 
m = d /Ii. Eq/d I' ~ 6 /Ii. Er/ 6 I' = 4 :;r, µ/ i;

8 

NT 

Now1 ,2,6 

Nt-Nt = tanh [ ft F _ Uc (Nt-Nt)J 
NT kT kT NT 

(2) 

(3) 

(4) 

which enables (Nt- Nt)INT to be estimated for various values of Uc/kT where 
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U is the solvent dipole-dipole interaction energy in a lattice of coordination 
number c {= 6) and F is the outer field given by - 4 n: q/c8 • 

Fig. 4 shows how (Nf-- N i)IN,r evaluated from the experimental results 
of Fig. 2 compares with that calculated from equation (4) taking U elk T = 
= 2, 3, 3.5 or 4, µ for water 1.87 D and c8 = 66 ,7• The experimental relation for 
pyrazine is consistent with the heavy curve for U elk T = 3.5. (It is displaced 
from this line along the »X«-axis by 2 µ C cm-2 since the maximum adsorption 
of pyrazine and many other compounds usually occurs at q = - 2 µ C cm-2 

rather than zero). The good fit for U elk T = 3.5 is reasonably consistent with 
the value, 3.0, of this term required to fit the variation of free-energy of 
adsorption of pyrazine (Fig. 3) with q, discussed in ref. 10. 

0.4 
/ 

0.3 

0.2 

0.1 
~PYR IDI NE 20°C 

.... 0 z 
:::::. - -0.1 z 
I -z -0.2 -

-o.3 

-0.4 

-o.5 
+8 +6 +4 +2 0 -2 -4 -G -a 

q (/LC cm-2 ) 

Fig. 4. Evaluation of the solvent orientation distribution function (Nt - N.j.)/NT from data of Fig. 2 
in relation to values calculated from eqn. (4) with various Uc/kT values. 

Elsewhere, the behavior of the symmetrical saturated bicyclic N-molecule, 
1,4-diazabicyclo(2,2,2)octane, will be described separately owing to its complex 
adsorption characteristics and their relation to two-stage ionization of the 
molecule. 

Damaskin et al.32, have remarked that EM effects as large as 0.5 V cannot 
be explained in" terms of solvent orientation since the maximum Xa given by 
the theory of Bockris, Devanathan and Muller is 0.1 V. This conclusion is, 
however, incorrect since the correct maximum value of Xd is, in fact, ca. 1.2 V 
and its actual value, e. g. at q = ± 15 µ C cm~2, depends on the value of U cl k T 
and the value of NT for the water layer, as shown by Conway, MacKinnon and 
Tilak31• It is seen from ref.31 that a change of Xd of the magnitude demonstrated 
in the present work can easily arise from displacement of oriented solvent 
dipoles if U elk T = 3 to 6 and if x = 3 to 4, values which are also consistent 
with the dependence of standard free energy of adsorption on q (Fig. 3 and 
ref. 10). 
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(b ) Pyridine. - The results for ti E as f (I') for various q in the case of 
pyridine (Fig. 5) are strikingly different from those for pyrazine (Fig. 2): 
beyond a given value of I', dependent on q, the ti E - I' relations suddenly 
change slope to lines having approximately the same slopes independent of q. 
This effect is evidently related to the changes of slope with increasing I' also 
seen in the <I> - r plots to be discussed below. Qualitatively, these sudden 
changes of slope of the EM plots are probably the result of orientation of the 
pyridine molecules themselves, as indicated in other ways in previous thermo
dynamic work26 ,27 . 

If a sudden and complete change of orientation of adsorbed pyridine 
occurred at a critical I', with continuing further orientation at higher I', an 
EM relation would result having the form of Fig. 6a which is not similar to the 
experimental behavior (Fig. 6c). A progressive effect involving two parallel 
orientation processes 1, 2 as in Fig. 6b, is required to account for the experi
mental results (Fig. 5) with pyridine. Process 2 originates at a critical value of I' 
(which experimentally depends on q). The behavior exhibited in Fig. 5 can 
now be understood in relation to that of Figs. 1 and 2 and equations (2) and (4) 
in the following way. 

