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ABSTRACT 

The dot,ble layer capacity of the Hg/non-aqueous CH,CN (support~n g elecirolytr) system has hccn 

mvesugarec for dllfcrent alkali metal. NH; and ~errsalhylammonrum perchlorales In the potenllal range 

from +0 5 to - 2 9 V Alkali metal Ions and small ~etraalh~lammon~um tons reveal Goby-Chapman 
behaktour ID a good approxlmauon. The Influence of dIfferen ion SILT on the dobb!r layer cap,~~~y and 
the porentl 11 of zero charge IS discussed. With lncrcaslng length of the alkyl chain In the ~etr~alhylam- 
momurn :o’ls. adsorption effects Influence the double layer capaa~y 

AcetcSmtnle is a very Important solvent frequently used in electrochemical experi- 
ments. 11 systematic Investigation of the double layer propercles of non-aqueous 
acetomtl-tie electrolytes is not available. From the aspects oi solubllity and usable 
potential range. tetraalkylammonium cations damlnate practlca! electroorgan:c 
chemistry. Therefore, we investigated the double layer capacities of these catlons and 
compared their double layer properties with those of NH: and alkali metal ions. 

EXPERIMENTAL 

Maienais 

UItl lpure substances are necessar_, in the field of doub!e layer Investlgatlons. 
therefore the purlflcation of the substances used in our experiments is described in 
some detatl. 

Comlfiercial grade acetonitrlle (AN) (Merck 99%) was rec:ifred using a 1.5 m 
column filled with glass helices (refluz. ratio 120). The fraction with a boiling point 
of 81_8”C/760 Torr was used for further purrflcation; It showed E = 0.1 at 226 nm 
and E = 0.5 at 218 nm (d= 1) in its absorption spectrum. The acetomtrlle was 
saturated with Ar (Messer-Griesheim 99.998%) and treated with NaH or LiAIH,; all 
the following procedures Here carried out in an argon atmosphere. in a second 
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distillation a small pre-run (- 5%) was rejected, and the main fraction passed 
through a column filled wtth activated charcoal and alumma (Woelm acid, neutral, 
basic). Again a small pre-run (- 5%) was rgected. The resultmg AN showed a small 
shoulder in the absorptron spectrum at 200 nm (E = 0.3, d = 1). In a third rectiflca- 
tion with a refiux ratio of at least 120, several pre-runs were rejected until the 
exttnctron in the absorption spectrum was smaller than 0.05 (A = 200 nm. d = 1 cm). 
The quahty of this AN could not be improved by further purification steps. No 
impurities were detected by gas chromatography or by electrochemical methods. 

The purified AN was stored for months without loss of quality in pre-dried glass 
vessels in an argon atmosphere using Teflon stops provrded with O-rings. 

Supporting electrolytes: Tetramethylammoniurn perchforate (TMA) was prepared 
by neutrahzation of tetramethylammonrum hydroxide (Fluka) with perchloric actd 
(Fluka. punss). The preclpltate was recrystallized twice from a mixture of methanol 
+ tripiy distrlled water (10: 1). To ehminate traces of surfactants, TMA was pre- 
cipitated from solutions in absolute methanol by dry, peroxide-free dtethyl ether. 
After drying in vacua at 100°C/O.l Pascal. TMA with an fp > 300°C was obtamed. 

Tetraethylammomum- (TEA), tetra-n-propyl-~tmmonmm- (TPA) and tetra-n- 
butyl-ammonmm (TBA) perchlorates (Fluka purum) were dissolved in acetone and 
treated wrth charcoal and silrca (Woelm). The further purificatron steps were 
identrcal to those described for TMA. The glassware used in the purrftcatton 
procedure has to be completely free of grease. The melting points of the salts 
obtarned in thts way were Identical to literature data. 

Alkali-metal perchlorates (Fluka puriss. Merck p.a.) were recrystalhzed twtce 
from trrply distilled water and (except LICIO,) from absolute ethanol. The salts were 
dehydrated at 200°C In vacua (0.1 Pascai) and stored in an argon atmosphere. 

Ammonium perchlorate (AP) was prepared according to ref. 1. recrystallized 
three ttmes from triply distilled water and dried at 130°C In vacua. 

Mercury (Merck puriss) was treated with KMnO, solution and drlute nrtrrc acid 
and drstilled twice in vacua. 

