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The adsorption and related interfacial behavior of uracil, various methylated uracil derivatives, uridinc. uridine-S-mono- 
phosphate and uridine-3’5’cyclic moflophosphate has been studied by surface electrochemical measurements at a mercury 
eIectrode. All uracil derivatives exhibit an initial “dilute*’ adsorption rqion where the virtually flat uracil residue is adsorbed 
flat on the electrode surface. In the case of urscil and its methylated derivatives the area occupied by one molecule is about 
60-70 X2. Until, thymine and I,S-dimethyluracil exhibit a second adsorption region where they rearrange on the surface 
and adopt a perpendicular orientatiun and occupy about 40 Kz per molecule. In this perpendicular orient&on the cracils 
are bound to the electrode through the X(3)-H or perhaps N(1)_H functions in zt manner similar to their Watson-Crick bond- 
ing in nucleic acids. When in the perpendicular orientation the adsorbed molccutes undergo extensive stacking (association) 
interactions, again similar to those observed between adjacent bases in nuctcic acids. The ability of a uraci: derivntivc to un- 
dergo a surface reorientation is critically dependent on electrode potential, bulk-solution concentration and moleculnr struc- 
ture. 

1, Introduction 

A considerable body of theoretical and experimen- 
tal evidence suggests that in many instances the biolo- 
gical roIe of biopolymers, such as polynucleotides, 
may be related to the adsorption and other interfacial 

behavior of these molecules at charged biological in- 
terfaces. At such interfaces a combination of adsorp- 
tion and intermolecular association processes along 
with structurai or conformational transitions may be 
the important controtiing influences on biopolymers 
and othei biomolecules. 

The surfaces of mammalian cells and other biologi- 
cal membrane: carry an appreciable electrical poten- 
tial. The electrical double-layer formed in the imme- 
diate vicinity of a charged membrane-biological fluid 
interface may be regarded as essentially identical to 
that formed at an electrode surface-electrolyte solu- 
tion interface [I J_ indeed, the biological membrane- 
biological fluid interface may be regarded as quite ana- 
logous to an electrode-electralyte solution ‘interface 
12-71. The potential of a cell membrane, for example, 
is known to alter when processes such as cell regenera- 

tion occur 181, or often, when a cell becomes ma&- 
nant particularly at the time of mitosis [Y- 111. In ad- 
dition, when tissue is damaged a potential of injury, 

of somewhat obscure origin, develops at the site of 
trauma. This potential is clearly relate? to the ability 
of an organism to regenerate tissue or to form scar 
tissue 112,131.The electric fields in the immediate vi- 
cinity of, for example, a cell surface are probably very 
large (105-IO7 V cm-?) although they extend over 
only very small distances (ca. IO- 100 J%$ Such in- 
tense electric fields have been shown to induce struc- 
tural transitions in natural and biosynthetic polynu- 
cleotides [t4--16). In addition, the magnitude and 
distribution of these electric fields are very similar to 
those which exist at an electrode surface-eIectrolyte 
solution interface [I]. Work reported by Field et al. 
[17] and Schell I181 indicates that adsorption of cer- 
tain polynucleotides and the related interfaciaL behav- 
ior at a cell surface results in manifestation of a varie- 
ty of biological effects including interferon formation. 

Because a charged cell surface-bioIo$cal fluid inter- 
face is similar to a charged electrode surface-electro- 
lyte solution interface, it seems reasonable that an un- 



254 

derstanding of the interfacial behavior of biomole- 
cules at the latter interface might reveal significant in- 
formation regarding the expected behavior of these 
molecules at biological interfaces. Recently, Brabec 
and PaleEek [19] reported on an investigation of the 
adsorption of double-stranded DNA, RNA and various 
homopolynucleotide parts at a mercury electrode, 
particularly with respect to conformational changes 
that could be induced in these polynucleotides as a 
function of electrode potential. These workers inter- 
preted their results to indicate that at potentials 
around - 1.2 V versus SCE the adsorbed polynucIeo- 
tides underwent a conformational change similar to 
dcnaturation. 

We have also been interested in understanding the 
interfacial behavior of natural and biosynthetic poly- 
nucleotides at electrode surfaces. However, rather than 
beginning our investigations with these complex ma- 
cromolecular species, we have begun by studying the 
interfacial behavior of the fundamental building 
blocks of nucleic acids, i.e., bases, nucleosidcs and nu- 
cleotides. 

Previous reports from this laboratory have revealed 
that adenine, deaxyadenosine and deoxyadenosine 
mononucleotides are adsorbed at a mercury electrode 
with the adenine moiety adsorbed in a flat orientation 
and with any substituent deoxyribose or deoxyribose- 
phosphate tilted away from the electrode surface [20]_ 
Thus, the area occupied by one adeninc molecule at 
the electrode surface is close to 55 3~2, deoxyadeno- 
sine occupies the same area, while dAMP, dADP and 
dATP occupy only 70-80 AZ. The area occupied by 
one molecule of thymine is also 55 A2 which again 
corresponds to the area expected for a thymine mole- 
cule adsorbed flat on the electrode surface [2 11. The 
area occupied by thymidine, TMP, TDP and ITP 
ranges -from 100 to 200 A2 which suaest that an ap- 
preciable fraction of the electrode surface is covered 
by deoxyribose or deoxyribosephosphate. In this re- 
spect the adenine and thymine series exhibit signifi- 
cantly different interfacial behavior. 