At low positive, and all negative q values, adsorption of pyridine appears 
to behave like that of pyrazine where the molecule probably lies fLat in the 
interphase producing ti x change only by displacement of previously oriented 
solvent dipoles. Thus, the initial regions of the EM relations of Fig. 5 for various 
temperatures are similar to the whole series of lines of Fig. 2 for pyrazine and 
correspond to progressive replacement of j and ~ dipoles distributed according 
to the value of q, the surface charge. 

Beyond a critical coverage, and dependent on q, pyridine molecules reorient 
from a flat to an upright position and then contribute a relatively large ti E 
h aving a dependence on I' characterized by a slope m' independent of q. Thus, 
the total ti E will then be related** to q and I' by a »free« solute dipole 
orientation term plus a term similar to than in equation (2) for pyrazine. 

The total EM effect for oriented dipoles in substitutional adsorption will 
then be 

where µ·rv is the effective normal moment* of pyridine and ,11 , that of the 
solvent, water . The slope m' of the EM line will now be 

, I\ L'. /b I' 4 n: x (Nt- N,j,) (6) 
m = Eu = - [µ + µs] 

. cs PY NT 

* For free dipole orientation µ
0

Y can be f (q), as in low field d~electric theory. 
However, in the double-layer, for I q I> ca. 2 µ C cm-2 high field conditions obtain. 
Also, previous experimental results26 27 indicate that the onset of orientation of pyri
dine at the Hg electrode is rather sharp. 

** Damaskin et al. (p. 132 in ref. 32) considered 2-position adsorption and treated 
the contributions from flat and oriented adsorbate molecules to the adsorption 
potential difference in relation to the dependence of free energy of adsorption on 
coverage using a model of the double-layer involving 2 or 3 parallel condenser 
components. 
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r r 
Change of orientation Para llel orientation 

of a layer processes 

.C.E 

!cl 

r 
Experimental Behaviour 

with Pyridine 

Fig . . 6. Schematic representation'' of .ilE - r plots for (a) sudden change of orientation of a layer 
of dipoles; (b) a parallel orientation process and (c) typical experimental behavior with pyridine 

at n egative q values. 

The difference of the slopes of the two regions of the lines of Fig. 5 could be 
used to estimate s8 in the presence of oriented pyridine. 

(c) Amyl alcohol. - In comparison with pyridine and pyrazine, amyl alcohol 
is a flexible molecule that can accumulate hydrophobically at the Hg surface 
with its OH group oriented toward or away from the metal, depending on q. 
The EM plots for this substance are shown in Fig. 7. For various q values the 
11 E - I' lines are almost symmetrical again about q = - 2 µ C cm-2 which, ± 0.5 
~l C cm-2, is probably to be regarded as the charge for zero net solvent orien
tation. Apart from the ti E changes towards saturation of the surface layer, the 
magnitudes of ti E as I' increases are similar to those for pyrazine (Fig. 2) . There 
is no evidence for independent orientation of the OH group as there is for the 
pyridine dipoles; presumably the OH group resides amongst solvent water mole
cules and behaves simply as part of the assembly of H-bonded water OH groups. 
The rather rapid changes of ti E towards the highest I' values are of interest 
and may be due to isolation of the last H,O molecules at the interface amongst 
C5H11-chains giving rise to relatively stronger orientation of these H ,O mole
cules by the field arising from charge q. Their final replacement then occurs 
with a larger ti E as 0-+ 1 for amyl alcohol. This mechanism is supported by the 
fact (Fig. 7) that the effects referred to arise at both positive and negative q. 
symmetrically about q = - 2 µ C cm-2• 

Evaluation of (N t- Ni)/NT and Uc/kT from the Free Energy 
of Adsorption 

As shown previously10 from the theory of refs. 1, 2 and 6, the free energy 
of adsorption can be expressed as a function of field F as 

llG~ =ilG~ax +x R[µF-RUc] /kT 
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where ~ G~ax is the maximum free energy of adsorption in the absence of net 
solvent orientation (experimentaly at q = - 2 µ C cm-2) and R = (Nt - Nt)/NT. 
Also 

