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The effect of temperature on the interfacial behavior of uracil, thymine and I,%dimetbyluracil has been used to charac- 
terize the thermodynamics of adsorption of these compounds at a mercury electrode-aqueous electrolyte inierface. Between 
45°C and 40°C a!1 three compounds exhibit two adsorption regions. The f&t, a dilute layer where the molecules adsorb in 
a flat orientation on the electrode surface. The second, a compact layer where the molecules adsorb in a perpendicular orien- 

tation. The thermodynamic constauts characterizing formation of these surface layers have been deduced. 

1. Introduction 

\ve recently reported on the adsorption of uracil, 
thymine and 1 ,Edimethyluracil at a mercury electrode, 
from aqueous solutions at pH 8 [ 11. Differential capac- 
itance and electrocapillary measurements were used to 
obtain values of surface pressure (ir) as a function of 
potential (E), and concentration (c). By fitting sr-c-E 
data to the Frumkin equation and to several empirical 
adsorption isotherms, it has been possible to infer val- 
ues of the surface excess quantity, (P, in mole cmm2) 
at various concentrations and potentials and the ther- 
modynamic constants characterizing the equilibrium 
adsorption of uracil, thymine and 1.5-dimethyhrracil 
on mercury at 25”. 

Our surface electrochemical results have made it 
possible to obtain 2 fairly detailed picture of the 
behavior of these compounds at mercury electrodes, 
both in the dilute concentration region and at relative- 
ly high concentrations_ At low bulk solution concen- 
trations the pyrimidines appear to adsorb in a flat 
orientation (i.e., with the plane of the pyrimidine ring 
parallel to the plane of the mercury surface)_ At 
higher concentrations, these compounds undergo sur- 
face reorientation to a more comp..:t film, in which 
the planes of the rings are apparently aligned nearly 
perpendicular to the surface. We have provided sub- 
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siantial evidence which suggests that the points of at- 
tachment of the adsorbed molecules to the surface in 
the denser film are the N(3)-H (and perhaps the 
N(l)-H) groups responsible for base-pairing in nucleic 
acids; we believe that in this film considerable stability 
is contributed by stacking interactions between the 
parallel pyrimidine rings. 

Although isothermal adsorption data are available 
for uracil, thymine, 1.5dimethyluracil and other 
pyrimidines, virtually nothing has been reported about 
the temperature dependence of adsorption for these 
systems. Such data are potentially valuable in that 
they can provide information about the enthalpy and 
the entropy of adsorption_ By combining results of 2 

temperature study with data already available at 25O 
it should be possible to obtain 2 much clearer unde-- 
standing of the corces and molecular interactions 
responsible for the adsorption of these important bases. 

This report is concerned with the interfacial behavicr 
of uracil, thymine and 1,5-dimethyluracil at a mercury 
electrode at pH 8 at temperatures from 45°C to 40°C. 

2. Experimental 

2.1. cs’lenticds 

Uracil and I,5dimethyluracil were obtained from 
Sigma; thymine was obtained from Nutritional 
Biochemicals. 



AI1 measurements were performed in OS M sodium 
fluoride with 0.01 M Na2HP04 buffer, pH 8.0. The 
appropriate compound was weighed directly into this 
supporting electrolyte and, after dissolution, deaerated 
for at least IO minutes with water-saturated nitrogen 
before study. 

22. Differentinr capacitance measurements 

Differential capacitance measurements were obtain- 
ed by the phase selective a-c. polarographic method 
described previously [ I,23 _ Measurements were obtain- 
ed at 4.S°C, 25.0°C and 40.0°C. 

The measured value of the differential capacitance 
per unit area at fmed frequency in the dilute adsorp- 
tion region (vide infra) at different times in the drop 
life was found to be constant at times between < 1 to 
> 10 s over the entire range ofpotentials studied for 
all compounds at all concentrations studied; i.e., d-c. 
equilibrium was rapidly established. 

Between 10-250 Hz, with a IO mV peakio-peak 
amplitude for the modulating voltage, the measured 
capacitance was independent of frequency over the 
whole potential range of interest. Because of the ab- 
sence of any significant frequency dispersion, all 
capacity data were measured at 100 Hz and 10 mV 
peak-to-peak at a controlled droptime of 2.00 s. 

The d-c. potential was scanned at a sweep rate of 
0.005 V s-l_ Alternating current versus potential 
curves and alternating current versus time curves were 
recorded on a Texas instrument Model 341 X-Y recor- 
der or a Tektronix Model 5111 storage oscilloscope. 

Capacitance measurements were taken with the test 
solution, working electrode (i.e., dropping meicury 
electrode (DME)) and counter electrode (Hg pool at 
bottom of the cell) maintained at the desired tempera- 
ture. The saturated calomel reference electrode (SCE) 
was maintained at room temperature (25 f 2°C). 
Electrolytic contact with the test solution was accom- 
plished with a Luggin capillary positioned very ciose 
to the tip of the DME. All potentids are referred to 
tile SCE at 25°C. 