We have recently reported that uracil, the comple- 
mentary base of adenine in RNA, is also adsorbed in 
a flat orientation on the electrode surface and occu- 
pies an area of 63 A2 122). 

In the case of adenine, deoxyztdenosine, thymine 
and uracil at pH 8-9 previous reports [20,2 I J were 
concerned only with the s+called “dilute” adsorption 

region. This is a region of concentrations where nor- 
mal, easily interpretable differential capacitance versus 
potential (C versus E) curves are observed. However, 
at higher concentrations these four compounds exbi- 
bit a very well defined anomalous capacitance pit for 
which interpretation of C versus E curves was not pos- 
sible. We have suggested in the case of adenine and de- 
oxyadenosine that the formation of such anomalous 
capacitance pits is due to a surface reorientation pro- 
cess, although without much suppc-rting evidence 1231. 

This report is concerned with the interfacial behav- 
ior of uracil and 2 number of its de:ivatives at a mer- 
cury electrode at pH 8-O. This study provides evidence 
that uracil and certain of its derivatives are adsorbed 
at the electrode-soIution interface in more than one 
orientation, the surface orientation being critically 
controlled by the electrode potential, the bulk-solu- 
tion concentration and structure of the uracil species. 

2. Experimental 

2. I. Clletnicals 

Chemicals were obtained from the sources indi- 
cated_ Uracil (Sigma), I-methyluracil, 3-methyluracil, 
I ,3-dimethyluracil and 1 ,ZGdimethyluracil (Vega-Fox), 
thymine and uridine (Nutritional Biochemical), 
uridine-5’-monophosphate and uridine3’,5’-cyclic 
phosphate (Calbiochem). 

AI1 measurements were performed in 0.5 ~ti sodium 
fluoride with 0.01 Msodium p$osphate (Na,HP04) 
buffer, pH S.O_ The appropriate uracil derivqtive was 
weighed directly into this supporting electrolyte solu- 
tion and, after dissolution, deaerated with water- 
saturated nitrogen before study. 

22. Differential capacitatrce r?~f2QSwz?t?letl~S 

Differential capacitance measurements were ob- 
tained by a phase-selective a.c. polarographic method 
described previously [ZO-231. The siIiconized 1241 
dropping mercury electrode (DME) had a flow rate at 
open circuit of 1.930 mg s-l. 

The measured value of the differential capacitance 
per u;lit area ar fiied frequency at different times in 
the drop life was found to be constant at times 
between (1 to >I 0 s over the entire range of poten- 



ti& studied for all compaundsw33 Wi& the most di- 
lute sotutions employed, Le., d.c. equilibrium was rap- 
idiy established. A.U measurements were made with a 
eon&&ed draptime of 2.00 s. 

Between IO-ZSO Hz and wit.h a 10 mV peak-to- 
peak amplitude for the modulating voltage, the: mear 
ured capacitance #~~in~~p~~~e~t of fcequency over 
the entire range of interest. Because of the absence of 
any significant frequency dispeMm all capacity data 
repotted here were measured at IOO Efi and IQ mV 
peak-to-peak. 

The d.c. potential was swimed at a sweep rate of 
O.UQS V s- t. Alternating current versus potential 
cwve5 and idternating tUlrent %x’“;us time curves were 
recorded on a Texas lnstnrment Nude1 34 I X-Y re- 
corder or a Tektronti Mode1.503 I storage oscilloscope, 

23. Direct interfaeifd retaiort ttmmirertrerrf 

Interfacial tension of a mercury elecrrade was 
measured by the maximum bubble pressure technique. 
The aptpearatus for such measurements utitizcd a sili- 
conized J-shaped capillary having a radius at its tip of 
O.UO4 1 cm. The basic design of the apparatus was si- 
milar to that used by Mansen et af. @St and has been 
described ex%ensively elsewhere 1221. A Brinkmanf 
Weriking Model LT73 potentiostat was employed. The 
ce’(I for maGmum bubble pressure (and differenti& 
capacitance) measurements was water jacketted and 
maintained at 25 Lt: O.l°C, 

T&e proceature utilized to caiibrate the maximum 
b&U~ pEessure a\?paratus and to take interfacial ten. 
s&n measurements has ken described in detail &se- 
where {zzf _ Aft potentials in this report are reFerred 
to the Wurated caiomel electrode (.%E) at 7,S’C. 