R = tanh [µ F - RU c]fkT 

and ~cg is obtained from the experimental results using10 an isotherm of the 
form (with~ G~ expressed per mole) 

8 Corg ---- = -- exp - tJ. G0 /RT 
x (1 - @)x CH,o q 

From the above set of equations, Uc/kT and R can be obtained from the 
experimental ~ G~ values at various q and hence F values. Table I shows not 
only that R varies with q (as expected) but also U elk T. Thus, it is evident 
that Uc is not a constant (cf.6) but increases with q. This result is perhaps not 
unexpected since it is, in fact, unlikely that (a) the water dipole orientation 
will be limitingly tori (a distribution of angular orientations may be expected, 
depending on temperature and F, as shown elsewhere28) and (b) c may increase 
with q due to electrostriction3 in the double-layer. 

TABLE I 

( 
Nt-Ni) 

Values of R = and Uc/kT as a Function of q 
NT 

Calculated from Data for Pyrazine and Pyridine Adsorption 

293° K 

q 

+ 8 
+ 6 
+ 4 
+ 2 

0 
- 2 
- 6 
- 8 
-10 

Pyrazine 

R UclkT 

-0.655 3.2 
- 0.595 3.2 
- 0.50 2.38 
- 0.380 1.97 
- 0.235 1.45 

0 0 
+ 0.324 0.80 
+ 0.47 1.35 
+ 0.59 1.8 

Pyridine 

R UclkT 

-0.595 3.65 
- 0.53 3.25 
- 0.39 3.5 
-0.235 2.0 
-0.14 3.1 

0 0 
* 
* 
* 

• For q < - 2 µC cm·2, appreciable orientation of pyridine itself occurs. 

It is encouraging to find that the R values computed from both the pyrazine 
and pyridine adsorption results give similar values at the same q. This supports 
the interpretation given to the initial regions of the EM plots for pyridine 
(Fig. 2) in relation to the EM lines for pyrazine (Fig. 5). The R values cannot be 
expected to be exactly equal to those derived from the EM plots by the method 
exemplified in Fig. 4 since the treatment involved in that case empirically 
assumed constant U c values, independent of q, as in ref. 6. 

Temperature Coefficient of Surface Dipole Potentials 

Generally, increase of temperature will tend to diminish dipole orientation 
as it does orientation dielectric polarization in a field . For pyrazine adsorption, 
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this is borne out by the general trend of the results in Fig. 8a for pyrazine 
where the tendency is for the slopes d Ii Eld I' which are positive or negative, 
depending on q and the sign of Nt- N...1-, to diminish with increasing T. Of 
course, for either orientation, NT will tend to diminish with T owing to the 
thermal expansion of the interphase water. The temperature dependence of 
Xd will depend on the magnitude of Uc, (Fig. 9), and for higher values of U elk T 

[ f =O 
1 2 I f; = 2 

Q'"' : 16 l2 
QM: 12 

:2 

10 .o 

~ 
I "§ 

C€ -

°"~ ~ -50 ~ JOO I~ 

I x 
06 

04 

TEMPERATURE (•C) 

02 l-~===~====:i;======h=====1 -~ 0 ~ 00 I~ 
TEMPERATURE r·c i 

I 2 f; = 10 

q"":4Q 

1.0 
30 

- 08 

20 
06 

Fig. 9. Calculated values of X<1 as a function of temperature for various values of the dipole 
interaction term Uc/kT (= f 1), based on refs. 6 and 31. 

the sign of the temperature dependence of Xc1 and hence d /1 Eld I' can become 
changed31, e. g. as seems to be the case for the pyridine results in Fig. 8b, in 
comparison with those for pyrazine in Fig. 8a. For the sections of the EM 
plots for pyridine at high T values beyond the inflection points in Fig. 5, 
d Ii Eld T decreases appreciably with T as expected if t his region of the ElVI 
plots corresponds to pyridine molecule orientation. Also, in Fig. 8a, the fact 
that d Ii Eld Tis almost independent of Tat q = - 2 to - 4 µ C cm-2 but is not 
zero at 0 µ C cm-2 confirms the view that zero net water dipole orientation 
obtains at such a charge but not at q = 0. 
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Surface Pressure Relations 