Temperatures were measured with a Bailey Instru- 
ments Model BAT-S digital thermometer; the thermis- 
tor probe of the thermometer was inserted directly 
into the test soiution in close proximity to the DME. 

2.3. Direct interfacial temion measutemenrs 

In a previous report [ 1 J the interfacial behavior of 
uracil, thymine and 1 ,S-dimethyluracil was studied by 
both indirect capacitance measurements and by direct 
measurements of interfacial tension using a capillary 
electrometer. Both techniques gave essentially identi- 
cal results, hence in this study only differential capac- 
itance-measurements were utilized because of the ex- 
perimental ease of taking the latter data. However, in 
order to analyze capacitance data it is necessary to 
know the electrocapillary maximum (ECM) potential, 
the value of the interfacial tension at the ECM poten- 
tial and the decrease of the interfacial tension at other 
potentials for the electrode-solution interface for the 
pure supporting electrolyte solution. This information 
at 4.5,25.0 and 4O.O”C was obtained by use of a 
capillary electrometer using the J-Shaped capillary de- 
scribed in an earlier report El] _ The ECM potential 
for the 0.5 M NaF + 0.019 Na2HF’04 background 
pH 8.0 was -0.433 i O_OOe V between 4.5 and 40.0°C. 
The procedures for calibration and use of the capillary 
electrometer have been described in detail elsewhere 

r33- 

3. Results 

3.1. Differential qvacitunce measurements 

A typical set of capacitance versus potential (C 
versus E) curves for uracil, thymine and 1 ,S-dimethyl- 
uracil at pH 8.0 and 25°C between -0.1 V and -1.9 
V are shown in fig. i _ This figure serves to illustrate 
the two adsorption regions for these molecules. At 
low concentrations the capacitance exhibits a general 
depression between about -0.2 V and --Q-S V with a 
broad low adsorptionfdesorption peak at more nega- 
tive potentials. In the case of uracil, for example, this 
region of systematic depression of the capacitance be- 
tween about -0.2 V and -0.8 V occurs up to concen-. 
trations of about 20 mM_ At 21 mM concentration 
levels a small discontinuity may be noticed at about 
-0.55 V which with increasing concentration develops 
into the well defined pit shown in fig. IA. Thymine 
and 1 .5-dimethyluracl exhibit similar behavior except 
that the appearance of the capacitance pit is noted at 
lower bulk concentrations. The first or dilute adsorp- 
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Fig. f. Typical differential capacitance versus potential curves for (A) ~racit, (B) thymine and (C) 1,5dimethyluracil in 0.5 M NaF 
-0lus 0.01 M Na7HPOa PH 8.0 at 25°C. Curves %zre oXmined at a frequency of 100 Hz and an amplitude of 10 mV peak-to-peak. 

tion region corresponds to the range of cORCeR#TatiORS 

where the broad general depression of capacitance oc- 

curs (i-e., up to ca. 20 m&fin the case of uracif (fig. 
I A), to ca. 10 m.%? for thymine (fig. 1 B) and to ea. 6 
rnM in the case of t .Edimethyluracil (fig. I C)). This 
region is where the uracil derivatives aTe adsorbed in 
a flat orientation on the electrode surface, i-e, with 
the plane of atoms of the pyrimidine ring parallel to 
the electrode surface. At potentials and bulk solution 
concentrations where the capacitance pit forms the 
adsorbed molecules reorient and adopt iperpendicular 
stance on the electrode. Our previous work strongly 
suggests that in the perpendicular mode these uracii 
derivatives’are bound to the electrode primarily 
through their Watson-Crick hydrogen bonding sites 
(i-e., N(3)H) or perhaps to some extent N(i)-I-Z) [I J. 

Capacitance versus potential curves of the type 
shown in fig. I were also obtained at 4S9C and 40.0°C. 
However, much lower bulk solution concentrations 
were required to reach monolayer surface saturation 

in the dilute region and to observe the formation of 
the capacitance pit corresponding to formation of the 
compact perpendicular oriented uracil derivatives at 
4~5°C. Correspondingly, much higher‘bulk solution 
concentrations were required at 40°C. 