Cobalticinmm perchlorate was prepared and purified accordrng to ref. 2. 

Measuretuenr of capacrrles 

All the experrments were performed at 20 i_ 1°C in a DURAN”’ glass cell under 
argon atmosphere (Messer Grresherm 99.998c8 /O treated wrth Oxlsorb”‘). To avoxd 
contamination of the solutions with grease, only Teflon tightened connectrons were 
used. The DME was a tapered caprllary from PAR with a Bow rate of 1.146 mg/s at 
a mercury herght J; 56 cm. The natural drop time In AN solutions was 7-9 s 
depending on the potential and electrolyte. The capillary was not stliconrzed; no 
penetration of solvent was observed. During the measurement. the drop times were 
controlled with a drop timer (PAR). Drop times of 1-5 s were used; no dependence 
of the double layer capacrty on the drop trme was observed. The counter-electrode 
was a platinum wrre (2 cm’). To avoid contaminatton by H,O, Ag’. Cl-. the 
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following reference electrode system was used: Ag/AgCi/O.l M M+ CiO,-, AN, 

W + is the cation of the solution under investigation). For separation of reference 
and ceil electrolyte, a pin of clay (Haidenwanger TZ) was used. Compared with the 
reversible redox couple cobaitocene/cobaittcinium [3], the potential of the reference 
system (- 963 mV) IS constant for months. Due to the hrgh input resistance of the 
potentiostat the reference electrode was not polarized. The small liquid Junction 
potential between the reference electrode and the ceil electrolyte was measured [4] 
and considered in the potentials given in this paper. 

The dropping electrode was polarized wtth a voltage of the function generator 
RG with respect to the reference electrode and a supenmposed sine wave ac voltage 
of 10 mV (peak to peak) under potentiostatic control (Fig. 1). The ac frequency was 
60-10000 Hz depending on the ceil resistance. By the lock-m technique. the 
in-phase and out-of-phase components of the cell current could be measured 
separately. 

In the absence of faradaic currents, which has been proved carefully. the cell 
impedance is represented by the uncompensated resistance and the double layer 
capacity in series [5,6]; no frequency disperston occurred tn the frequency range 
under consrderation. The double layer capacity was evaluated1 according to proce- 
dures given elsewhere [5-71. 

The potenttai of zero charge (pzc) was determined m every expertment ustng a 
streanung electrode [8,9]. The performance of the circuit wac checked by using a 
dummy cell and by reproducing the capacity data of aqueous NaF solutions gtven 
by Grahame [lo]. 

Fig 1. Expenmental device for capactty measurements (C) Electrochemical cell: (P) potenbostat [6S], 
(CS) current smk, (MG) magnettc drop remover; (RG) ramp generator (Werlhlng). (SG) sine wave 
generator (HP), (SSC) small sme to large square converter. (L) lock-in amplifier (PAR), (DV) dIgital 
vcltmeter. (OSC) oscdloscope, (XYR) X-Y recorder (Rohde u Schwarz). (SM) sample and hold umt. 
(DT) drop timer; (FC) frequency counter. 
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RESULTS 

The capacity-voltage curves of the mercury/AN (electrolyte) system were mea- 
sured for tetraalkylammonium ions (R = CH,, C2H5, n-C,H,, n-C,H,, n-C,H,,), 

100 / F mm2 

F,~ 1 cap~c~,y-\o~~age curves of tetram ..hy!ammomum perchlorate (TWA) r/M = (-X -) 1 X10-“; 
(--_) 5x10-J. (-o-) lx1o-J, (- 0 -) 5xlo-4 

40 
C 100/F m-2 

I 

.;; 

,.% 

.I 

- 3.0 - 2.0 -1.0 0 EIV 
Fig 3. Ca~aclty-voltage curves of ~en-aethylammomum perchlorate 
(---)5x10-‘. (-- -)m!Y1o-‘. (-o-) 1x10-3, (- o-)5x1o-4. 