3. ResuIts 

3. f. DifferettcicrX cczpacitarrce cnrd hterfn&t rmiikit 
itteaswements on urucil artd wad derfva fives 

T&e an&ysis of capacitance results i2azk be: under- 
stQe& tjy reference to fig. X A which shows a typical 
set of capacitance versus potentiat CC versus E) curves 
fat urar% at pH 8-O between --O, I V and --_I .9 V. At 
uracit cancentrations up to about 24 nuW there is a 
gpe~~l depressian of capacitance, compared to pure 
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solution at E*. At E‘ all C versus E curves were coin- 
cident with the background curve; hence it may be 
concluded that the charge values, Q*, for all solutions 
at t? are the same [26] _ Accordingly, the values of 
4 - q* in eq. (1) are read&y converted to absolute 
charge values as a function of both E and a, the activi- 
ty of the uracil derivative. A further integration of 
charge was then carried ont to obtain interfacial ten- 
_ . 

sron, t-e., 

E 

7=7o- s 
qdE. (3 

0 

The value of ro, the interfacial tension for the pure 
background sotution at the ECM was obtained direct- 
ly from maximum bubble pressure measurements. Eq. 
(2) was used to obtain interfacial tension as a function 
of both E and a. 

Interfacial tension data were also measured directly 
by means of the maximum bubble pressure technique 
[22]. The latter technique was used in preference to 
the more conventional capillary electrometer method 
because interfacial tension data obtained by measure- 
ments with the capillary electrometer were at variance 
with integrated capacitance results particuIarly at po- 
tentials at or more positive than the ECM [22,27&X8]_ 

3.2. Dilute adsorptiurt region 

In the dilute adsorption region the first step in ana- 
lysis of interfacial tension results obtained from dou- 
ble integration of Cversus E data or, directly, from 
maximum bubble pressure measurements was to cal- 
culate the surface spreading pressnre, ST, as a function 
of the uracil derivative activity, a, and electrode poten- 
tial, E, using the equation 

n = r,(E) - r(E), (3) 

where 7, is the value of 7 for the pure background 
electrolyte sohrtion at a = 0. 

Concentrations of each uracil derivative were taken 
as equal to activity throughout this study. 

Plots of surface spreading pressure, R, versus the 

Iogarithm of the activity of each uracil derivative were 
all readily superimposable by abscissa translation. 
Some representative pIots are presented in fig. 2. Simi- 
tar plots for uracil and thymine have been presented 
elsewhere [21,22] - The calculated curves in fig. 2 re- 

present the least squares fit of rr, a and E data to the 
empirical equation [22]. 

ir=A[ln(l +Ea)] 1 f W f &r 
C ..(I +&z)~ (1 +Ba)3 

-I- ..- _ (4) 1 
In this equation A is equal to r,RT where Fm is the 
surface excess of the uracil derivative at 0 = 1, where 
0 is the fractional surface coverage of the electrode. 
The parameter B is dependent on potential so that if 
data are to be fitted simultaneously at several differ- 
ent potentials, separate B values must be inferred at 
each potential. A non-linear least squares procedure 
1291 is employed to obtain optimum values of all 
parameters. A detailed description of the use of eq. 
(4) has been presented elsewhere [21,22]. 

Once a composite fit had been obtained for rr and 
a data at several potentials for a particular uracil deriv- 
ative the same functional form was used to fit data et 
fired potentials typically between about -0.3 V and 
-1.2 V. Because such very good composite z versus 
In a pIots were obtained it was assumed that at all po- 
tentials the value of r,RT (or A in eq. (4)) was con- 
stant. This constant value of A was used in fitting rr 
and a data at individull potentials. Analytical differ- 
entiation of the r-r versus In a fits of curves at individu- 
al potentials was used to calculate values of rRT at 
various concentrations and potentials using the Gibbs 
equation (eq. 5). 

r=L diT 
RTdlna’ (5) 

Superimposabihty of r-r versus In a plots such as 
those shown in fig. 2 has been widely employed to 
prove congruence of organic electrosorption isotherms 
with respect to potential. However, the validity of this 
test of congruence has been seriously questioned by 
Parsons 1301. We have tested for congruence of the 
adsorption isotherms with respect to potential of ura- 

‘tit derivatives by preparing plots of l?RT (calculated 
by analytical differentiation of fared potential 3 ver- 
sus In a curves as described earlier) versus 4_ Some re- 
presentative 4 versus I’RT plots are shown in fig. 3. It 
is clear in the case of 1-methyluracil (fig. 3A) that Iin- 
ear q versus t’RT plots are observed at fiied poten- 
tials between -0.3 V and -1.2 V (and, in fact, at even 
more negative potentials). This implies that for l- 
methyluracil the adsorption isotherms are conguent 
with respect to potentiaL at -0.3 V and more negative 



258 V_ Brnbed er ul/interfac&d beizavior of wad derivatives 

In a 

Fig. 2. Composite srversuslna plots for (A) 3-methyluracii. (BI uridine. (C) uridice-S’-monophosphate and @) uridine -3’,5’-cyclic 
monophosphate in OS M NaF plus 0.01 M N+HPOq pH8. The rms deviation in IT from the calctdated curve ~continuous Iine) is 
for (A) 0.198, (B) 0.197, fC) 0.107 and (D) 0.125 dyne cm-t. Data obtained from capacitzmce rerults. 

potentials. In the case of 1,3_dimethyluracil (fig. 313) 
congrueace with respect to pa’.ential only obtains at 
potentials more negative than -0.5 V. A summary of 

the range of potentials over which congruence of the 
electrasorption isotherms with respect to potential 
exists for all the uracil derivatives studied is presented 
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a.0 
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I 
a.0 1-Q 2.0 3.0 40 5.0 6.0 