Interpretation of differential capacitance data in 
the dilute adsorption region at each temperature was 
based on the approaches described in detail in previous 
reports [1,2,3]. Briefly, however, it was found that at 
ah temperatures each compound gave Gversus E curves 
which became coincident with the curve for pure back- 
ground electrolyte solution at potentials of about 
-1.6 V and more negative (see for example fig. 1). Ac- 
cordingty, the back-integration method of Grahame 
et al. J4J was used to calculate the charge of the mer- 
cury-eIectrolyte solution interface. Thus, 

.-q*=BCdE, (1) 
E* 

where q is the charge relative to q* the charge at the 
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potential, E*, where the integration is started (usually 
E’ was -1.8 V). At the ECM for the pure background 
electrolyte 9 = 0. Hence, the absolute charge for the 
latter solution at E* may readily be calculated. At E* 

all Cversus E curves are coincident, hence q* for all 
solutions at E* must be the same [4] - Accordingly, 
values of q - q* in eq. (1) are readily converted to ab- 
solute charge values as a function of both E and the 
concentration of the adsorbate species. A further in- 
tegration of charge was then carried out to obtain in- 
terfacial tension, i.e., 

E 

Y=Y&- qdE- 
0 

(2) 

The value of Yo, the interfacial tension for the pure 
background electrolyte solution at the ECM potential 
was obtained directly from capillary electrometer 
measurements at the appropriate temperature. Eq. (2) 
was usefi to obtain interfacial tension as a function of 
both E %d concentration. 

Activities of solute species are taken to be equal to 
concentrations in the very dilute solutions used in the 
present experiment (0 to 30 mM). Examination of 
thermodynamic and mm spectral data for the pyrimi- 
dines indicates that deviations from the ideal dilute 
solution laws are quite small at concentrations less 
than 30 mM [6]. Moreover, we have applied a new 
method for inferring solute activities from spreading 
pressure-surface charge data [7] to several pyrimidine 
systems. The derived activity values vary linearly with 
measured concentrations within experimental error. 

Analysis of y data involved first calculation of the 
surface spreading pressure, si (dyne cm-l), as a func- 
tion of the adsorbate bulk solution activity, a, and 
electrode potential, E, using the equation 

r = Y&9 - YQ 9 (3) 

where Yv, is the value of y for the pure background 
electrolyte solution at a = 0. 

Plots bf surface spreading p&sure, 57, versus the 
logarithm of the activity of each uracil derivative over 
a wide range of potentials were readily superimposable 
by abscissa translation. Typical si versus In a plots at 
25OC for each of the compounds studied here have 
been presented elsewhere [ l] _ Similar results were ob- 
tained at 4.5”C and 40.0°C. Such z versus In a plots 
were obtained by fitting z-, LZ and E data to the empir- 

ical equation [3] 

ir=A[In(l +Ba)] 
[ 

l+ z + Pa2 p+.._ 
(1+&2)2 (1 i-23@ 1 _ (4) 

In this equation A = F,RT where Pm is the sur- 
face excess of the uracil derivative at P = 1; 0 is the 
fractional surface coverage of the electrode_ The param- 
eter B is dependent on potential so that if data are IO 
be fitted simultaneously at several different potentials, 
separate B values must be inferred at each potential. 
A non-linear least squares procedure is used to obtain 
optimum values of all parameters. A detailed descrip- 
tion of the use of eq. (4) has been presented elsewhere 

[1,21- 
Once a composite fit had been obtained for rr and 

a data at several potentials for a particular uracil de- 
rivative at a given-temperature the same functional 
fGrrn was used to fit data at fved potentials typically 
between -0.4 V and -1.2 V. Because very good com- 

posite ir versus In LI plots were obtained, it was assumed 
that at all potentials the value of r,RT (A in eq. (4)) 
was constant. This constant was used in fitting n and 
CI data at individual potentials. Analytical differentia- 
tion of the rr versus In u fits at individual potentials 
was used to calculate rRT at various activities and 
concentrations using the Gibbs equation (eq. (5)) 

rRT = dsr/d In a _ (5) 

Tests of congruence of the electrosorption iso- 
therms for each adsorbate molecule at 4.5, 25.0 and 
40.0°C with respect to potential and charge were car- 
ried out as reported earlier [I]. These tests revealed 
that the electrosorption isotherms of uracii were con- 
gruent with respect to potential between -0.3 V and 
> -1.2 V; for thymine between -0.4 V and > - 1.2 V 
and for 1,5-dimethyluracil between -0.5 V and 
a-1.2v. 

Since the adsorption isotherm for each uracil spe- 
cies is congruent with respect to potential, z, CI azd E 
data were fitted to the Frumkin isotherm. The general- 
ized form of the Frumkin isotheml equation is shown 
in eq. (6)_ 

&- = Boa exp(2aB) exp(--9/r, RT,l - (6) 

In this equation rm is the limiting surface excess of 
solute at full monolayer coverage in mole cm-‘, o[ is 
the lateral attraction coefficient and B. a constant 



related to the free energy of adsorption for the ad- 
sorbate at the ECM potentiaf for the pure supporting 
electrolyte. The function 

’ 2 
Q = rr,&q - r&5-)1 * C’E& - + (7) 

the Frumkin model. Examples of such reduced iso- 
therms at 25OC have been presented previously [I J _ 
Equally good agreement was obtained at 4S”C and 
4o”c. 

is evaluated in terms of E. the potential relative to the 
ECM potential for pure supporting electrolyte solution, 
EN the ECM potential for the mercury-solution inter- 
face at 8 = 1, C’ the capacitance of the monolayer 
saturated surfdcz (assumed to be independent of po- 
tential [5]) md 7, z&c: interfacial tension for the pure 
supporting electrolyte solution. The term [7,,(O) - 
7&Z)] was determined from electrocapillary measure- 
ments using the maximum bubble technique [3] for 
pure supporting electrolyte solution at the appropriate 
temperzture. 