(TEA) c/M = (- X -) 1 X lc’-‘; 
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NH,+ and alkali metal ions (Li+. Na’, K+, Cs’) in the range 0.3 V to the 
appearance voltage of faradaic processes. The range of concentration investigated 

was usually 5 X low4 to 0.1 M; respectively, the limit of solubility. Flgurcs 2-7 show 

0' 
- 3.0 - 2.0 - 1.0 O EIV 

Fig. 4 Capacity-voltage curves of tetra-n-propylammomum perchlorate CWA) c/M = (-X -) 1 X lo- ‘, 
(---)1x10-‘,(-.--)5x10-~;(-0-)7x10-4;(-0-)5x1@-“. 

I- 
P,.o -2.0 - 1.0 0 E/V 

~,p, 5. apaclty-boltage curyes of relra-n-butylammotium perchlorate (ll%). c/M = (- x -) 1 X lo-‘; 
(-_-)5x10-2;(-.--)1x10-‘:(-~-)5x10-3:(- o-)1x1o-3. 
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the capacity-voltage curves of tetraalkylammonium ions and NH: at different 
concentrations. The capacity-charge curves of tetraalkylammonium ions and NH,’ 
at lo-’ M are shown in Fig. 8. For comparison, the capacity-potential curves of 

4G- 

30 - 

20 - 

10 - 

O- - 3.0 - 1.0 O EIV 
Fig 6 Capacity-voltage curves of lelra-n-heptylammonium perchlorate (THA) c/M = (- X -) 1 > IO-‘; 

(- - -)5x10-‘;~-ab-)1x10-’ (-0-)1x10-‘. 

40- 
C lOO/ F m-2 

30 - 

ZO- 

IO- 

, . ‘r 
,,G 

.’ : ’ ;’ 

;‘: I- 
.4 ,- 

-3.0 - 2.0 - 1.0 O EIV 
Fig. 7. Gpaclty-voltage curves of ammonium pelchlorate. c/M = (- X-) 1.97X10-‘; (- - -1 9.86x 

10-J; (- ..-)~x10-‘;(-o-)111x10-~;(-0-)567~10-~. 
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alkali metal Ions are represented in Fig. 9. The capacity-charge curves were 
calculated by computer integration of the capacity-voltage curves. The potentiais of 
zero charge (pzc) and the potentials of the minima of capacity are given in Table 1. 

C 100/F mM2 

, 

.- -._ _._ _.* 

0 100/C m-* 
0 I 

-30 -20 -10 0 10 20 

Fig 8 Capacity-charge curves at c= lo-’ M. (- - -) NH; : (- 8 -) TMA. (--.-) TEA, (- 0 -) TPA. 
(-e-x-)TSA 

30. 
C 100 IF m-2 

zo- 

10 - 

I 
p3.0 - 2.0 - 1.0 

’ EN 

Fig. 9. Capacity-potentral curves oF alkali metal perchlorates at c -= 10m3 M. (-. .-) LI+. (- Q -) Na+: 
(- 0 -) K+: (-X-) Cs’ 
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TABLE 1 

E Ill,” and pzc at dlfferent concentrations of the supporcmg eleclrolyre 

Supporllng C/M - L,,/” 

eleclrolvte 
- E,,/V 

NaCIO, 

KCIO, 5xlo-4 0 221 0 222 

1x10-3 0 230 0 2’4 

5x1o-1 0 237 0 227 

1 x IO--’ 0 243 0 230 

CSC104 5xlo-i 0 222 0 220 

1 x10-’ 0 232 0 219 

5 x 10-3 0 238 0 219 

AP 5x1o-J 9 224 0 21s 

1 x1o-7 0 237 0.225 

5x10-3 0 257 0 233 

1 x10-’ 0 270 0 239 

LICIO, 5x10-J 0 235 0 233 

1x10-” 0 248 0.239 

1 x10-’ 0 280 0 245 

5x10-’ 0 317 0244 

1x10-’ - 0 243 

5x1o-J 0 222 0 221 

1x1o-3 0.232 0 227 

5x10-’ 0 257 0.235 

1 x lo-’ 0 274 0 238 

5x10-’ 0.318 0 342 

TMA 5x1o-4 0 221 0.221 

1x1o-J 0 238 0 225 

5x10-’ 0251 0 234 

1 x10-2 0 263 0 238 

3x10-’ 0 286 0241 

TEA 5x10-” 0 233 0 232 
1x10-’ 0 233 0 233 

1x10-’ 0 238 0 233 
5x;tl-2 0 273 0 232 

TPA 5.55 x lo-4 0 248 0 246 
7o5x1o-J 0 228 0.244 

5 01 x lo-’ 0 224 0 238 

1x10-’ 0 226 0 233 

TBA 1x10-” 0 224 0 233 
5x10--’ 0 214 0 221 
1 x10- 0 211 0 217 

l-HA 1x10-’ 