, t 
0.0 *a 2.0 3.0 4.0 5.0 6.0 

Fk 3. Test OfeonSWXtCe of ekctrosorption isotherms with respect fo potentW for some typical umcil derivatives. (A) I-Methyl- 
urad, 6%) l,~~m&~~u~cti, CC1 uridine. u~nd (D) uridine Y,S-cyclic manophosphrrte. Supparting electrolyte: 0.5 bf Naf: with 
Cl.01 8f N33HP04 buffa PH 8.0. kQtential dues as indicated in the figure. Data obtained from capscitancc resuks. 
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Table 1 
Range of potentiaIs over with adsorption isotherms of uracil 
derivatives are congruent with respect to potential. a) 

Compound Potentijl range 
over which con- 
gruence exists 
(volts “erN.s SCE) 

Uracil 
I-hfethyluracil 
Z-Methyluracil 
5-Xferhyluracil (thymine) 
I.3-Dimethyluracil 
l,S-Dimcthylurzicil 
Uridine 
Llridine S-monophosphate (LMP) 
Uridine 3’.5’-cyclic monaphosphatc 
(cyciic UlrIP) 

-0.3 v to > -1.2 
-0.5 to > -1.2 
-0.6 to Z --I.+ 
-0.4 to 3 -_I .2 
-0s to ;a -1.2 
-0.5 to z -1.2 
-0.6 to 3 -1.2 
-a.4 to z= -1.2 
-0.4 to 2 1.2 

3) Determined from q versus rRTpIots_ 

in table 1. 
We also tested for the congruence of the adsorp- 

tion isotherms of uracil derivatives with respect to 
charges. In this case we prepared plots ofE versus TRT 
at fiuced charge values. Some typical resuIts are shown in 
fig. 4. It is clear that in the case of I-methyluracil (fig. 4A) 
there is a linear relationship between E and FRTover 
a large range of fixed charge values indicating that the 
adsorption of this compound is apparently congruent 
with respect to charge [22]_ In the case of 3-methyl- 
wad, however, such a linear relationship between E 

and l?RT does not exist (fig. 4B) and hence the iso- 
therms cannot be congruent with respect to charge. 
A summary of rhe range of charge vaIues over which 
congruence of the adsorption isotherms with respect 
to charge obtains for the various uracil derivatives is 
shown in table 2. 

Comparison of the adsorption results for the uracil 
derivatives reported here (vide infra) and those ob- 
tained for various adenine 120) and thymine [2If sys- 
tems reveals that for those compounds having C’ values 
(where C’ is the capacitance of a completely mono- 
layer covered electrode and is assumed constant [3 11) 
above I2 uF cm- 2 congruence of adsorption iso- 
therms with respect to charge is noted. The larger the 
value of C’ the greater the range of charge values over 
which the isotherms exhibit congruence with respect 
to charge. Thus, uwcil has a C’ value of 14.28 fiF 
cm-z, the largest observed for any uracii species. This 

compound exhibits the largest range of charge values for 
which ffie congruence condition obtains (see table 2). 
Damaskin [3Z] has shown that for organic substances. 
having relatively large values of C’. at reIatively low 
surface activity, simultaneous congruence of adsorp- 
tion isotherms with respect to both charge and poten- 
tial can be observed using the above tests. 

In view of the fact that the adsorption isothermsof 
ail uraci1 species are congruent with respect to poten- 
tial, in, E and a data were fitted to the Frumkin iso- 
therm. The generalized form of the Frumkin isotherm 
equation is shown in eq. (6). 

& = f3,a exp(2o0) expC-Wr’,R T) _ 6) 

In this equation rm is the limiting surface excess of 
solute ar full monoIayer coverage in moles cmm2, 0I is 
the attraction coefficient and BO a constant related to 
the free energy of adsorption at the ECM potential for 
the pure supporting etectrolyte. The function 

9 = [-y,“(O) - 7&E)} f c%,!+J - cl@/2 , (7) 

is evatuated in terms of E, the potential relative to the 
ECM potential for the pure electrolyte, EN the EC&f 
for the mercury-solution interface at 0 = 1, C’, and 
the interfacial tension for the pure supporting electro- 
lyte solution yw_ 

There are two parameters in eq. (7), C’ and EN, and 
three parameters, a, 6, and rm in eq. (6) which must 
be evaIuated in fitting data to the generatized Frumkin 
equation_ 

By combining the Gibbs equation (eq. 5) with the 
fiied potential form of the Frumkin equation (eq. 8) 
and integrating an 

B 
- = BP exp(2cYQ) , 
l-0 (8) 

equation may be obtained (eq_ 9) which directly re- 
lates n to Q, 6 and r, [331. 

n = l?,RT[---ln(l - 0)-&2] _ (9) 

A non-Iinear least squares method has been developed 
[TO] to fit X, E and a d&a to obtain the best values of 

the five parameters a, BO, r,,,, EN and C’. Simply, 
trial values of the 5 parameters are chosen, and values 
of 6 are calculated from eq. (6) for every pair of CL and 
E values by an iterative numerical method. This set of 
calculated Bi values is then used to predict a set of zi 
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Table 2 
Range of charge values over which adsorption isotherms of 
uracil derivatives are congruent with rcspcct to charge. al 