Analysis of rr, E, Q data in the dilute adsorption 
region using the Frumkin model gave the results 
shown in table 1. These results indicate a small but 
generally systematic decrease of the lateral attraction 
coefficient, cy, with increasing temperature. The area 
occupied per molecule remains, within experimental 
error, constant with changes in temperature between 
4.5% and 40°C. In general, the area occupied by the 
uracil derivatives between 4S”C and 40°C is between 
60-70 A2. 

3.2. Derennination of enthalpies and entropies of 
adsorption 

Using a further non-linear least squares technique 
]I,&31 C’, EN, a, BO and F,,, in eqs. (6) and (7) were 
determined for each uracil derivative at three different 
temperatures. The adherence of the electrosorption 
of each of the uracil derivatives studied to the Frumkin 
model was tested by p_reparing reduced isotherms of 
rRT versus a/a’ where a’ is the bulk solution activity 
required to give an arbitrary value of I’RT. The rRT 

values were obtained by analytical differentiation of 
zr versus In II curves at individual potentials. Such iso- 
therms, which assume no adsorption model, were in 
excellent agreement with the fit of the rr, a, E data to 

From the temperature dependence of adsorption 
isotherms in the dilute approach region, it is possible 
to infer values of the enthalpy and the entropy of ad- 
sorption. We consider first the thermodynamic con- 
stants for the reaction A (aqueous solution, ideal 
dilute solution at unit molar&y) * A (adsorbed film 
at surface concentration T’), where A represents a 
molecule of adsorbate. It can be shown that for this 
reaction 

4H, = -RT2.dln a/dT, 

Table 1 
Parameters of the generalized Fnunkin isotherm for uracil derivatives at various temperatures determined from capacitance meas- 
urements at pH 8.0 a in the dilute adsorption region. 

Compound Temp. 

ec> 

,b AC? 

(Cal) 

Area per molecule 
(A21 

RMSD in ii = 
(dyne IX-I-I-~) 

Uracil 

Thymine 

l,S-dimethyluracil 

4.5 0.93 i- 0.04 

25-O 0.45 2 0.08 
40.0 0.31 + 0.14 

4.5 : 0.97 + 0.06 
25.0 0.21 t 0.05 
40.0 0.23 2 O-05 

4.5 0.85 * 0.08 
25.0 0.20 -F 0.08 
40.0 -0.15 f 0.04 

-2987 0.097 
-2996 672 6 0.156 
-2817 0.163 

-3356 0.161 
-3667 5954 0.088 
-3488 0.108 

-3836 0.236 
4159 68-9 0.105 
4089 0.043 

a 0.5 X NaF with 0.01 M Na2HP04, pH 8.0. 
b Lateral attraction csfficient of the Frumkin equation (eq. (6)). 
c Root mean square deviation in x in fitting SI, o and E data to eq. (6). 
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(9) Table 2 
Activities corresponding to fmed values bf r for uracil, thymine 
and 1,5-dimethyluracil where AH, and AS, are the adsorption enthalpy and 

adsorption entropy at constant r, and where LZ is the 
solute activity in bulk solution in equilibrium with the 
film at surface concentration r 181. In using adsorp- 
tion data to calculate AHa and ASa, the following 
procedure was followed_ First, plots of r versus Q were 
constructed for data at each temperature, based on 
fits of B (a, E) with the Frumkin equation, with eq. 
(4) and with an alternative empirical equation: 

10’0 I‘ 
4S”C 
10” a 

25°C 
IO3 a 

40°C 
103a 

sr=da+ea2+fa3+ga4, (10) 

where d, e, f and 4” are empirical constants determined 
by least squares analysis. The values of r at known 
values of activity were determined at potentials corre- 
sponding within t- 50 mV to the midpoint of the capac- 
itance pit. In the case of uracil this potential is -0.5 
V, while for thymine and 1 ,%dimethyluracil a value 
of -0.6 V was employed. These potentials were select- 
ed to allow us to investigate the variation in thermo- 
dynamic parameters as the adsorbed uracil derivatives 
changed from the flat (dilute) to perpendicular (com- 
pact) surface layer. In general, values of I? determined 
at known values of (I zgree within 3 few percent for 
the three methods, at least at values of l-’ less than 
about 2 X IO-I0 mole cmB2- From the smoothed 
plots of r versus CI, values of u corresponding to sur- 
face excess values of 0.3,0.6,0.9,1.2, and 1.5X 1O-1o 
mole cm-2 were detsrmined by interpolation_ Table 
2 summarizes values of CI at these chosen values of r 
(at fmed potential) for the three systems at 4.?‘, 25O, 
and 40”. Next, plots of In (I (at constant r) versus 1 /T 
were constructed, and values of AH, caiculated from 
the slopes; entropies of adsorption were calculated 
from AS, = AHalT - Rln a and free energies from 
AG, =RTln a. Table 3 lists values of AG,, AS, and 
AH, at the selected values of surface-excess. 