Surface pressures <P were obtained from the surface tension values at 
various q's by previously described methods33. Figs. 10 and 11 show the relations 
of <P to I' at various surface charges for pyrazine and pyridine respectively. It 
is clear that the <P - I' relations are almost independent of q for pyridine. 
This suggests that changes of surface charge cause little or no change of 
orientation of pyrazine while pyridine becomes progressively more oriented 
by the field arising from the charged interface as - q increases, and this 
causes lower <P as orientation becomes greater at more negative q. This effect 
is consistent with more negative /J,. G~cts, also evaluated in this work, as q 
becomes more negative and 6 becomes larger. These observations are consistent 
with attractive interactions10,22 ,26 between oriented pyridine molecules at high 
coverages. 

Comparison of Figs. 2 and 5 for !J,. E with Figs. 10, 11 and 12 for <P shows 
clearly that there is a close relation between the I' values at which a change 
of slope of the !!. E - I' lines occurs in the EM plots and the I' values at which 
the change of slope for <P - I' lines occurs. Evidently the more oriented state 

20.0 

15.0 

10.0 

5 .0 

0 

PYRAZINE 
T=283 °K 

qM µ.C cm-2 

l> 0 
x -6 
0 +6 
• +4 
A -2 

• A 0 l> 

0 ~ 

A 
x 

I 
• 

Fig. 10. Su rface pressure ('1>) plots for pyrazine adsorption at Hg in 0.03 M aq. NaClO, a s a function 
of r at various q values at 25 •c. 

of pyridine adsorption exhibits, perhaps surprisingly27, a lower <P and this must 
arise from attractive effects as mentioned above. Perhaps, in the oriented state 
at n egative q values, the N-centres which when q < 0 are oriented outward 
to the solvent, become intermolecularly H-bonded via H"O bridges34

. This will 
promote lower <P and more negative !!. G~cts values. 
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Fig. 11. Surface pressure {ct>) plots for pyridine adsorption at Hg in 0.03 M aq. NaCJO, as a fun ction 
of r at various q values at 25 •c. 
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Evidently pyridine requires greater coverage for onset of orientation, the 
more negative is q. This seems consistent with the orientation of water at 
negatively charged Hg since H bonding between the oriented water and the N 
centre will be facilitated with the H-end of the water dipole in the surface 
layer where flat-lying pyridine molecules can optimally H -bond with such 
water molecules. 

Acknowledgment. Grateful acknowledgment is made to the Department of 
Energy, Mines and Resources for support of this work on a research contract on 
adsorption and hydration. We also acknowledge helpful discussions with Professor 
K. Joshi, Royal Society Nuffield visiting Research Fellow in this Department. 

REFERENCES 

1. R. J. Watts-Tobin, Phil. Mag. 6 (1961) 133; 8 (1963) 333. 
2. N. F. Mott and R. J. Watts - To bin, Electrochim. Acta 4 (1961) 79. 
3. J. R. Mac Don a 1 d, J . Chem. Phys. 22 (1954) 1857. 
4. D. C. Grahame, Chem. Rev 47 (1947) 441. 
5. B. E. Conway, Rev. Macromol. Chem. C6 (2) (1972) 113. 
6. J. O'M. Bock r is, M. A. V. D ev an at h a n, and K. Mil 11 er, Proc. Roy. Soc., 

London A 274 (1963) 55. 
7. B. E. Conway, J. O'M. Bock r is and I. A. Amma r, Trans. Faraday Soc. 

47 (1951) 256. 
8. B. E. Conway, Ph. D. Thesis, London, 1949, pp. 327--332. 
9. B. E. Conway and L. G. M. Gordon, J. Phys. Chem. 73 (1969) 3609. 

10. B. E. Conway, H. P. Dhar, and S. Gott es f e 1 d, J . CoUoid Interface Sci., 
in press (1973). 

11. D. H. Ever ett, Trans. Faraday Soc. 46 (1951) 453. 
12. G. J. Hi 11 s and R. Payne, Trans. Faraday Soc. 61 (1965) 326. 
13. E. B 1 om gr en and J. O'M. Bock r is, J. Phys. Chem. 63 (1959) 1475. 
14. B. E. C o n way and E. G i 1 e a di, Trans. Faraday Soc. 58 (1962) 2493. 
15. E. g. see B. E. Conway and L. H. La 1 i be rte, Hydrogen Bonded Solvent 

Systems, A. Covington and P. Jones (Editors), Taylor and Francis, London, 
1968, p. 139. 