1 x lo-” 

5x10-1 

1x10-’ 

- 0184 

0.145 

0.129 

0.124 
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DISCJSSiON 
- 

The models of the double layer used for rhe explanation of the double layer 
capacity have been subject to a historical evclution [11,12]. Simple models essentiahy 
use two parameters, the radii of the eons for the distance of the planes of charge and 
a dielectric constant for the region between them. The influence of the electrode 
potential IS expressed by two terms contributing to the total capacity: the diffuse 
layer capacity and the inner layer capacity. In recent years more sophtsticated 
models have been published, which consider addittonaily solvent orientation [13-151, 
jelhum contribution 116,171 and the effect of drfferent ion sizes [18,19]. Unfor- 
tunately, the observatton of capacity data predicted by double layer models in 
practice 1s frequently obscured by adsorption effects. Capacity-voltage curves of 
Li’, Na* and Cs’ in acetomtrile have been reported [20-241. The capacrty values 
observed at negattve potenttals are systematically lower by a factor of about 2 
compared with those in aqueous systems; the significant “hump” [25] observed m 
aqueous systems, which frequently is explained by rearrangement processes of water 
molecules in the double layer, does not appear in acetomtnle systems. 

In ethylene carbonate [26], propylene carbonate [27], dimethyl sulfoxide [28], 
nrtromethane [29], formamtde and substituted amides [30]. suifolane 1311, methanol 
[32], acetone 1331 and lactones [34], double I_ er capacities of the same order as that 
in acetonitrile are observed. No correlation extsts between the bulk dielectric 
constant of the solvents and the double layer capacity. The outstanding position of 
water is probably due to the structure of hquid water. 

The ton size and the solvation of the electrode govern the distance of closest 
approach of the Ions to the electrode. The ion size may be expressed either by Stokes 
radii for solvated ions or by crystal radii for unsolvated tons. From conductance 
measurements of Li + , Na’ and K’ in acetonitt-ile d radlUS of approxtmately 0.3 nm 
JS obtained for these ions and of 0.24 rum for Cs+ [35,36] By comparison wrth 
crystal radii 1371 one concludes that Li+, Na’ and K+ are solvated m acetonitnle 
and Csf is not solvated in acetonitrile. The experimental double layer capacities of 
the solvated alkah perchlorates in acetonitrile do not show a slgniftcant difference m 
the potential range between +0.5 and - 1 V. This is in agreement with a model 
where the nearest approach of the ions to the electrode results either from the radi, 
of the solvated ions or from the sum of the Stokes radii plus the radii of the solvent 
molecules at the electrode surface. In contrast to aqueous solutions, the dielectric 

constant in the inner layer obviously remains unchanged over a wide range of 
negative potentials. This means dielectric saturatton effects, whtch hale been dis- 

cussed for aqueous solutions on Hg [lo] and single-crystal surfaces of Ai: [38], are 
much less pronounced in AN solutions. The capacity values of Cs’ solutions are 
slightly increased in comparison with those of the other alkali metal ions; this can be 
explained by the smaller radius of this ion. With K+ and Cs’ a remarkable increase 
of the double layer capacity is observed below E = - 1 V. In aqueous solutions, this 
effect has been interpreted by the closer approach of the cations to the electrode 
surface caused by partial desolvation in the electric field [39,40]. This interpretatton 
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may be adopted for the behaviour of K + icns in acetomtrile. On the other hand, it 
cannot be excluded that polarization effects by the strong electric fteld influence the 
capacity. 

The double layer of the Hg/acetonitrile (supporting electrolyte) system can be 
de&bed approximately by the Gouy-Chapman theory [22-241. A more detailed! 
conslcteratlon reveals that the potentials of zero charge as well as the minima E,,,, 
originating from the influence of the diffuse layer, depend ?n the ion concentrations 
(Table 1). The pzc and the minima E,,, are shifted to more negative potentials wth 
increastng electrolyte concentration; E,,, shows a more pronounced shift than the 
pzc. 