(mole cm’ ) (mole P’ ) 

Uracil, -0.5 v 

0.3 0.47 
0.6 0.91 
0.9 1.36 
1.2 1.80 

1.5 2.27 

Thymine, -0.6 V 

0.3 0.22 
0.6 0.43 
0.9 0.62 
1.2 0.80 
1.5 0.99 

IS-Dimethyluracil, -0.6 V 

0.3 0.10 
0.6 0.21 
0.9 0.30 
1.2 0.39 
1.5 0.51 

(mole P-t ) (mole P-1 ) 

0.80 1.70 
1.76 3.60 
2.82 5.8 
4.04 8.8 

5.65 13.6 

0.28 0.55 
0.63 1.22 
1.03 2.07 
I.55 3.20 
2.22 4.97 

0.15 0.22 
0.34 0.52 
OS6 0.94 
0.91 1.60 
1.51 2.80 

Table 3 
Thermodynamic constants for the adsorption of uracil, thymine 
and 1,5-dimethyluracil at chosen values of r at 25” 

An alternative heat of adsorption, based on use of 
the relation 

AH, = -RT’dln a/dT (11) 

with values of a determined at fved values of z has 
also been used to characterize adsorption results 193 _ 
To obtain AH,, it is only necessary to read values of 
Q directly from smoothed plots of ST versus CI data at 
each temperature, and again m&e plots of In LZ versus 
1/T. this time at constant values of si. The activity 

1o’O I- AGa 
(mole cmeZ) 

A& Aff, 
W& (Cal EC-1 ) (kcal) 

Uracil, -0.5 V 

0.3 -4.22 -7.7 -6.5 -5.0 
0.6 -3.76 -10.2 -6.8 -5.3 
0.9 -3.48 -12.5 -7.2 -5.6 
1.2 -3.27 -15.5 -7.9 -6.0 
1.5 -3.07 -19.6 -8.9 -6.3 

Thymine, -0.6 V 

0.3 4.85 1.8 G.3 -3.6 

0.6 4.37 -2.8 -5.2 4.0 
0.9 -4.07 -6.1 -5.9 4.5 
1.2 -3.83 -10.0 -6.8 -5.1 
1.5 -3.62 -14.0 -7.8 -5.2 

I.5Dimethyluracil, -0.6 V 

0.3 -5.22 4.8 -3.8 -3.2 
0.6 -4.73 I.1 -4.4 -3.2 

0.9 -4.44 -4.2 -5.7 -3.6 
1.2 -4.15 -9.2 -6.9 4.1 
1.5 -3.85 -14.6 -8.2 -5.0 



Table 4 
Activities corresponding to fared values of z for uracil, thymine 
and l,S-dimethylmacil 

4.5” 25” 4o” 
ii 1030 103 P 10s CI 
(dyne CXI-~) (mole P-’ ) (mole 0) (mole P-l ) 

uracil, -0.5 v 

0.74 0.55 0.80 3.50 
1.52 1.08 1.76 3.15 
2.40 1.65 2.82 5.10 
3.34 2.27 4.04 7.4 
4.49 3.06 5.65 10.7 

Thymine, -0.6 V 

0.78 0.27 0.28 0.57 
1.63 0.54 0.63 1.24 
2.48 0.77 1.03 1.98 
‘_‘4 

z5 

1.07 1.55 3.00 
1.46 2.22 4.26 

1,5-Dimethyluracil, -0.6 V 

0.74 0.11 0.15 0.21 
1.66 0.26 0.34 0.49 
2.58 0.40 0.56 0.82 
3.90 0.60 0.91 1.38 
5.58 0.80 1.51 2.27 

values corresponding to given rr values can be more 
reliably determined than the n values at constant r, 
because the r versus a curves are obtained by differen- 
tiating z versus a curves. There is very little variation 
among rr values corresponding to a known a, whether 
these are obtained from the Frumkin equation, from 
either of the two empirical a(a) equations, or graphical- 
ly from plots of the raw data. Table 4 lists values of u 
at selected values of r, chosen to correspond to surface 
coverages in the same range as the a(P) data in table 2. 
Values of AH,, calculated from equation (11) are in- 
cluded in the fiial column of table 3 for comparison 
with the AH, values. 

