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The adsorption of a number of methylated uracil derivatives and of S-fluorouracil has been studied by surface electro- 
chemical methods at a mercury electrode. All derivatives exhibit an initial or dihrte adsorption region where they are ad- 
sorbed flat on the electrode surface and are bound by u-electron overlap with t$e electrode. Uracil, thymine. 1,5dimethy!- 
uracil, 5~~d~e~y~ma~~ 1 ~,~-~imethy~ura~ and S-fhrorouracil undergo a surface reorientation from the initial f&t 
orientation to a perpendicular orientation. This feorientation process occurs at quite characteristic potentiak and bulk- 
solution activities for each compound_ An unsubstituted N(3>H group is an absolute requirement for a uracii derivative 
to he capable of adopting the perpendicular surface stance_ In the perpendicular orientaticn the uracil derivative appears 
to be bound to the electrode primarily via a N(3)-H--_(-_) electrode bond although a similar but weaker hydrogen bond 
can be formed via the N(l)_H group for certain compounds 

I_ Introduction 

A recent report from this laboratory [Z ] presented 
results of the adsorption and related interfacial 
behavior or uracil, l-, 3- and 5methyhrracil and 1,3- 
and 1 ,S-dimethyhrracil at a mercury electrode- 
aqueous electrolyte sohrtion interface. It was noted 
that a.U of these uracil derivatives exhibited an initial 
adsorption region where the electrode area occupied 
by one uracil derivative at monolayer surface cover- 
age. 60-70 AZ, was close to that expected if the 
moiecules were adsorbed flat on the electrode surface, 
Le., with the plane of ring atoms parallel to the elec- 
trode surface. Uracil, thymine and 1,5-dimethyhrracil 
exhibited a second adsorption region where they ap- 
peared to rearrange on the suirface and adopt 2 per- 
pendicular orientation and occupy about 40 A2 per 
molecule. The evidence obtained indicated that 
methyl&ion at the N(3) position destroyed the ability 
ofuracil to adopt a perpendicular surface orientation. 
Several factors were invoked to explain the ability of 
uracii and some of its derivatives to adopt a perpen- 
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dicular surface stance including the availability of 
hydrogens at N(3) and N(1) as binding sites, inter- 
molecular stacking interactions when *he molecules 
are in the perpendicular orientation, and the strength 
of the interaction between the molecule and the elec- 
trode surface when in the initial, fiat surface orienta- 
tion El] _ Because of the limited number of uracil 
derivatives examined these initial interpretations 
were somewhat speculative. In order further to probe 
the adsorption of uracil derivatives and the factors 
which govern the ability of such compounds to ex- 
hibit the flat to perpendicular surface reorientation 
process our earlier investigations have been extended 
to include all methylated derivatives of uracil. 

2. Experimental 

6-Methyluracil was obtaiued from Vega-Fox, 
5-fluorouracil from Caibiochem. Other methylated 
uracil derivatives were prepared from procedures de- 
scribed in the literature; l,6-dimethylumcil (Lacey 
[2f ), 3,5&rnethyluracil (Marx et al_ [3] and Naito 



et al. [4] ), 3,6&methyluracil (Ma and Zuellner [S] ), 
5,6-dimethyluracil (Huh et al. [6] ), 1,3,5trimethyl- 
uracil (Wittenberg [7] ), 1,3,6-trimethyluracil 
(Pfeiderer and Mosthaf [S] ), 1;5,6-trimethyluraci 
(Senda et al. [9] and Chi and Kao [lo]), 3,5,6-b% 

methyhrracil (Draminski and Fiszer [ 1 1 ] ), and 
1,3,5,6-tetramethyluracii (Pfeiderer and Mosthaf [S] ). 
The procedures described in these sources were often 
modified somewhat_ Details of these modifications 
and the procedures utilized are presented in detail 
elsewhere [ 123 _ 

Au differential capacitance and electrocapillary 
measurements, with the exception of those for 
5-fluorouracil, were performed on solutions of the 
uracil derivative dissolved in a 0.5 M sodium fluoride 
plus 0.01 M Na2HPC14 buffer soWion 0fpH 8.0. 
Studies on 5-fiuorouracil utrljed a phosphate buffer 
pH 7.0 (10.37 g NaHzP04 and 19.61 g Na2HPO4 dis- 
solved in 1 P of deionized water)_ This buffer was 
used to insure that 5-fluorouracil @I& = 8 [13] ) was 
studied in its neutral form. 

A stock solution of the uracil derivative was pre- 
pared at a concentration close to its saturation value 
in the buffer solution. Test solutions were prepared 
by appropriate dilution of this stock solution with 
the pure buffer solution. Test solutions were deaerat- 
ed with water-saturated nitrogen before study_ 

2-2. DiffeerenZikZ cupucitunce measurements 

Differential capacitance measurements were ob- 
tained by a phase-selective a-c polarogsaphic method 
described in earlier reports [14--371. AU uracil deriv- 
atives exhibited both d-c. and a-c. equilibrium [l] at 
all applied potentials and concentrations employed 
at times between 1 and >5s. For convenience, ah 
capacitance measurements were made with the drop- 
time of the dropping mercury electrode (DME) con- 
trolled at 2.00s. The drop area of the DME at the 
time the a-c. current was sampled was 0.0160 cm*. 

2-R Maximum bubble pressure measurements 

The maximum bubble pressure technique was used 
to measure the inter-facial tension of a mercury elec- 
trode at potentials and bulk solution concentrations 
where various uracil derivatives exhibited a capacitance 
pit. A siliconized j-shaped capillary was used having a 

radius at its tip of 0.00377 cm. The apparatus em- 
ployed has been described elsewhere [16,17] _ 

The ceils used for differential capacitance and 
maximum bubble pressure measurements were main- 

tained at 25 f 1 “C. AU potentials are reported versus 
the saturated calomel electrode (SCE) at 25°C. 