This behaviour could be explained by contact adsorption of perchlorate ions. 
However. recent theoretical Investigations [18,19] show that this result may follow 
from the different approach of cations and anions to the electrode surface [41]. In 
acetomtrlle the unsoil/ated perchlorate ions [35.36] are smailer than the solvated 
alkah metal ions Li+ , Na’ and K+; CiO; ions have the same Stokes radius as Cs’. 
In agreement with the theoretical predicticn [19] we observe a shift of the capacity 
mimmum E,,, and the pzc towards negative potential, except for Cs+ where no shift 
has been observed. Th,s result confn-ms VzJeau’s arguments; however, it should not 
be overestimated because weak adsorption of Cs+ besides ClOc would create the 
same effect. NH: 1s a link between the atomic alkali ions and the molecular 
tetraalkylammomum ions. The crystal radius of NH: equals that of K+; the Stokes 
radius of NH: m acetonitrile is not available from literature data; it has been given 
for a variety of other organic solvents [35], but no systematic corre!atlon between the 
solvent properties and Stokes radii of NH: exists. The capacity-voltage curve of the 
Hg/AN(NH;) system is very sirmlar to those of the aikali metal eons, but there is a 
stnking steep ascent at high negative potentials, which hardly can be explained 
exclusively be desolvatlon. The influence of strong electric fields on the molecular 
geometry and the charge dtstribution in NH: is at present under investigation from 
a theoretical point of view [42]. 

The properties of the double layer of the Hg/water (tetraalkylammonium) system 
are partly known [43-451 because the solubllity of the tetraalkylammonium salts 
hmits the choice of concentration range and anions. Therefore, only data on 
bronudes. iodides and sulfates in a small concentration range exist. The 
capacity-voltage curvzs are dominated by specific adsorption. 

The enrichment of orgamc molecules in the Hg/aqueous electrolyte interface is a 
we:!-known feature [46] and is probably connected with the structure of liquid water. 
The structure of hquid water and aqueous electrolytes is st.111 an open question 
147,481. The different approaches to this problem involve the common assumption 
that structured time-averaged regions exist, which originate from intermolecular 
hydrogen bonding. Concerning the adsorption of organic substances from aqueous 
solutions at the electrode, it cannot be decided whether the decrease in the Gibbs 
energy of the system resuits preferably from the reorgamzation of the water 
molecules in the bulk or from the interaction. of the adsorbed species with the 
electrode surface. 



In contrast to water, the structure of liquid acetonitrile seems to be simple. 
Correlation clusters, in which pans of anttparallel orientated acetonitrile par- 

ticipate, have been confirmed by X-ray diffraction [19], neutron scattering [50) and 
theoretical calculations [51]. From literature data [52,53] concerning the energetics of 
the bulk equihbrium of association (AH = -4.3 kJ/mol, AS = - 25.1 J K-’ mol-‘, 
AC = + 3.2 kJ/mol), one may conclude that in the bulk and in the double layer 
region monomers dominate. It cannot be excluded that the electrode is solvated by 
weakly bound acetonitrile; this point will be discussed below. De Batttsti and 
Trasatti [54] measured AC = -9.2 kJ/mol for the equilibrium of adsorption of 
acetonitrile from aqueous solutions. It should be menttoned that this value mcludes 
the acetonitrile-water interaction and is not representative for the bond energy of 
acetonitrile at mercury. 

In acetomtrile, adsorption of te!raalkylammonium ions at the electrode is less 
pronounced. The shape of the capacity-voltage curves of tetraalkylammonium ions 
varies systematrcally with the length of the alkyl chain (Figs. 2-7). The behaviour of 
TMA is similar to that of the alkali metal ions; THA m acetonitrile apparently 
reveals adsorption behaviour. In contrast to the alkali metal ions, the double layer 
capacity of tetraalkylammonium ions depends on the radii of the cations. Spectro- 
scop~c investigations [36], conductance measurements [55,56] and data of the ap- 
parent molal volumes and molal heat capacities [57] show that the tetraalkylam- 
monium ions are not solvated m acetonitnle and that association and ion-pair 
formatton are neghgible m the range of concentration relevant for our measure- 
ments. In the potential range of about - 1 to - 1.5 V, a linear relationship between 
C and l/R holds to a good approximation_ The dielectric constant of the inner iayer 
can be calculated to be - 3. This result favours a parallel plate condenser model of 
the inner layer consistmg of tetraalkylammonium ions and acetonitrile. 