Fig. 2 shows the dependence of AH, and AH, on 
f’ for ah three systems. In each case, both adsorption 
heats become more negative as r increases, but this 
effect is greater for AH, than for AH,. The limiting 
values of AH, and AH, must approach a constant 
difference of RTin the limit as r + 0. In the limiting 
low concentration region, AHe will equal Ai?‘, the 
standard enthalpy of association for the infinitely 
dilute surface film. By fitting the 25* data to the 

Frumkin equations, we previously obtained values of 
the standard free energy of adsorption, AG” = 
-RTln Bo, corresponding to the transfer of adsorbate 
from the meal dilute solution at unit molar@ to the 
ideal dilute f&n at e/(1 - 6) = 1. Table 5 summarizes 
values of AGO, AH”, and AS” [equal to (AH”- 
AGO)/Tj for uracil, thymine and 1,5-dimethyluracil 
at 25”. 

The limiting values of AH” are somewhat surprising, 
in that they show that the binding energies at 0 = 0 
become Zess negative in the series uracil-thymine-1,5- 
dimethyluracil, whereas AG” values become more 
negative in this ceries. AS0 also increases considerably 
as uracil is methylated. Examination of fig. 2 indicates 
that as 6 increases, both AH, and AS, decrease much 
more rapidly for 1 ,.S-dimethyluracil than for thymine 
and uracil. 

The fact that changes in AH0 in the series uracil- 
thymine-1,5-dimethyluracil are in the opposite direc- 
tion to changes in AGo is not easy to rationalize. 
Traube’s rule predicts that the free energy of adsorp- 
tion wiil become consistently more negative as methyl- 
ene groups are added in a homologous series of ad- 
sorbates [I 0] _ This trend is observed in the adsorption 
of several ahphatic alcohols at the mercury electrode; 
AGO becomes more negative by about 700--800 cal 
per added CH2 groups [ 111. Similarly, the present re- 
sults show that the change in AG” is about -600 cal 
for uracil --f thymjne and about -650 cal for thymine +- 
1.5-dimethyluracik In the absence of unusual entropy 
effects, one would expect to observe a corresponding 
decrease in the enthalpy of adsorption in this series. 
However, it must be remembered that all of the stan- 
dard thermodynamic functions for adsorption are ac- 
tually differences between partial molar quantities for 
the adsorbate in the dilute surface f&n and in the 
dilute aqueous solution. There is evidence that dissolv- 
ed organic molecules with nonpolar hydrocarbon 
groups tend to have relatively large negative entropies 
of transfer from the ideal gaseous state into aqueous 
solution [ 12,131. Thus, the transfer of 1,5dimethyl- 
uracil from aqueous solution to the surface f&i may 
lead to a more positive entropy change than the trans- 
fer of thymine or of uracil because 1,5-dimethyluracil 
has two substituent methyl groups, and thymine one 
methyl group, replacing H atoms of uracil. That is, 
the negative entropy contribution which is often attri- 
buted to a highly ordered water structure around hydro- 
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l-x 70" Mole cms2 

Fig. 2. AH, and AH* versus r plots for uracil at -0.5 V, thymine at -0.6 V and 1,5-dimethyluracil at -0.6V. aHa are represented 
by solid circles (e), AH= by solid t&n&s (A)_ 

Table 5 
Values of AC. AH” and AS” for the ide&y dilute films at 
250~ a 

System ACT- AHO Aso 
OrCal) Occat) (Cal K-r) 

USXil -2.94 -5.7 -9.3 
mymine -3.51 -3.7 -0.6 
1,5-Dimezhyluracil 4.07 -2.9 -+3.9 

a AH"' values obtained as iimiting values of AHa at I‘ = 0 (see 
fi. 2);Ae = -RTIn Bo. 

carbon groups in aqueous solution will tend to be lost 
as the methylated uracil derivatives are removed to 
the surface region- 

Since the interaction of all three pyrimidines with 
the mercury surface probably occurs primarily through 
the n-electron orbitals in i,he dilute adsorption region, 
it is unlikely that the pyrimidine ring-mercury elec- 
trode binding energies change greatly in the series 

uracil-thymine-1,5dimethyluracil. Thus, the trend 
in aHo probably reflects changes in the enthalpy of 
the pyrirnidines in the dissolved state. In general, 
there is a more _negative total energy of interaction be- 
tween huger, as compared to smaller, organic mole- 
cules and the aqueous solvenr. For example, energies 
of transfer of benzene, toluene, and m-xylene from 
the ideal gaseous state into the ideal dilute solute state 
in water are -7.0, -7.7, and -9 kcal/mole, respectively 

8- 

7- 

4- I 1 , I 

Thymine at 5.6V 

I.k-Dimethglcracil at -0.6V 
8- 

7- 

6- 



[34,15] _ It is probable that at least as great differences 
in transfer energy occur in the series uracil-thyrnme- 
1,5-dimethyluracii. Therefore, the adsorption of 1.5- 
dimethyhtracil might be expected to be somewhat 
more endothermic than the adsorption of thymine 
and of uracil, since the surface interaction with mer- 
cury must occur with at least a partial loss of contact 
between the pyrimidine molecules and water. The ob- 
served changes in Arr” (from -5700 cal for uracti to 
-3700 cal for thymine, to -2900 cal for 1,5-dimethyl- 
uracil are in fact similar in magnitude to the changes 
in transfer energies in the series benzene-tohrene- 
m-xylene. 