2.4. Activity measurements 

Values of the self-association (stacking) constant 
for 13,5- and 1,3,6-trimethyluracii and 1,3,5,6- 
tetrarnethyluracil were determined by a partition 
method sin-&r to that employed by Guttman and 
Higuchi [IS] _ Varying volumes of the stock solution 
of the uracil derivative (in 0.5 M NaF + 0.01 M 
Na,HP04, pH 8.0) were transferred into a 50-ml 
flask. Sufficient buffer was then added to dilute the 
uracfi solution to 20.0 ml. Then, 20.0 ml ofspectro- 
photometric grade n-heptane (Fisher) was transferred 
into each flask. The flasks were stoppered tightly, 
agitated for 5 min and then placed in a constant tem- 
perature bath at 25°C for about 12-14 h. An aliquot 
of the organic phase was withdrawn and appropriately 
diluted to allow its absorbance to be measured (Cary 
Model 118 Spectrophotometer) using 1.0 cm quartz 
cells. The wavelengths used for such measurements were 
266 nm for 1,3,5-trimethyluracil and 1,3,5,6-tetra- 
methyluracil and 260 run for 1,3,6-trimethyluracil. 
Flats of the absorbance of the heptane layer, A, versus 
the bulk concentration of the uracil derivative in the 
buffer solution, CAg, were non-linear at high values 
of CAs indicating self-association of the uracil deriv- 
atives. 

Further treatment of the A versus CAs data relied 
on the assumption that although the uracil derivative 
present in the aqueous phase is composed at monomers, 
dimers and oligomers of the compound, only the 
monomeric species is present in the heptane layer [lS]_ 
Individual solute species are assumed to obey Henry’s 
law. Examination of the self-association behavior of 
a number of purines and pyrimidines suggests that the 
data are incompatible with a model which assumes 
that only dimers form [ 19-213 _ Most results are con- 
sistent with a model in whrch monomers, dimers and 
oligomers form and in which the equilibrium constant 
for all of these steps is the same [223. Under such 
conditions the total solute concentration, [Cl, is given 
by eq- (l), 
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[C] = ch* +2Kc;~ '3K2tiM + __. (1) 

where C, is the monomer concentration in the aque- 
ous solution, and K is the self-association constant_ 
Such an equation can be shown 1233 to converge to 

cc1 = C;\r/Cl - KC&l>2- (3 

Since the absorbance in the organic pktise, A, is as- 
sumed to be due to monomer only, it must be propor- 
tional to monomer concentration in the aqueous 
phase, i.e., 

A = kCDi 

and hence, 

(3) 

[Cl = (@)/I1 - (W)-412 - (4) 

The value of K was obtained by a non-linear least 
squares method which fits values of A at various bulk 
solution concentrations [C] _ This was done by solving 
eq. (4) to obtain calculated values of A using trial 
values of the two parameters k and K. The non-linear 
least squares procedure 1241 computes optimum 
values of k and K and standard errors in these param- 
eters_ Activity values, i.e. CM, may be calculated from 

eq. (2). 

3. Results 

3.1. A&vi@ determinations 

Although most of our previous adsorption reports 
have employed bulk solution concentrations rather 
than activities it is well known that the tendency for 
self-association of pyrimidines is enhanced by sub- 
stitution of methyl groups [25] _ Accordingly, mea- 
surements of the self-association constants for some 
of the more hijjhly methylated derivatives were 
carried out to ascertain whether activity effects 
could significantly infiuence the interpretation of 
adsorption data. 

Values of the equiliirium self-association constant 
for 1,3,5- and 1,3,6-trimethyiuracil and 1.3,5,6-tetra- 
methyluracil in 0.5 M NaF plus 0.01 M Na,HpO, 
buffer were measured by a partition method described 
in detail in section 2. Typical values of the self- 
association constant obtained at 25OC for the latter 
three compounds are presented in table 1_ During the 

Tzble 3 
Equilibrium constants for the self-association of methylated 
uracil derivative at PH 8.0 =) at 25°C 

Compound K/M-~ 

X,3,5-Trimethyluracil 1.27 * 0.08 
I .3,6-Trimethyluracil 1.0 i 0.1 
1.3,5,6-Tetramethylurzcil 2.5 f 0.2 

a) Buffer solution: 0.5 M NaF plus 0.01 M NazHPOg, pH 8.0. 

course of this work Pleisiewicz et al. [26] reported 
values of the self-association constant for these com- 
pounds measured by vapor pressure osmometry but 
in pure unbuffered aqueous solution at 25°C. The 
values reported by these workers are in excellent 
agreement with those reported in table 1. The values 
obtained for the self-association constants for the 
three uracil derivatives reported in table 1 and by 
F’leisiewicz et al. [26] for these and other derivatives 
indicate that at the concentrations used in adsorption 
studies concentration and activity are virtually identi- 
cal. Accordingly, bulk solution concentrations of 
all uracil derivatives were taken as equal to activity 
values. 

3.2. Differential capacitance measurements 

A typical set of differential capacitance versus po- 
tential (C versus E) curves for some di- and trimethyl- 
ated uracils and 1,3,5,6-tetramethyluracil are present- 
ed in fig_ I_ Only one compound shown in fig. 1,5,6- 
dimethyluracil, exhibits the well-defmed capacitance 
pit centered at about -0.65 V. Two other compounds, 
1,5,6-trimethyluracil and S-fluorouracil exhibit a simi- 
lar capacitance pit. previous work [l ,I 61 has shown 
that uracil, thymine (Smethyluracil) and 1,5-di- 
methyluracil also give rise to a capacitance pit. in the 
case of these six uracil derivatives it is clear that there 
are two distinct adsorption regions. Thus, similar to 
all other uracil derivatives, at low bulk solution activi- 
ties there is a general depression of capacitance, com- 
pared to the pure background electrolyte solution, 
between about -0.2 V and -0.8 V followed by a 
broad adsorption/desorption peak at more negative 
potentials. The range of concentrations where this 
behavior is observed is called the initial or dilute ad- 
sorption region. In the case of uracil, thymine, 1 ,5- 

dimethyluracil, 5,6_dimethyluracil, 1,5,6-trimethyl- 
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Fii_ 1. Typical dSferer&al capacitance versus potential 
curves for (A) 3,5dimethykacit, (X3) S,b-dimathyh.xracil, 
CC) 3,3J-t3-imethyluracil arid CD> 1.3,5,6-tetmmctcil 
in 0.5 M NaF with 0.01 M Na#P04 buffer pW 8-Q. Au 
moves were &tied at a &equency of IOD Hz and an am- 
plitude of 10 mV peak-to-peak. 