16. L. La 1 i be rte and B. E. Conway, J . Phys. Chem. 74 (1970) 4116. 
17. F. Franks, J. Solution Chem. 1 (1972) 1. 
18. E. Du t k i e w i c z, J. D. Garnish, and R. Parsons, J . Electroanal. Chem. 

16 (1968) 505. 
19. J. Lawrence and R. Parsons, J. Phys. Chem. 73 (1969) 3577. 
20. J. O'M. Bock r is and D. A. J. Swink e J 1 s, J . Electrochem. Soc. 111 (1964) 736. 
21. A. Zhu k ow it z k ii, Acta Physicochim., U.R.S.S. 19 (1944) 176. 
22. L. Gier st, private communication on material presented at Jillich (1971) (cf. 

ref. 10). 
23. R. G. B arr a d a s, P. H am i 1 t on, and B. E. Con w a y, J. Phys. Chem. 69 

(1965) 3411. 
24. J. Lawrence, R. Parsons, and R. P a y n e, J . Electroanal. Chem. 16 

(1968) 193. 
25. L. G. M. G o rd on, Ph. D. Thesis, University of Ottawa, Ottawa, Canada, 1969. 
26. L. Gier st, Trans. Symposium on Electrode Processes, The Electrochemical 

Society, 1958, E. Ye ager (Editor), John Wiley, 1960, p . 294. 
27. B. E. Conway, R. G. Barr ad as, and P. Ham i 1 ton; CoUect. Czech. Chem. 

Commun. 32 (1967) 1790. 
28. B. E. Conway, Theory and Principles of Electrode Processes, Ronald Press Co., 

N. Y., 1964, p. 73. 
29. R. D. Armstrong, J. Electroanal. Chem. 20 (1969) 168. 
30. B. E. Conway, R. G. Barr ad as, P . G. Ham i 1 ton, and J. M. Parry, 

J . Electroanal. Chem. 10 (1965) 485. 
31. B. E. Co n way, D. J. Ma c Ki n no n, and B. V. Ti 1 a k, Trans. Faraday Soc. 

66 (1970) 1203. 



126 B. E . OONWAY A INID H. iP. DHAIR 

32. B. B. D am ask in, 0. A. Petri i, and V. V. B at r a k o v, Adsorption of 
Organic Compounds on Electrodes, Plenum Press, N. Y., 1971, p. 37. 

33. R. Parsons, Trans. Faraday Soc. 51 (1955) 1518. 
34. E. von Gold am mer and G. Hertz, .T. Phys. Chem. 74 (1970) 3734. 

IZVOD 

Struktura otapala i orijentacija molekula u dvosloju na granici faza ziva-voda 

B. E. Conway i H. P. Dhar 

Na primjerima adsorpcije pirazina, piridina i amil-alkohola proucavani su efekti 
dipol-dipol interakcije i orijentacije molekula u elektrokemijskom dvosloju. Pokazano 
je, da je promjena povdinskog dipolnog potencijala jednaka nuli tek kad je naboj 
na elektrodi - 2 µC/cm 2, i da se taj podatak slaze s modelom u kojem je kisik vodene 
molekule na povrsini okrenut prema metalu. Promatrane promjene dipolnog poten
cijala xd (Esin-Markov efekt) do oko ± 0,3 v u skladu SU s ocekivanjima teorije, na 
osnovu modela zamjene orijentiranih molekula vode adsorbatom. Temperaturna ovi
snost xd posljedica je velicine energije za dipol-dipol interakciju, kao i koordina-
cionog broja. Povrsinski tlak ponajviSe je linearna funkcija povrsinske koncentra
cije adsorbata te je neovisan o naboju na elektrodi za pirazin, ali znatno ovisan za 
piridin. 
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