It is tempting to compare the binding of organic 
molecules at a mercury surface and the “hydrophobic 
bonding” which leads to clustering of hydrocarbon 
moieties in aqueous media. Hydrophobic bonding is 
often attributed to the re!atively large positive entropy 
change which supposedly occurs when hydrocarbon 
groups contact each other, thus eliminating part of 
the water cage structure which may surround these 
groups in the dissolved state [ 13 1. In the case of uracil, 
which has no metbyl substituents attached to the ring, 
the major part of the -driving force for adsorption is 
probably the energy of interaction with the surface. 
However, upon methylation (as in thymine and 1,5- 
dimethyluracil) the adsorption of pyrimidines may 
become more and more ‘entropy-driven” because of 
modification of the highly ordered H20 structure 
around the hydrocarbon groups. 

the uracil derivatives adopt a perpendicular surface 
orientation, the following procedures were utilized. 
The bulk solution activity of the uracil derivative at 
each temperature was increased in ca. 0.1 mMincre- 
ments until the first formation of the capacitance pit 
was noted. Alternatively, the bulk solution activity 
required to cause the capacitance to attain values in- 
termediate between the minimum for the dilute fti 
and the minimum for the compact fdm was measured. 
The former method was simpler from an experimental 
point of view. However, the bulk solution activities 
required to reach either of the above situations were 
very similar and gave nearly identical thermodynamic 
information (vide infra). 

.As we noted above, ihe tendency of AH, and AS, 
to become more negative as B increases is considerably 
more pronounced for 1 $dimethyhrracil than for 
thymine and for u=acil. This trend may reflect the in- 
creased ability of methylated bases to act as proton 
acceptors in hydrogen-bonding reactions, owing to 
electronic inductive effects [ 16,17]_ It is likely that 
water molecules function as bridges between adsorbed 
pyrimidine molecules in firms at relatively large values 
of 0. The enhanced basicity of the methylated bases 
might therefore lead to stronger hydrogen bonding 
and increased ordering within the films at high degrees 
of surface coverage. On the other hand, it must be 
recognized that methylation should decrease the acidity 
of the N-H protons and that I ,5-dimethyluracil has 
only one N-H group capable of donating a proton. 

Table 6 lists the critical values of activity at which 
the denser film forms for each system, at potentials 
near the middle of the region of maximum stability 
of this film. Again, it is possible to calculate AH, from 
the temperature dependence of these D vahres (using 
eq. (8)) and to infer AS, from eq. (9). These constants 
and AGa = RTIn u are given in table 6. The AG, values 
are necessarily more positive than AG, for the dilute 
fums (since they form at higher concentrations) but 
AH, and ASa are both quite negative for the compact 
film. Although we cannot give a convincing explana- 
tion for the trends in AHs and AS, in the series 
uracil-thymine--1,5-dimethyhuacil, we do note that 
the magnitudes of these constants indicate the high 
degree of ordering and the large total binding energy 
of the films. We believe these large negative numbers 
reflect both strong interactions between the adsorbate 

Table 6 
Values of dGa, AH” and AS” for the compact tiis at 25°C 

System Activity a 
(mole Q-r ) 

AG, A& AS, 
(kcal) orcal) (CalzP) 

Uracii 21 x10-b -2.29 -9.1 -22.9 
ThYillink! 1.1 x 10-Z c -2.67 -12.4 -32.6 
1,5-dimethyl- 6.25 x 10-~ d -3.01 -9.0 -20.1 

uracil 

a Bulk solution activity required to observe the fit appearance 
of the capacitance pit 

bThe activity value at 525°C was 7.0 X 10e3 M; at 40°C the 
value was 4.45 x lo? ix 

c The activity value at 4S”C was 2.47 X 10M3 M; at 40°C the 
value was 3.15 x lo? M. 

In order to investigate the thermodynamic constants d The activity value at 4.5”~ was ZJO x IO-~ M; at 40”~ the 
for formation of the compact surface films, i.e., when value was 1.33 x lo- M. 
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and the mercury and the stacking forces operating 
between adsorbate molectdes within the film. The fact 
that I ,5dimethyiuracil has only one N-H group may 
help to explain the observation that AH, and AS, 
are both less negative rhan the corresponding thermo- 
dynamic quantities for the compact films of thymine 
and uracil. Finally, we note that methylation of 
purines and pyrimidines ordinarily leads to more nega- 
tive free energies of stacking in aqueous solution [6] _ 
This trend is also obeyed by the AGa values for the 
compact films of uracil, thymine and 1 $dimethyl- 
uracil (AC, = -2290, -2670, and -3010 cal, respec- 
tively for these compounds). 