Table 2 
Range of potentials over which adsorption isotherms of 
uracil derivatives are con_gruent with respect lo potential a) 

cihiethyluracil -0.6 V to >-l-3 V 
3,6-Dimethyfuracit =z-0.5 v to a-3 .o v 
3,S-Dimethyluracit 4--0.5 v to a-lA?V 
3,6XEm~thyluracil =s-a.5 v to a-1.0 v 
5,6-Dimethyluracil ==xL5 v to 3-i .o v 
1*3~-TrimezhyhuwiE --0.9vt0~-3.4v 
X,3,6-TrimefhrluracSl -0.9 v to a-3.4 v 
3 ,5,6-Trimethyluracil -0.8 V to s-1.2 v 
3,S,6-TCmetkylwad not congruent 
1,3,5,6-Tetramethyh-acit -0.8 v to a-1.3 v 
s-Fluoroaracil =G-0.4 v to >-O-9 v 

a) Determined from 3Yi T versus q plots. 
b, Data on the other uracil derivatives may be found in table 1 

of ref. [I]* 

uracit and Sduorcmracii the range of concentrations 
and potentials where the &arpgy defiied discontinui- 
e in C versus E curves occurs (see fig. I B) is the 

second or capacitance pit region of adsorption.. 
In the dtiute adsorption re@on all cornpounds 

gave Cversus E curves which coincided with the back- 
ground electrolyte curvy at about -1.6 V or more 
negative. Accordingly, interfacial tension, y. data 
were obtained by use of the double back-integration 
method of Grahame et al. [27f _ The detaiZs of the 
procedure employed have been described in detail 
elsewhere [1,14-171. Using such a method, values of 
the surface spreading pressure, r(dyne cm-’ ) were ob- 
tained as a function of the uraciS detivative activity, 
P, and electrode potential, E, using the equation 

=@) = Y&B? - Y&9* (“3) 

where yW is the value of y for the pure supporting 
electrolyte solution at D = 0. For each uracil derivative 
studied, with the si@e exception of 3,5,64rirnethyl- 
usa@, plots of n versus ti fi at many different poten- 
tials were mperimposable by abscissa translation. 
Such superimposabifity of 51 versus In P curyes has 
been used to prove congruence of electrosorpticm iso- 
therms with respect to potential. Bowever, as Parsons 
[2283 has noted, tie sensititity of this procedure is 
perhaps suspect. Accordingly, corigruence was further 



Ta
bl

e 3
 

Pa
m

m
ot

or
s of

 th
e 

gc
nc

ra
liz

cd
 Fr

ru
nk

ln
 cq

un
tio

n f
or

 u
rn

ci
l d

cr
iv

at
iv

cs
 do

tc
rm

in
cd

 fr
om

 ca
pa

ci
t~

nc
c m

on
su

rc
m

cn
ts

 at
 p

I-
I 8

 n
, i

n 
th

e 
di

lu
te

 ad
so

rp
tio

n r
eg

io
n 

01
 

n,
 x 

10
-3

 
A

C
0 c

) 
(P

* m
ol

e”
‘)

 
(C

al
) 

C
’ 

tj#
 c

m
-‘

) 
EN

 
(V

ol
ts

 
vc

rf
lu

s 

SC
@

 

U
ra

ci
l lJ

) 
l-

Me
tl

~y
lu

~n
~b

) 
J-

M
ot

hy
lu

rn
ci

l b,
 

5.
M

et
liy

lu
r~

ci
l b,

 
G

-M
et

hy
lu

ra
ci

I 
1~

3~
~i

rn
at

l~
y~

~u
ci

l 
b,

 
l,5

~D
im

ct
hy

lu
ra

cl
l b,
 

I $
5D

im
ct

hy
Iu

ra
cl

l 
3,

5.
R

im
ot

iiy
lu

ra
c~

 
3,

G
~D

im
ct

hy
lu

rn
ci

1 
S,

G
~~

ir
nc

tI
~y

lu
r~

ci
i 

1,
3,

5r
lii

m
ot

hy
lu

ra
ci

l 
1,

3,
G

~T
ri

m
ct

l~
yl

ur
ac

it 
1 ,

S,
G

~T
ri

m
ct

l~
yl

ur
ac

il 
3,

S,
G

~T
rI

m
ct

l~
y~

ur
nc

iI
 

1,
3,

5,
6~

T
ct

m
m

ct
lty

lu
rn

c~
 

S~
~l

uo
ro

~l
rn

cU
 

0.
45

 i 
00

08
 

-0
.4

2 
f 

0.
09

 
-0

.G
 

f 
0.

1 
0*

21
 f 
0.

04
 

0,
o 

* 
04

2 
-0

‘4
2 

f 
0.

06
 

0.
20

 k
 0

.0
8 

-0
,lS

 f
 0

.0
7 

0.
11

 E
k 0,

39
 

-0
.4

2 
f 

0.
07

 
I.

14
 f 

0.
09

 
0.

10
 j:

 0
.0

9 
-&

I7
k&

O
7 

10
17

 k&
O

6 

0.
0 

f 
O

S
 

0.
21

 iO
.0

6 

0.
15

8 f
 0

.0
05

 
-3

00
0 

O
,b

G
 f 

0.
02

 
-3

80
0 

0.
83

 f
 0

.0
4 

-3
90

0 
0.

49
 f

 0
.0

1 
-3

70
0 

0,
SG

 f
 0

.0
5 

-3
70

0 
1.

71
 f

: 0
.0

4 
-4

40
0 

1,
12

 f
 0

,0
4 

-4
20

0 
0,

57
 f

 0
.0

2 
-3

80
0 

08
93

 f
 0

,0
4 

-4
00

0 
1.

34
 f

 0
.0

4 
-4

30
0 

0.
71

 f
 0

.0
5 

-3
90

0 
3t

i8
 

P 
0.

6 
-4

90
0 

3,
6 

f 
0.

4 
-4

80
0 

1.
0 

f 
0#

2 
-4

10
0 

2.
8 

f 
0,

4 
-4

70
0 

0.
13

9 *
 0

,0
03

 
-2

90
0 

14
.3

 f 
0.