Compound Charge range over 
which congruence 
exist f,gC cm-a) 

ursi.l 2toa -12 
L-hLethyIuraciL -L to -10 

3-Methyluracil NC b) 
5-hlethyluracii <thymine) NC 
1.3-Dimethyluracil NC 
1,5Dimethylnracil NC 
Uridine -5 to -12 
Uridine S-monophosphate -1 to -10 
Uridine 3’,5’~ycLic monophosphs te -3 to -9 

a) Determined from E versus I?RT plots. 
b) No conyruence at any charge value; 

The solid curves are the best fits of alI rr, E and P data 
at potentials where the isotherms are congruent with 

respect to potentiaI as determined by the tests illus- 
trated in fig. 3. The individual experimental points, ob- 
tained without assuming any adsorption model, were 
in aII cases in excelIent agreement with the Frumkin 
Isotherm. No attempt was made to fit data to other 

more complex adsorption models because of the ex- 
cellent tit to the Frumkin model. 

Extensive analysis of C versus E data for each uraciI 
derivative in the dilute adsorption legIon using the 
Frurrtkin adsorption model, using the equations and 
calculational methods outlined earlier, gave the results 
shown in table 3. 

The attraction coefficient, a, is generally very small 
indicating relatively weak interactions between the ad- 
sorbed organic molecules. The AC0 values at the ECM 
of the pure supporting eIectroIyte indicate that uracil 
has the smallest interaction with the electrode surface. 
In generaI, increasing substitution of uracil gives a sub- 
stantial decrease in PC*. The areas occupied by uracil 
and its methylated derivatives are fairly consistent at 
60-70 AZ. In the case of the xibose or tibosephos- 
phate derivatives of uracil a substantial increase in the 
area accupied per moIecule is observed indicating that 
the latter substituents occupy a significant fraction of 
tire eIectrode surface at surface saturation. 

The data reported in table 3 were obtained from 
measurements of double-layer capacitance in the di- 
lute adsorption region. Analysis of X, E and a data ob- 
tamed from maximum bubble pressure measurements 
gave very similar results. Some typical examples are 
shown in table 4. 

Table 3 
Parameters of the generahzed Frumkin isotherm for uracil derivatives determined from capacitance measurements at pH 8.0 a) in 
the dilute adsorption region. 

Compound B,, X 1O-3 a~= b) c’ 
fl mol-’ ) (pf; cme2) 

EN c) WOk 
(Cal) versus SCE) $1: 

c*-:I 

x IO’O) 

Uracil 
f-hfethyluracil 
fMethyluraciL 
5Xlethyluracil 
L,3Dimetbyl- 
uracil 
1 ,S-Dimethyl- 
uracil 
Uridine 
Uridine S-mono 
phosphate 
Llridinr 3’,5’- 
cyclic phosphate 

0.45 f 0.08 
-0.42 -+ 0.09 
-0.60 i 0.12 

0.21 = 0.04 
-0.42 f 0.06 

0.20 + 0.08 

-0.008 A 0.13 
-0.45 f 0.12 

-0.31 * 0.08 

0.158 f 0.005 
0.663 f 0.023 
0.831 f 0.039 
0.485 f: 0.010 
1.709 c 0.044 

1.123 f 0.039 

4.353 + a.327 
0.680 r 0.030 

3.030 * 0.10 

-2996 
-3847 
-3890 
-3667 
4408 

-4159 

-4177 
-3863 

4156 

14.28 * 0.38 -0.474 f 0.003 
12.38 = 0.27 -0.3g6 * 0.006 
11.74 + 0.43 --0_400 i a.010 
10.69 t 0.30 -0.411 = 0.003 
11.05 c 0.17 -0.309 * 0.006 

11.20 + 0.39 -325.0 + 0.009 

14.85 t 0.50 -0.483 r 3.009 
18.09 zz 0.31 -0.550 * a.005 

13.06 + 0.21 -0.449 * 0.003 

2.606 
2.337 
2.376 
2.922 
2.217 

2.332 

1.6W 
I.382 

I.732 

Areaper rmsd 
moLecuLe m d) 

i;<dyne 
0-r 1 

64 2 3 0.156 
7112 0.199 
70-3 0.188 
57 + 2 0.088 
7551 0.149 

71 2 3 0.105 

IO4 a4 0.181 
120 r 4 0.126 

96i 2 0.139 

a) 0.5 ,W NaF pLus 0.01 fif NasHPOd, pH 8.0. b) AC = -i? T In Bo. c, ECM Potential when f3 = 1.0. d) Root mean square deviation. 