The values of AH, and AG, and hence AS, for 
the compact film could also be obtained by a third 
method which involved monitoring the capacitance 
at a DME as a function of solution temperature. This 
type of experiment may be illustrated with reference 
to fig. 3 which shows an experimental capacitance 
versus temperature curve for 3.92 mM thymine. This 
concentration of thymine is such that at 4_5OC it ex- 
hibits a pronounced capacitance pit centered at -0.6 V, 
corresponding to the existence of the ccwpact layer 

at the electrode surface. Accordingly, a fied potential 
of -0.6 v was applied to the DME and the capacitance 
monitored continuously as a function of the solution 
temperature. The temperature was ahowed to rise 
from 45°C by natural heating of the soiution; i.e., 

76.0 

Temperature/ “C 

Fig 3. Differential capacitance versus temperature curve for 
3.92 mM thyniine in OS M NaF with 0.01 MNazHP04 buffer 
pH 8.0. AppJied potential -0.6 V. Temperature of solution 
measured with thermistor probe placed close to D%IE Con- 
trolled droptime of DhlE of 2.00 s. 

the circulatory bath was turned off when the solution 
was equihbrated at 4.5”C. The “melting” curve shown 
in fig. 3 represents the capacitance change as the sur- 
face layer at the electrode changes from the compact 
to dilute layer. The transitio? temperature is most 
conveniently measured as that corresponding to the 
midpoint of the Cversus T curve. The melting curve 
shown in fig. 3 appears to exhibit a double inflection_ 
This was noticeabie on aI such curves although often 
not quite as pronounced as shown in fig. 3. We are 
unable toaxplain the cause of the double inflection,’ 
although it may be speculated thar a surface film inter- 
mediate in properties between the dilute and compact 
layers might exist at the electrode surface. 

However, by plotting bulk solution activity versus 
l/T,, where T, corresponds to the midpoint of a 
melting curve, virtually identical values of AH, are 
calculated for the compact film as were obtained by 
use of the methods described earlier. 

Conclusions 

These studies of ;he effect of temperature on the 
interfacial behavior of uracil derivatives have revealed 
a number of significant findings. First, the general fea- 
tures of the interfacial behavior of urac:! derivatives 
between 4.SDC and 40°C are, for all practical purposes, 
unchanged. Thus, the area occupied by each derivative 
in the dilute adsorption region is, within experimental 
error, the same at 4S”C as it is at 4O”C, and hence 
there is apparently no change in the flat orientation 
of the uraLi molecules. 

The thermodynamic measurements support the 
general view that with increasing methylation oi uracil 
the adsorption becomes more and more entropy driven 
in the dilute adsorption region. The observation that 
the dilute films of the methylated uracil derivatives 
are formed less exothermicahy than the ura-iI Finns 
parallels the behavior noted in the hydrophobic bond- 
ing of hydrocarbon groups. Thus, when non-polar side 

chains are removed from an aqueous environment and 
buried within a large protein molecule, the process is 

accompanied by an increase in both enthalpy and 
entropy [13]. 

The magnitudes of AH, and AS, for the compact 
(or perpendicularly oriented) film (table 6) suggests a 

rather highly ordered structure of the adsorbed layer 
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and a large total binding energy of the film. This 
binding energy includes both interactions with the 
mercury surface and lateral interactions between ad- 
sorbed molecules. The behavior of uracil derivatives 
at the mercury electrode-aqueous electrolyte interface 
is also interesting because many of the molecular prop- 
erties of the species of profound structural importance 
in nucleic acids are reflected in their interfacial proper- 
ties. Thus, in the dilute adsorption layer they adopt a 
flat surface orientation where, on the basis of the area 

they occupy at monolayer surface saturation, they are 
probably connected by a hydrogen bonding network 
involving bridging water molecules. At critical bulk 
solution concentrations over very precisely defined 
potential ranges, the uracil derivatives rearrange on 
the electrode surface and adopt a perpendicular orien- 
tation. In this compact layer the adsorbed I molecules 
must undergo appreciable stacking interactions. 

Ibe hydrogen bonding phenomena in the dilute 
layer and the stacking interactions in the compact 
layer are not unlike the interactions observed between 
purine and pyrimidine bases found in nucleic acids. 

It is tempting to speculate that the interfacia! be- 
havior of biologically important purines and pyrimidi- 
nes observed at an electrode in this investigation might 
be paralleled in natural systems at a charged biomem- 
brane or other biological interface. 
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