4 
l&

4 
t 

0.
3 

11
.7

 * 
0.

4 
10

.7
 f 

0.
3 

12
.1

 f:
 0

.7
 

11
s 

f 
0.

2 
I1

 #
2 f

 0
.4

 
12

.4
 f 

0.
3 

12
46

 f 
0.

3 
12

.9
 f 

0.
2 

13
,G

 k 
04

8 
12

.3
 f:

 0
.4

 
1 I

.7
 E

 0.
4 

80
0 1

: 2
 

8,
8 

P 
0.

2 
13

.4
 I.

 0
.3

 

-0
,4

74
 f

 0
.0

03
 

-0
.3

86
 f

 0
.0

06
 

-0
.4

0 
f 

00
01

 
-0

.4
11

 f
 0

.0
03

 
-0

,4
1 

f 
0,

03
 

-0
.3

09
 1

: 0
.0

06
 

-0
.3

25
 f

 0
.0

09
 

-0
.3

74
 f

 0
.0

07
 

-0
.3

59
 i

 0
,0

08
 

-0
,3

88
 f

 0
,0

04
 

-0
.3

7 
f 

0.
01

 
-0

.3
4 

f 
0,

02
 

-0
.3

2 
j: 

0.
02

 
+

0.
1 

j: 
0,

2 

-0
.1

 S
 

f 
0,

06
 

-0
.4

 1
7 t

 0
,0

04
 

A
R

?f
I pe

r 
rm

 X
 10

” 
rm

sd
 

m
ob

 
(m

ol
t c

m
w

2)
 

(d
yn

es
 cm

-‘
) 

: 
cu

lt 
b,

 
(A

) 
a %

 
64

k3
 

2.
6 

tO
a 

0.
15

6 
2 

71
 f 

2 
2.

34
 f 

O
S0

7 
0.

19
9 

%
 

70
*3

 
2,

4 
kO

.1
 

0,
18

8 
3 

57
 f 

2 
2,

9 
f 

O
J 

0.
08

8 
%

 
‘r

;t 
72

~3
 

2.
3 

kO
.1

 
0.

35
9 

P*
 

7s
 f

 1
 

2.
21

 f 
0.

03
 

0,
14

8 
;;;

 
71

 k
3 

2.
3 

1:
&

l 
0,

10
5 

%
 

65
 f 

1 
2.

54
 f 

0.
04

 
0.

21
4 

%
 

88
 f 

2 
1.

92
 f 

0‘
04

 
0.

88
8 

a ; 
81

 f 
1 

2.
05

 f 
0.

03
 

0.
17

7 
2 

80
*7

 
2.

1 
kO

.2
 

0.
19

8 
a 

91
 f 

2 
1.

82
 f 

0.
04

 
0.

16
7 

3 

91
 *

 2
 

1.
83

 f 
00

04
 

0.
13

8 
%

 
,8

9 j
: 1

8 
1.

90
 f 

0.
4 

0.
07

7 
Y

 
e’

 
8s

 d
, 

9 P 
7s

 f
 3

 
2.

22
 f 

0.
09

 
0.

24
7 

D
 

74
 f 

2 
2.

23
 f 

0‘
06

 
0.

17
2 

n)
 O

S 
M

 N
nl

: p
lu

s 0
.0

1 M
 N

n2
I~

P~
~.

 
in

g 
el

ec
tr

ol
yt

e,
 A

C
* =

 -R
T

ln
 0

0,
 

b,
 P

ro
m

 re
f.

 [I
],

 
c)

 T
he

 V
&

IO
 of
 tl

rc
 fr

ee
 en

er
gy

 of
 ad

so
rp

tio
n a

t t
he

 E
C

M
 po

tc
nt

i~
 (-

0.
43

3 
V

) f
or

 th
e p

ur
e s

up
po

rt
- 

d,
 C

nl
cu

la
tc

d f
ro

m
 th

e l
im

iti
ng

 sl
op

e o
f n

 v
er

su
s In

 a 
pl

ot
s.

 



360 J-G_ Baker et ai./lnrerfac&l behzvior of UTnd d&aties 

tested by preparing plots of I’KT calculated by 
analytica differentiation of fued potential x versus __: 
In CI curves (as described in an earlier report [3 ] ), 
versus electrode charge, 4. Linear 3XTversus 4 plots 
were obtained over large ranges of electrode potential 
for a33 urazi3 derivatives except 3,5,6-trimethyluraci3 
indicating congruence of electrosorption isotherms 
with respect to potential [3 I_ The ranges of potentials 
over which electrosorption isotherms were congruent 
wit31 respect to potential are shown in table 2. 

3r-1 view of the fact that in the dilute adsorption 
region the adsorption isotherms for most uracils are 
congruent with respect to potential, a-, E and a data 
were fitted to the generalized form of the Frum3cin 
isotherm equation (eq. 30). In &is equation r, is the 
limiting surface excess of solute at full monolayer 

Bj(3 - 0) = Boa exp {2aO} exp {-@/iIr,RT} (10) 

coverage (moles cme2), (Y is the lateral attraction co- 
efficient and B. is a constant related to the free ener- 
gy of adsorption at the ECM potential for the pure 
supporting electrolyte solution (aGo = -RTh Bo). 
The function 

Q = [r,(O) - -y,(E)J + C’JT..N - C’E2/2 (3 3) 

is evaluated in terms of E, the potential relative to 
the ECM potential for the pure supporting electrolyte 
solution, EN the ECM for the mercury solution inter- 
face when 6 = 1, and C’ the capacitance at 6 = 3 (as- 
sumed to be constant 1293 ), and the interfacial tension 
for the pure supporting electrolyte solution yv,,_ 

A non-linear least-squares computational methcd 
was used to determhre the values of (Y, B,, r,, EN 
and C’ using experimental z, E and CI data [ 1 ,I 4-l 7]_ 
Results of such analysis are presented ?J table 3. Of 
the seventeen compounds reported in table 3, data 
for five compounds were obtained from an earlier 
study [I] but are included for comparative purposes. 