At more negative potentials, the sltuatlon obviously becomes more complicated 
because the decay and n-ascent of the capacity-voltage curves for different ions 
does not vary systematically with then size. Nevertheless, this result indicates that 
unsolvated cations which participate in the double iayer structure may be in touch 
with the mercury surface. 

In contrast to alkali metal ions, tetraalkylammonium ions can exist in different 
conformations. The clergy difference between different conformers IS small (AE - 
kT). At high negative potentials conformers may be preferred which allow a 
mimmum distance between the centre of the positive charge ‘and the negative 
electrode. The electric field may induce changes of the conformation, which bring 
the centre of the positive charge closer to the surface. This effect has to be 

considered especially m ions with long alkyl chains (TBA, THA) since it increaser 
the capacity. On the other hand, the large cations displace per unit charge a larger 
number of acetonitrile molecules from the surface region than smaller molecules and 
the accumulation of alkyl groups decreases the dielectric constant in the double 
layer; as this effect correlates roughly with R2 to R3, the increase in capacity 
originating from changes in the conformations will be overccmpensated. The expen- 
mental graduation of capacities at high negative potentials can thus be explained 
qualitatively. 
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In addition, It can be estimated from charge-potential curves that TPA and TBA 
because of their large volume may contribute to a decrease of charge denstty of the 
diffuse layer. This effect. which IS not considered in the simple Gouy-Chapman 
theory [%,J, may contribute to a decrease in the capacity at moderate and high 

negative potentials [59.60]. 
Dtfferences in the shapes of the capactty-voltage curves of alkali metal ions and 

tetraalkylammonium ions are observed, especially near the potential of zero charge. 

In con:rast to the behavtour of alkalt metal ions, the influence of the diffuse layer 
decreases with increasing radius of the te!raalkylammonium ions. This is displayed 

clearly in the Parsons-Zobel plots [25,61] (Fig. 10). Using the bulk dtelectric 
constant of acetonitrile (36.5) [62], one expects a linear relationship between C-’ 
and c-“” with a recrprocai slope of 1.59 F 1”’ m-’ mol-‘I’. This value results from 
TMA, if the small association of these ions [633 is considered according to the 

procedure grven by Damaskin and co-workers [64]. Significant devtattons, which 
means higher slopes. are found for larger tetraalkylammonium tons; T’BA shows 

non-hnear behavtour. Thts effect IS, in the literature [61] usually attributed to 
adsorption. The shift of the pzc towards posttive potentials wtth increasing con- 

C-‘/m2 F-’ . 

. 
30- 

20- 

lo- 

+/ pp2 

0 I 
0 13 20 30 40 

FIN. 10 Parsons-Zobcl plots of ammomum perchlorate and drffcrenl tetraalkylammonn.am perchlorales. 

(0) NH:, (x)TMA:(m)TEA.(v)TPA.(s)TEA 
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centration of the cation confirms the exlsfence of adsorption. With mcreasmg length 
of the alkyl chain, the influence of adsorption becomes more obvious. It dominates 
in the capacity-voltage curves of THA (Fig. 6); even at low concentrations of this 
electrolyte no mimmum corresponding to the contribution of diffuse layer capacity 
is observed. In addition. the shape of the capacity-voltage curve reveals a maxlmum 
at positive potentials and a broad maximum with luw vaiues of capacity at negative 
potentials. These maxima can be attributed to pseudo-capacities origmating from 
desorptron and rearrangement processes_ 

The relation between chair length of the alkyl group and strength of adsorptloa 
has been conflrmed m the system Hg/AN (electrolyte) (alkane C,-C,I) [65]. 

CONCLUSION 

From the results reported m this paper we conclude that acetonitrlle IS weakly 
bound to the electrode surface. The Increase of adsorptlon with increaslng chain 
length of the alkyl groups offers the possibility of adsorbmg, at the el actrode, neutral 
alkanes and supporting electrolytes of the tetraallcylammomum type with different 
charges at different potentials. This may open up a de-per Insight for the explana- 
tion of the influence of different supporting electrolytes and solvents on the rate of 
he.eLogeneous electron transfer reported recently [66.67]. 
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