V. Brabee et al/fnrerfaciaf behavior of tiruclt derivatives 7-63 

L&J 



264 

Table 4 

V. Bmbec er uL/Znterfa&l behuvior of uracil derivarives 

Parameter5 of the ~z%xa~zed FrttmkJn isotherm for uracil derivatives determined from maximum bubble pressure measurements 
at pH 8.0 in me dilute adsorption region 

Compound a Bo x 10” 
(1 mar ) 

4G” C’ 
WJ) (UP cm+) 

EN (Volt 
versus SCE) 

~~--- 

rm Area per tmsd in x 
(mole moIecz~Je (dyne cm-‘) 
cm-2 <A5 
x IO’O) 

Uracil 0.63 _e 0.09 0.145 + 0.006 -2945 35.21 -c 0.43 -0.490 5 0.004 2.630 63=3 0.196 
5hlethyluracil 0.81 L 0.08 0.397 f 0.016 -3543 14.95 * 0.35 -0.471 -+ 0.004 2.503 66 2 + 0.215 
1.5Dimethyluracil 0.15 * 0.09 1.136 = 0.043 -4166 11.90 c 0.44 -0.327 + 0.011 2.363 70 = 3 0.108 

26.0 - 

24.0 - 

22.0 - 

‘; 20.0 - 

,E 

f 
9’ 

18.0 

k 
“; 16.0 - 

I 
g 
r” 

14.0- 

5 
I 
R ‘2.a 
8 
Cz 
3 

10.0 - 

8.0 

Fig. 6. Surface spreading pressure, in, wrsus In P plots for IA) S->JerhyIuraciJ (rhymirte) and (B) 1 ,S-dimethyJuraciJ in 0.5 M NaF 
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3.3. Gzpucifance pit r&on 

Using the maximum bubble pressure method it was 
possible to measure interfacial tensionvzlues in both the 
dilutt adsorption region (table 4) and the anomalous 
capacitance pit region. Only three of the compounds 
studied, usacil, thymine and 1 ,Sdimethyluracil, exbib- 
iced the capacitance pit; these pits first appearedat 21 
m&4,1 I.0 r&4 and 6.5 m&f concentrations respectively. 
Using I-C values obtained from the maximum bubble 
pressure method it was observed that the ?r versus In a 
curve exhibited a sharp change in slope at concentra-. 
tions of the uracil species where the capacitance pit 
was observed. This can be clearly seen in fig. 6 for 5- 
methyluracil (thymine) and 1 ,S-dimethyluracil *. 
Since there is no apparent curvature in the a versus 
In (1 plots in the more steeply sloping region, it may be 
concluded that 0 is virtually unity both in the high 
concentration range of the diute adsorption region 
and in the capacitance pit region. The more steeply 
sloping region of the x versus In a curve corresponds to 
larger I’m values or smaller areas occupied by the ura- 
cil derivatives than in the dilute adsorption region 
(table 5). III the case of each compound which exhib- 
its the capacitance pit a decrease of about 40 percent 
in the area occupied per molecule occurs on passing 
from virtual surface saturation in the dilute adsorp- 

tion region to surface saturation in the capacitance pit 
region. In all cases the area occupied per molecule in 
the capacitance pit region is about 40 _&2. This behav- 
ior implies, therefore, that at concentrations where 
these molecules exhibit a capacitance pit a sudden sur- 
face reorientation occurs where the area per molecule 

Table .5 
Area occupied per molecule at maximum surface coverage in 
tie dilute and capacitance pit re@on for various uracil deriva- 
tives at pH 8.0 a+) 

Compound Area pet molecule~XZ 
Dilute adsorption Capacitance pit 
region regian 

Uracil 63 r 3 39.4 
S-hbthyluracil (thymine) 66 r 2 39.2 
l.S-Dimethylumcil 70 * 3 42.9 

a) 0.5 fif N~F PIUS 0.01 iw N~~HPO~ PH 8-0 
b) Data observed from ma..mum bubble pressure measure- 

ments. 

decreeses from 6Ci--70 8L2 to ca. 40 AZ. 

3.4. Slrrface_orie,2rariorr of uracil derivatives 

[n the dilute adsorption region uracil and its 
methylated derivatives occupy an area ranging from 
ca- 60-75 AZ (see tables 3 and 4). The crystal struc- 
ture of uracil 1341, thymine [35] and related mole- 
cules 1361 indicates that these molecules are almost 
planar. Using bond length and bond angle data ob- 
tained by X-ray crystallography, and employing van 

der Waals radii for C, H, N, 0 of 1.65 a, 1.2 I%, 1.5 9c 
and I .4 & respectively, we have calculated that the 
actual area of uracil is 34 82, thymine is 37 A’ and 
1,5-dimethyluracil is 41 Al_ However, it is most un- 
likely that the individual uracil molecules adsorbed on 
an electrode surface could pack together and occupy 
these areas. We have estimated projected areas of 
53 Az for uracil [22],54 82 for thymine and 64 AZ 
for 1,5-dimethyluracil. These areas are quite close to 
the areas occupied by uracil, mono- and dimethylated 
uracil derivatives on the mercury electrode surface in 
the dilute adsorption layer. We hzve interpreted this 
to imply that the uracil derivatives are adsorbed flat 
on the electrode surface in the dilute adsorption layer. 
The fact that in each instance the area occupied at the 
ekctrcde-sobtion interface is slightly larger than the 
calculated projected area probably indicates that wa- 
ter molecules also occupy a small fraction of the sur- 
face. The conclusion that uracil and its methylated 
derivatives are adsorbed flat on the electrode surface 
is in accord with recent reports on other purines and 
pyrimidines [20-23]_ 