In the case of 3,5,6-trimet3ryluraci3 the electrosorp- 
tion behavior was not congruent with respect to 
potential (vide supra). Accordir@y, a detailed analysis 

of its adsorption behavior was not possible employing 
the earlier methods. The 3& and area occupied per 
molecule on the electrode surface reported in table 3 
were obtained graphically by measuring the limiting 
slope of n versuS In a curves at different potentials. 
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Fig. 2. Surface spreading pressure, x, versus In CI plot for 5,6- 
dimethyluracil in 0.5 M NaF plus 0.01 M Na2HP04, pH 8.0. 
Solid circles (0) refer to experimental points obtained at 
-0.5 V iu the dilute adsorption region by analysis of dif- 
ferential capacitance data. Solid squares (m) refer to experi- 
mental points obtained at -0.5 Vat concen+rations where 
the capacitance pit is observed using the maximum bubble 
pressure method. Line through solid circles is the best com- 
posite il versus In D fit. 

3.3. Maximum bubble pressure measurements 

lhe method of double back-integration of Cversus 

E cwves cannot easily be employed to calculate inter- 
facial tension and hence is values in the potential re- 
gions where capacitance pits occur. Therefore, y and 
rr values in the capacitance pit regions were obtained 
direcfly using maximum bubble pressure aeasurements. 
only three of the nraci3 derivatives studied exhibited 
a capacitance pit: 5,6dirnethy3urac33, 3,5,6-trimethyl- 
uraci3 and 5-fluorouraci3. However, inter-facial tension 
measurements were t&en only for the first two com- 
pounds. This was so because S-fhrorouracil exhibited 
a capacitance pit only at concentrations close to satura- 
tion and hence it was not possible to obtain sufticient 
?T and a data to allow r, values to be calculated. 
5,643imethyhracil exhibited the capacitance pit at 
concentrations greater than 3.6 m&X In the case of 
3,5,6-trimethy3urac33 concentrations greater than 0.3 
r-&f were required. 



Table 4 
Areas occupied per molecule at maximum surface coverage 
in the dilute and capacitaace pit regions for various uracil 
derivatives at pH 8 a) 

Compound Area per molecule (A*) 

in the dilute inthe 
adsorption capacitance 
region pit region 

uracilS~ 63 2 3 40 
.5-Methyluracil b, 66 * 2 39 
1.5Diiethyluracil b, 70*3 43 
5,6-Dimethyluracil 8057 52’1 
I ,5,6_Trimethyluracil 89 + 18 48 * 7 

a) 0.5 M NaF plus 0.01 M Na2HP04 buffer. 
b) From ref. [I ] _ 

Using rr values obtained from Cversus E curves 

in the dilute adsorption region and from maximum 
bubble pressure measurements in the capacitance 
pit region it was found that composite plots of rr 
versus In (I exhibited a sharp change in slope at the 
bulk solution activity where the capacitance pit was 
noted (fig_ 2). The dotted line in fig. 2 represents the 
limiting slope for the s versus In Q plot in the dilute 
adsorption region. Clearly, at concentrations where 
the capacitance pit is observed the slope of the rr 
versus In a plot becomes considerably steeper. The 
more steeply sloping region of the rr versus ln fz curve 
corresponds to larger rrn values and hence to smaller 
areas occupied by the uracil derivative in the capaci- 
tance pit region compared to the dilute region. The 
areas occupied by various uracil derivatives at com- 
plete monolayer coverage in the dilute and capaci- 
tance pit region are shown in table 4. 

In the dilute adsorption region the observed elec- 
trosorption behavior of all uracil derivatives, with 
the single exception of 3,5,6$rinrethyluracil, fit well 
to the Frumkin adsorption model (table 3). The at- 
traction coefficients, a, are generally quite small in- 
dicating relatively weak intermoiecular interactions 
between the adsorbed organic molecules. On the 
other band, the standard free energy of adsorption 
of the uracils at the ECM potential for the pure sup- 
porting electrolyte solution (-0.433 V) increases in 

an approximately systematic fashion with increasing 
substitution of uracil with methyl groups. Thus, 
for unsubstituted uracil AGO = -3000 cal, monosub- 
stituted uracils have an average AGO of -3775 
f 125 ca!, disubstituted uracik 4100 +- 300 cal and 
trisubstituted uracils -4600 i 500 Cal. In other words, 
increasing substitution of uracil leads to an enhanced 
adsorption of the compound in the dilute adsorption 
region. 

The areas occupied by the uracil derivatives also 
generally increase with methylation. Thus, the mono- 
methylated derivatives occupy an average area of 
69 f 12 /s?, the dimethylated derivatives 77 f 3 2 A2 
and the trimethylated derivatives 86 i 11 A’. These 
should be compared to the value of 64 f 3 A2 ob- 
served for unsubstituted uracil. 

In order to decide the most probable surface 
orientation of uracil derivatives based on these latter 
areas, projected areas were calculated based on X-ray 
crystallographic data on uracil 1303, thymine [3 11 
and 1 ,S-dimethyluracil [32] _ Such areas were cal- 
culated from projections of the molecule in a tlat 
surface orientation using the ORTEP program’of 
Johnson [33] which uses crystal structure data, i.e., 
unit cell parameters, unit cell type and atomic coor- 
dinates, as a means of projecting the molecule in any 
desired orientations_ Using van der Waals radii for 
C,H,NandOof1.658,1.2A,l.SAand 1.4& 
respectively, the projected areas for uracil, ?hymine 
and 1 &limethyluracil were found to be 51 A2, 
63 A2 and 67 A2, respectively (fig. 3A, B, C). Un- 
fortunately, crystal structure data are not available 
for other di-, tri- or tetramethylated uracil derivatives. 
However, estimations of the approximate areas these 
molecules would occupy in a flat surface orientation 
were made by utilizing the projected area for I,5 
dimethyluracil (fig. 3C) and assuming that all other 
methyl groups have bond distances and angles similar 
to those of the methyl groups of the latter compound. 
An example of such an approximation is shown in 
fig. 3D for 1,3,5-trimethyluracil(74 A2) and in fig. 
3E for 1,3,5,6-tetramethyluracil(78 A2). In all cases 
these projected areas are in quite reasonable accord 
with those measured experimentally for uracil deriv- 
atives in the dilute adsorption region (see earlier 
discussion and table 3) which strongly supports the 
view that in the dilute adsorption region all uracil 
derivatives are adsorbed in a flat orientation on the 
electrode surface. 
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Fig. 3. Projected areas calculated for (A) urad. (B) thymine. (C) 3J-dimethyluraciJ. (I)) 1,3,5trineihyhrad and 02) 1.3,5,6- 
tetramethyluracil in a flat surface orientation (plant of ring atoms paraIM to the electrode surface). See text for discussion. 

The interaction of z-orbital electrons with the elec- 
trode surface is probably an important factor in 
binding uracii derivatives in the flat orientation in 
the dilute adsorption region. Such interactions have 
been shown to be important in the electrosorption 
of conjugated systems and aromatic compounds [35] _ 
lkt n-orbital interactions with the electrode are 
important may be deduced by considering the effect 
of methyl substituents on the z-electron system of 
uracil. Uracil may be regarded as a x-deficient mole- 
cule 136,371 principally because of the erac:ilcnegative 
nitrogen atoms which tend to withdraw electron dens- 

ity from the n-system of the ring. Thus, one would 
expect uracil to be relatively weakly adsorbed. In- 
deed, it is found experimentally that uracil has tk 
smallest free energy of adsorption (-3000 cal, 
table 3 [ 11) of all compounds studied with the excep- 
tion of 5fhrorouracil (-2900 Cal). The highly electro- 
negative fluorine substituent would be expected to 
increase the n-deficient character of uracil and hence 
decrease the binding between the z-electron system 
and the electrode surface. Conversely, introduction 
of electron-releasing methyl groups into the uracil 
ring would act to make the molecule less electron- 



J.G. BcXer et aI./InterfaciaI behvior of uracil cierivarives 363 

Fig. 4. Projected areas calculated for (A) uracil, (B) thymine, 
and (C) 3.5-dirnethyluracil in a perpendicular surface 
orientation @lane of ring atoms perpendicular to the elec- 
trode surface)_ The areas for 5,6-diiethyluraciI and I ,5,6- 
trimethylUraciI weze the same as for 1,5-dimethyluraciL 

deficient, particularly when the methyl group is 
substituted at an electronegative nitrogen. Com- 
paring monomethylated uracil derivatives (table 3) 
it is observed that l- and 3-methyluracil have the 
largest negative AGO values of all trimethylated 
uracil derivatives. Such observations strongly support 
the idea that in the flat orientation the major binding 
force occurs between the uracil z-electrons and the 
electrode surface. Other theoretical calculations of 
charge distribution in methylated uracils also support 
the latter conclusion [38] _ Thus, such calculations in- 
dicate that the increased a-electron density created 
in +&e uracil ring by substitution at a nitrogen prop- 
agates over the N(l)C(2)-N(3)C(4) system, i.e. 
over a large segment of the molecule. On the other 
hand, methyl substitution at C(5) and/or C(6) gives 
increased n-electron density only in the C(5)=C(6) 
double bond. 

At concentrations and potentials where 5,6di- 

methyluracil and 1,5,6-trimethyluraci give rise to the 
capacitance pit the area occupied by these molecules, 
assuming monolayer surface coverage, decreases by 
about 40 per cent. Similar behavior was observed 
previously in the case of uracil, thymine and I ,5- 
dimethyluracil [I] _ Calculated projections of the 
areas these molecules would occupy in a perpendicular 
surface onentation (fig. 4) Indicate that the area oc- 
cupied by uracil should be 26 A’, thyming 35 A2, 
1.5, 1.6dimethyluracil and 1.5,6-trimethyluracil 
39 R2. These areas are again in close agreement with 
those measured experimentally in the capacitance pit 
region (table 4) and support the view that in the latter 
region the uracil derivatives are adsorbed on the elec- 
trode surface in a perpendicular orientation. It should 
be noted that in the capacitance pit region the ad- 
sorbed perpendicular uracil molecules must be in 
such close proximity to each other that very extensive 
intermolecular stacking interactions must take place 
on the electrode surface, very similar to these inter- 
actions which occur between adjacent purine and 
pyrimidine bases in nucleic acids 1343 _ A further 
justification for this effect comes from the fact that 
a systematic and large decrease in the bulk solution 
activity required to cause formation of the per-pen- 
dicular, stacked layer is observed with increasing 
methylation of the uracil ring. Thus, a bulk solution 
activity of about 21 mM is required to observe the 
surface reorientation process (capacitance pit) for 
uracil, while an activity of 3 1 mM is required in the 
case of thymine, 1.6 n-&f for 5,6dimethyluracil and 
0.3 mM for 1,5,6-trimethyluracil Methylation of 
the uracil ring is known to enhance stacking inter- 
actions [26] and hence would be expected to facili- 
tate formation of the perpendicular, stacked layer 
of uracil derivative molecules on the electrode surface. 
The electron-withdrawing fluorine atom in 5-fluoro- 
uracil would, conversely, be expected to decrease 
the tendency for stacking interactions and this is 
observed by the fact that the capacitance pit does not 
occur until the bulk solution activity reaches 100 r-t&E 
The first appearance of the capacitance pit in C versus 
E curves and hence the occurrence of the flat-to- 
perpendicular surface reorientation of uracil deriv- 
atives occurs only when the electrode has a surface 
coverage of molecules in the Ilat orientation in excess 
of 90 percent. In other words, monolayer surface 
saturation in the flat orientation must be approached 
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before the reorientation of adsorbate molecules can 
occur. 

It is also noticeable from the results presented in 
tables 3 and 4 that methylation of uracil at the N(3) 
position always destroys the ability of a uracil 
derivative to exhibit the capacitance pit, i.e. flat-to- 
perpendicular surface reorientation. This, therefore, 
strongly supports the conclusion that an unsubstitut- 
ed N(3) position is essential for a uracil derivative to 
be capable of exhibiting a perpendicular surface 
orientation_ However, it may be noted (table 4) that 
1 -methyluracil, 1.6dimethyluracil and 6-methyluracil 
are also unable to exhibit a capacitance pit. However, 
1.5dimethyluracil and 1,5,6_trimethyhrracil can ex- 
hibit a capacitance pit, i.e. a perpendicularly orientat- 
ed surface layer. This behavior reinforces an earlier 
suggestion [I ] from this laboratory that not only is 
the hydrogen at N(3) capable of binding -rracil to the 
electrode but also the hydrogen at N(l)_ However, the 
fact that no uracil derivative methylated at N(3) can 
give a perpendicular layer but severaI derivatives 
methylated at N(1) can give this layer indicates that 
the N(3)H is a strong perpendicular binding site 
whereas N(1)H is a significantly weaker perpendicular 
binding site. 