At concentrations where uracil, thymine and 1,5- 
dimethyluracil give rise to a capacitance pit the area 
occupied decreases in all cases by about 40 percent. 
We believe that the only reasonable explanation of 
this effect is that the uracil species adsorbed flat on 
the electrode in the dilute adsorption region reorients 
and then stands in a perpendicular orientation on the 
electrode surface. Once in a perpendicular surface 
orientation the various uracil derivatives would be ex- 
pected to undergo extensive vertical stacking interac- 
tions 1371. That this is so is borne out by the fact that 
of the three compounds which exhibit the capacitance 

pit (table S), i.e., undergo a surface reorientation pro- 

* SirniIar curves for uracil have been presented elsewhere 1221. 



cess, increasing methylation decreases the concentra- 
tion necessary to observe the reorientation process. 
Thus, a bulk-solution concentration of 6.5 mM is re- 
quired to observe the capacitance pit for 1 J-dimethyl- 
uracil. In the case of thymine and uracil the corre- 
sponding concentrations are 11 m&f and 21 mB2 re- 
spectively- 

The suggestion that uracil, th~mine and 1 ,5di- 
methyluracil adopt a perpendicular orientation is sup- 
ported by the large decrease in area occupied by each 
species in the capacitance pit region. The area that 
one might theoretically expect uracil and S-methyl- 
uracil to occupy when in a perpendicular orientation 
may be approximated from molar volume (MW/den- 
sity) values. The density of uracil is 1.617 g cme3 
[47] while that for 5-methyluracil is I.454 g cm--3 
[35]. Hence, the molar volume of uracil is 69.26 cm3 
and of 5methyluracil is 86-66 cm3 which corresponds 
to molecular volumes of 115 A3 and I44 A3, respec- 
tively. The approximate thickness of uracit is hence 
(molecular volume/absolute molecular area) 3.4 A 
while for Smethyluracil the thickness is 3.9 A. Calcu- 
lations hence reveal that the area occupied by uracil in 
the perpendicular stance is z= 26 A2 while that for 5 
methyluracil is 29 ,E(2. Density data for 1 ,S-dimethyl- 
uracil are not available but a reasonable estimate of its 
area in a perpendicular orientation bound through the 
N(3) or N( 1) hydrogens (vide infra) is = 33 A*. These 
areas are a little smaller than the experimental areas of 
39-43 A* (table 5). ft would seem logical, however, 
that water molecules would occupy any electrode sur- 
face not filled by uracil molecules. 

It has been found that generally only those purines 
or pyrimidines found naturally in nucleic acids exhibit 
anomalous capacitance pits, at least at relatively low 
concentrations [22-24,38-411. Of the compounds 
examined in this study, uracil and thymine are both 
naturally occurring nucleic acid components, and 
both give the capacitance pit. On the other hand, 1,5- 
dimethyluracil occurs only occasionally in nucleic 
acids [42]. However, the preponderance of purines 
and pyrimidines that give the capacitance pit are com- 
mon components of nucleic acids. This has led us to 
believe that the structural functionahties associated 
with hydrogen bonding of complementary bases in 
nucleic acids are, at least in part, responsible for bind- 
ing to the electrode surface when these molecules are 
in their perpendicular surface orientation. In the case 

of uraciI hydrogen-bonding to adenine in nucleic acid 
occurs as shown beIow. This wouid suggest that the 
hydrogen at N(3) or uracil or thymine is responsible 

r ~~_H-------_O 

for binding to the electrode when these molecules 
adopt a perpendicular surface orientation correspond, 
ing to the capacitance pit. This idea is supported by 
the fact that methylation at N(3) destroys the ability 
of uracil to adopt a perpendicular orientation. How- 
ever, I-methyluracil also fails to adopt a perpendicula 
surface orientation_ This suggests that not only the hi 
drogen at N(3) is capable of binding uracil to the elec 
trode but also the hydrogen at N(l), Le., there are 
two binding sites for uracil when it adopts a perpen- 
dicular surface orientation. Methyl&ion at C(5) en- 
hances the ability of uracil to adopt a perpendicular 
surface orientation: i.e., the capacitance pit occurs at 
I 1 m&f for thymine compared to 2 I mMfor uracil. Sur 
prisingly, however, 1 ,Sdimethyluracil exhibits a capac 
tance pit, or perpendicular orientation, at the lowest cc 
centration of alI uracil derivatives, 6.5 m&f. 

When any of the three uracil derivatives that ex- 
hibit a capacitance pit are in a perpendicular surface 
stance they must undergo stacking interactions simila 
to those observed in nucleic acids or in aqueous solu- 
tion(s)_ ft is also a well-accepted fact that methylatior 
of pyrimidines enhances the association or base stack- 
ing tendency 1371. 