In order to explain the ability of a uracil derivative 
to adopt a perpendicular surface orientation it is clear 
that the first and absolute requirement is that the 
N(3) position i.e. the strong perpendicular binding site, 
must be unsubstituted. However, three other factors 
must be considered: (a) the availability of the weaker 
N(1) binding site, (h) the effects of methylation on 
intermolecular stacking interactions between adjacent 
perpendicular uracil residues and (c) the steric effect 
of methylation on the ability of the N(1)H group 
to effectively bind to the electrode surface. The latter 
three effects must be considered in order to rationalize 
the failure of 1 -, and 6-methyluracil and 1,6dimethyl- 
uracil to form a perpendicular surface layer_ 

It is believed that uracil is able to form a perpen- 
dicular layer because it has two perpendicular binding 
sites, N(l)H and N(3)H. The presence of these two 
binding sites is sufficient to anchor uracil in a per- 
pendicular stance even though the stacking interactions 
between adjacent bases would be smaller than for 
methylated derivatives [26]_ 1 -Methyluracil cannot 
exhibit a perpendicular layer because ir i-_ ‘3 7: 2 per- 
pendicular binding site and the influence of a single 

methyl group at N(1) on stacking interactions must be 
quite small. The same argument must apply to 1,6- 
dimethyluracil when the N(1) and C(6) methylsub- 
stituents apparently do not enhance stacking inter- 
actions sufficiently to overcome the loss of the N(l)H 
binding site. In the case of 6-methyluracil both per- 
pendicular binding sites are available_ However, molec- 
ular models reveal that the methyl substituent at C(6) 
should sterically hinder binding between N( 1 )H 
and the electrodes surface. Hence 6-methyluracil 
should, and does, exhibit similar behavior to 1 -methyl- 
uracih In view of the fact that 1,5-dimethyluracil 
does exhibit a perpendicu’a surface layer but 1,6- 
dimethyluracil does not it must be concluded that 
the methyl group at the C(6) position has a significant- 
ly smaller effect on base-base stacking interactions 
than does the methyl group at the C(5) position_ In 
other words 1,5&methyluracil exhibits a perpendicular 
layer because the loss of the weaker N(l )H perpen- 
dicular binding site is more than compensated for by 
the presence of the methyl groups at N(l_) and C(5) 
which enhance stacking interactions such that a per- 
pendicular layer may be formed and stabilized. The 
only reason, therefore, that a similar explanation can- 
not be applied in the case of 1,6dimethyluracil is if 
the C(6)methyl group is far less effective in promoting 
base-base stacking interactions. Unfortunately there 
is no experimental evidence available concerning the 
relative effect of C(6) and C(5) methyl groups on base- 
base stacking interactions. 

In summary, therefore, it appears that the N(3)H 
group is essential for a uracil derivative to be capable 
of exhibiting a perpendicular surface orientation but 
that ‘Lhe N(1)H group can also function as a weaker 
binding site. Bmding of a uracil derivative by a 
N(3)-H- electrode or N(1 )H- electrode bond suggests 
an interaction resembling a hydrogen bond. Such 2 
hydrogen bond would normry require that the elec- 
trode carry a negative charge. In the capacitance pit 
region it is necessary to determine the ECM potential 
in order to decide the sign of the charge carried by 
the electrode_ This was done by considering y, E, and 
c data obtained in the capacitance pit region using the 
maximum bubble pressure method. Interfacial ten- 
sions are more difficult to determine in the pit region 
than in the dilute adsorption region. This is so because 
there is a tendency for mercury to “stick” inside the 
glass capillary. Nonetheless, reasonably consistent sets 



Table 5 
Comparison of calculated ECM potentials for uracil deriv- 
atives in the capacitance pit region and the optimum poten- 
tial for capacitance pit formation a) 

Compound EChl potential/b) Optimum potentia 
Volt versus SCE tial c) for pit 

formation/ 
Volt versus SCE 

Uracil -0.43 -0.56 
Thymhie -0.37 -0.61 
I ,5-Dimethyhrraeil -0.43 -0.53 
5,6-Dimethyluraeil -0.42 -0.56 
I .5,6-Trimethyluraeil -0.17 -0.60 

a) To 0.5 M NaF + 0.01. M NaaHPO4 pH 8.0 buffer. 
b, Cahxlated by the method described in text. 
‘1 The potential at which the capacitance pit is first observed. 

of 7 versus E values at different concentrations could 

be obtained in the capacitance pit region for uracil, 
Smethyhrracil, 1.5 and 5,6-dimethyluracil and l&6- 
trimethyhrracil. In analyzing these data it was noted 
that the measured capacitance in *he pit region is 
essentially independent of potential for a given uraciI 
derivative_ Therefore, it is possible to express the 
interfacial tension as a function of activity and poten- 
tial as 

where 7ECM(u=I mftf) is the hypothetical maximum in 
interfacial tension for the perpendicularly oriented 
film (at 8 = 1 at the ECM potential for that fiun and 
at a solution activity of 1 n-&f’), and C’ is the capa- 
citance of the perpendicularly oriented film. Data for 
five uracil derivatives have been fitted- to eq_ (I 2) by 
least squares analysis to obtain vahres of the four 
parameters ~~~~~~~~ -, r,, EEchl and C’. The 
values of C’ determined by the four-parameter fitting 
procedure were ordinarily close to those observed in- 
the pit region for each system. Thus, using the observ- 
ed value of C’ for each system as a known constant 
leads to very nearly the same values of the other 
parameters as those obtained in the analysis which 
treats C’ as an adjustable parameter_ Moreover, rr.,, 
values inferred for the film formed in the capacitance 
pit region using eq. (I 2) were in good agreement with 
vahzes calculated from the slope of plots of n versus 

In a, at constant potentiaf, in the pit region. Table 5 
lists the values of EECM inferred from the Ieast 
squares analysis and the potentiah at which the 
capacitance pit first forms at the lowest soIution con- 
centrations. The ECM potentials reported for the 
perpendicular uracil layer in table 5 are, in general, 
not very different from the ECM potentials for the 
flat uraciI Iayer at fir11 monolayer coverage reported 
in table 3 (i.e. EN values). 

Also shown in table 5 are the optimum potentials 
for formation of a perpendictdar Iayer i.e. the poten- 
tial at which capacitance pit formation is first noted. 
It is clear that the optimum potential for formation 
of the perpendicuIar layer generahy lies 0.7 V to 

0.2 V negative of the ECM potentials for the pure 
supporting electrolyte solution, the fiat adsorbed layer 
of uracil (EN, table 3) or for the eiectrode covered 
with a perpendicular monolayer. Thus, the optimum 
conditions for formation of a perpendicularly oriented 
layer seem to prevaiI when the electrode carries a 
relatively small negative charge. This fact seems to 
support the idea that the uracil derivatives are bound 
to the electrode through the N(3)H- electrode hydro- 
gen bond or, in some instances and to a lesser extent, 
a N(l)-H-- electrode hydrogen bond with the elec- 
trode functioning as a moderately electronegative site. 
As noted earlier, formation of the perpendicular ad- 
sorbate layer is facilitated by substitution of electron- 
reieasing methyl groups into uracil because of the 
resultant increase in intermoIecular stacking inter- 
actions between adjacent bases. 

It may be observed in C versus E curves of uracil 
derivatives which exhioit the cayncitance pit (fig. I B, 
C and fig_ 1 of ref. II] ) at potentials both more posi- 
tive and negative than the optimum potential for pit 
formation that the capacitance dramatically increases 
to a value characteristic of the flat oriented surface 
layer, This implies that on both the positive and nega- 
tive side of the optimum potential the perpendicular 
uracil Iayer undergoes a catastrophic disruption and 
forms a partial flat layer. Although it is not possible 
at this stage to defrnitively explain this catastrophic 
breakdown of the perpendicular layer it seems reason- 
able to assume that at potentials sufficiently negative 
or positive of the optimum potential, water molecules 
begin to compete successfully witi, the uracil deriv- 
ative for the electrode surface. Sin-e the perpendicular 
layer of uracii derivatives are stabiiized by highly co- 



366 J.G. B a k ~  et aL/lnterfacial behavior o f  uracil derivatipe$ 

operative stacking interact ions  i t  is likely tha t  dis- 
p lacement  o f  even a few molecules b y  water  would  
result in  to ta l  collapse o f  the perpendicular  layer. 

3.5. Conclusions 

The re . f i t s  reported in this  and  an  earlier report  
[ l  ] support  a n u m b e r  o f  general conclusions regarding 
the adsorpt ion and related interracial behavior  o f  
urac/1 derivativSs. First ,  all uracil derivatives studied 
exhibit  an  initihl adsorpt ion region where t hey  are 
adsorbed fiat on  the electrode surface over a large 
range o f  potentials ,  The interact ion be tween the ad- 
sorbed molecules and the electrode responsible for 
b inding  the adsorbate to the surface appears to  be 
be tween the 7Pelectron cloud and ,  presumably ,  the 
conduc t ion  band  o f  the  electrode. In effect a rather  
weak, non-specific b o n d  anchors  the uracil molecule 
to the electrode. The effect o f  me thy l  and f luoro 
subst i tuents  on  the ~r-eleetron dens i ty  and  hence on  
the standard free energy o f  adsorpt ion is in accord 
with the above type o f  interact ion.  

Uracil, and 5-fluorouraefl and a n u m b e r  o f  methyl -  
ated uracil derivatives undergo a surface rearrangement  
from the initial  flat or ienta t ion  to  a perpendicular  
or ienta t ion.  This reorientat ion process occurs at  poten-  
tials characteristic o f  each compound .  However, the  
op t imum potent ia l  for the flat-to-perpendicular re- 
or ienta t ion  process always occurs at a negati,-ely 
charged electrode. In addi t ion,  an unsubs t i tu ted  
N(3)-H func t ion  appears to be an absolute  requi rement  
for a uracil derivative to be capable o f  adopt ing the 
perpendicular  surface layer. Accordingly,  i t  seems 
reasonable to conclude that  when  in  a perpendicular  
stance the uracil derivative forms, in  effect,  a hydrogen 
bond  o f  the type  N(3)-H--  (-) electrode. Since the 
N(1)-H group can apparent ly  a~lso func t ion  as a per- 
pendieular  b-;nding site, a l though considerably less 
effectively than  the N(3)-H group,  a s imilar 'hydrogen 
bond  may  be formed between the N(1)-H group and 
the negatively charged electrode. Increasing methy l  
subst i tu t ion o f  uracil Lncreases the ~r-eleetron densi ty  
of  the uracil  ring which in  tu rn  favors format ion  o f  the 
perpendicular  layer as a result o f  enhanced intermolee-  
ular Racking in teraet inns  be tween adjacent bases. 
Conversely, a f iuoro subs t i tu ten t  decreases the ten-  
deney to form the perpendicular  layer because o f  a 
decrease in  ~r-eleetron densi ty.  

At potent ia ls  su f f i~en t ly  negative or  positive o f  
the o p t i m u m  value for fornmt ion  o f  the perpendicular  
layer a very s h ~ p l y  defined collapse o f  the lat ter  
layer occurs. This is apparently so because at such 
potent ials  wate r  molecules can successful ly compete  
wi th  the uracil  derivative for surface sites. Because of  
the  highly cooperative na ture  o f  the pexq3endicular 
layer, replacement  o f  even a few uracil molecules by  
water causes the entire perpendicular  array to  revert 
to  a flat or iented layer. 

The perpendicular  layer o f  adsorbed uracil  deriv- 
ative exhibi ts  properties at the electrode surface 
typical  o f  such molecules in  nucleic acids, i.e., they 
b ind  to  the surface through their  normal  Watson- 
Crick hydrogen bonding  site and undergo stabilization 
by  means  of  stacking interact ions.  
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