Thus, in order to explain the ability of uracil and 
its derivatives to adopt a perpendicular surface orien- 
tation, it appears that at least three factors must be 
considered. These are: (a) the number of binding sites 
available, i.e., N(l)H and N(3)H; (b) the strength of 
interaction between the uracfi derivative in its flat 
orientation (dilute adsorption region) and the elec- 
trade surface, i.e., AGo (table 3) and, (c) the effect of 
ring substituents on enhancing stacking interactions 
when the molecules reorient to a perpendicular stance 

Thus, methylation cf uracil at N( 1) or N(3) remove 
a perpendicular binding site and increases the degree c 
interaction behveer. the organic molecule and the elec 
trode surface; i,e., AG” is almost 900 cal more nega- 
tive in the case of l- or 3-methyluracil than for uracil 



(table 3)_ Th,se two effecss musr more tlzn compen- 
sate for the effect of the N-methy1 group, which 
shcruld enhance the stacking interactior\c if the n\~Ie- 
cule could adopt a perpendicular orierzt~rion. In the 
case of t ,3_dimethyhtracil both pzrpen&ular binding 
sites are biocked and there is no possi%!ity for the 
n&e&z tc adopt a >erpendicu& SC&W% orientation. 

For 5-methyluracil (thymine) both perpendicular 
binding sites Are av&able and the 5-r_1tzthy’t gwup 
would be expected to increase the stacking interi%- 
tions of the molet;ules. Both of t&e effects would 
favor thymine being capable of adapting a perpendic- 
\lIax surface orientation. The single met2yrl group, 
however, increases the interaction CC Ae mcbkde iri 
its flat orientation with the electrode surface com- 
pared to uracif (see table 3). The latter effeft mrist be 
iess important than the combined effect of ‘Ihe pres- 
ence of two perpendicular binding sites, and increased 
stacking interaction resulting from the substituted 
methyl group. The overall result is that tbymine not 
on& can adopt a perpendicular surface orientation, 
but it does so at a significantiy tower concentration 
than uracit. 

In the case of 1 .S-dimethylcracit, similar arguments 
may be applied. Thus, acting to inhibit tke perpendic- 
ular surface clrfentation of this moLecu%e is the bus of 
one perpendicular bin&n!: site and (compared to usa- 
&I) an increased interaction between the molecule in 
its Rat orientation and the el~ctrodc. Apparently, the 
extra stacking interaction caused by the presence of 
two substituent methyl groups more than compen- 
sates for the two Iatter effects so that t ,S-dhrt&hyI- 
nracil adopts a perpendicular orientation at lower can- 
centrations (6.5 rnM) than any other uracil species. 

Uridine, UMP and cyclic UMP exhibit no tendency 
to adopt a ~es~ead~~ula~ surface orient&on. The 
larger areas occupied by these molecureS comnaced tcr 
uracil suggest that not only is the uracif residue ad- 
sorbed Oat on the electrode but also the tibose or 
ribowphosphate occupies a significant amonnt of the 
surface. The faiiure of uridinc to a&opt a perpendicu- 
lar surface orientation can be explain& by similar 
reasoning. ‘I.%=%, a perpendicular binding site is OCCU- 
pied by a ribose residue, and the interaction with the 
electcode between the flat oriented uridinc motecute 
is greater than for usacif &Me 3), Fi.rta&, the ribose 
snbstituent, being elecrron withdraw&g [43-451, 
would be expected to &crease the stacMng interac- 

tion between perpendicular base units if uracil couM 
adapt such a configuration, Although not widely in- 
vestigated, there is evidence that even in homogeneous 
solution a nucleoside, such as purine riboside, exhibits 
Iesc; stacking tendency than the free base X46], which 
supports the Iattet con&.rsion. In the case of the nn- 
cleotides of ucacii the extensive ionization of these 
compounds would resuit in extensive repulsive inter- 
actiorrs for mole&es in a ~erpend~~ui~r orientation 
which would act to prevent sirch orientations occur- 
ring. 

3.5. Cirtctusibrts 

Ttte results reported here appear to support the 
view that uracil and its mono- and dimetbyhrted de- 
riqatives are adsorbed first in a region, callled the dilute 
adsorption region, where the essentially planar mole- 
&es are adsorbed in a fM orientation on the eloc- 
trade surface (i.e., pardtek to tfie efecttode surface) 
oyer a wide range of potenti& The same situation 
seems to prevaif for uridine, uridine-S’-monophos- 
phate and uridine-3’,5’-cylcic monophosphate, i-e., 
the uracil residue is adsorbed flat XI the electrode. 
However, the ribose QT ribosepbosphate is also ad- 
sorbed an the electrode surface. 

Zn the case of uracil, thymine ztnd 1 ,Mimethytura- 
cil, a surface reorientation process takes place at cri- 
tical values of bulk-solution concentration and e&- 
trade patenti& The maIecuIes reorient from a flat 
orientation to a perpendicular orientation with respect 
to the electrode surface- In the perpendicular orienta- 
tion these uracil dcrivattives are bound to the electrode 
surface thau& the N(3)-H or perhaps N( f)-H groups 
in a hydrogen bonding-like mode1 perhaps 3s illustrated 
in fig- ‘7, When in the perpendicular mode apprcciabte 

t-r : 
: 
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stacking interactions (association) between adjacent 
molecules must occur similar to those observed between 
adjacent bases in nucleic acids giving rose to a very 
compact surface film. 
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