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Abstract

The geometric structure of the DNA-base derivative 5-Chlorouracil deposited on Ag(111) was analyzed using
surface X-ray diffraction. Although the ad-layer structure bears many similarities with its bulk analog (e.g., lattice
metric, hydrogen bonded molecules within each molecular layer and van der Waals interconnected layers), we find that
subtle modifications of the interlayer molecular arrangement prevents the growth of films thicker than three layers.

© 2003 Elsevier B.V. All rights reserved.

During the last two decades the preparation
and characterization of self-assembled organic
films deposited on single crystalline substrates has
become a major subject in solid-state physics [1].
Organic molecules are seen as highly important
materials for potential applications in technology,
such as for organic opto-electronic and semicon-
ductor devices [2-6]. The surface interactions of
DNA-base molecules as well as their derivatives
are of particular interest, since these are the basic
components of the genetic information [7,8]. In
this context, manipulation of their growth, struc-
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ture and related properties is a primary issue for
understanding fundamentals of genetic mecha-
nisms, which for example can lead to mutations
and the development of cancer. Furthermore, the
specific synthesis and use of modified molecules is
a prerequisite for tailoring more efficient pharma-
cological substances and procedures.

Since the 1950s the 5-halogenated uracils were
used as anti-tumor agents, because they are pref-
erentially incorporated into the DNA instead of
thymine and were found to act as anti-metabolites
[9,10]. The structure formula of uracil and two of
its derivatives are shown in Fig. la. In the case of
uracil a H-atom is bonded to the C-atom at the
position #5 of the pyrimidine ring (R =H). Re-
placing the H-atom either by R=CH; or by
R =CI results in the derivatives thymine and
5-Chlorouracil (5-CIU), respectively.

0009-2614/03/$ - see front matter © 2003 Elsevier B.V. All rights reserved.
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Fig. 1. (a) Structure formula of the pyrimidine ring with the
possible residuals (R) bonded to the C-atom at the position 5:
R =H (uracil), R=CHj; (thymine) and R =CI (5-Chloroura-
cil). (b) Sketch of the reciprocal space for 5-CIU/Ag(111)
projected along c¢*. Large circles represent Ag(l11)-(1x1)
spots. All other symbols are from the superstructure. Different
colors correspond to different domains. Long and short arrows
correspond to the b*- and a*-basis vectors of the different do-
mains. The lower part shows only the reflections of one domain
(o). Its unit cell is indicated by the solid rectangle.

A thorough compilation of the crystal struc-
tures of many nucleic acid constituents has proven
that the vertical stacking of the pyrimidines and
purines in polynucleotides is similar to that ob-
served in crystals of nucleic acid constituents. In
general, the layer interaction is dominated by di-
pole interactions, which involves the polar region
of one molecule with the polarizable ring system of
the adjacent layer. In particular, the structures of
the 5-halogenated uracils are representative for an
intimate interaction of the (electronegative) halo-
gen with the C-atom at the position #2 of the
adjacent ring, while the intra-layer hydrogen
bonding scheme is little affected by halogen sub-
stitution [11].

In general the properties of crystals and mole-
cules can be influenced by chemical substitution,
but also by the reduction of dimensionality. The
transition from three-dimensional to two-dimen-
sional structures is known to significantly influence

both, structure and physical properties. In order to
study the effect of dimensionality and the influence
of a weakly interacting noble metal surface on the
intermolecular 5-CIU structure, we have carried
out a surface X-ray diffraction (SXRD) study of
5-CIU deposited on Ag(111). This provides im-
portant insights into the mechanisms influencing
the structure of this DNA-base molecule.

Surface X-ray diffraction is the method of
choice for investigating the geometric structure of
large organic molecules. This is because the com-
monly employed techniques for the analysis of
molecular ad-layer structures like scanning tun-
neling microscopy (STM) and low energy electron
diffraction (LEED) either do not provide sub-
molecular resolution or have to surrender in the
case of large unit cells. We find that while the in-
commensurate ad-layer structure in many respects
bears close similarities with its bulk analog, only a
three-layer film can be grown. This is directly
correlated to the slightly modified inter-layer in-
teraction and stacking scheme between the layers.

The experiments were carried out at the beam-
line X16A of the National Synchrotron Light
Source (NSLS) in Brookhaven (USA) using the
ultra-high-vacuum (UHYV) diffractometer operated
in the 5-circle mode [12]. The Ag(1 1 1) surface was
cleaned by standard procedures after which 5-Cl1U
was deposited by thermal sublimation from a
Knudsen cell on the surface kept at room tem-
perature. Mild annealing at 85 °C for a few min-
utes significantly improved the surface order as
determined from the sharpness of the LEED spots.
Fig. 1b schematically shows the reciprocal space
viewed along the c¢*-axis. The large filled circles
correspond to the first-order Ag reflections, while
all other symbols represent the superstructure
spots of the molecular structure, which is arranged
in six domains. The spots of each domain are
represented by a different color of the circles. It
should be noted that due to the particular lattice
metric of the superstructure, the reflections of two
domains always nearly overlap and cannot re-
solved. In the lower part the symbols of only one
domain represented by the small filled circles (e)
are shown. The solid rectangle indicates the cor-
responding reciprocal unit cell while the two black
arrows represent its a*- (short arrow) and b*-axis
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(long arrow). The b* lattice vectors of the other
domains are represented by the other long vectors
in Fig. 1b. The matrix relating the unit cell to the
Ag(111)—~(1x1) mesh equals to

5013 2495
M= (0.012 2.357)'

Error bars for the determination of the matrix el-
ements are in the 10~* range. The transformation
matrix is related to a nearly rectangular two-di-
mensional unit cell with parameters a) = 12.54 A,
by = 6.79 A and y = 89.94°, which is very close to
the corresponding dimensions of the bulk unit cell
ip the equivalent setting (ap = 12.42 A, by = 6.85
A and y =90°). Thus, a close similarity between
ad-layer and bulk can be anticipated. We did not
find any LEED spots related to Cl/Ag(111) su-
perstructures reported so far [13-15], which could
indicate the instability of the 5-CIU molecule upon
adsorption as in the case of 5-Iodouracil [16].

Integrated SXRD reflection intensities were
collected in situ under total reflection conditions of
the incident beam by rotating the sample around
its normal [17]. Since organic molecules are in
general composed of weakly scattering atoms and
their structures are characterized by large unit cells
(85 A? in the present case) and low plane group
symmetries, SXRD reflection intensities are ex-
tremely weak [16,18,19]. Good intensity statistics
was achieved by long counting times (typically 10 s
per data point) resulting in a statistical error below
10%. Furthermore, the high resolution of SXRD
allows the separation between reflections belong-
ing to different domains. Note that due to the
particular superlattice metric the reflections of
two domains always nearly overlap and a k-space
resolution in the 107* A~! (without the factor 2m)
range is a prerequisite for measuring reliable in-
tensities. The measurement of several control re-
flections indicated that the X-ray beam induces
some damage into the molecular film (about 15%
intensity reduction during 10 h), making the re-
peated preparation of the superstructure necessary
during data collection.

In total 94 in-plane (4 £0), reflection intensities
were collected reducing to 48 independent reflec-
tions by averaging over symmetry equivalent re-
flections and over equivalent reflections belonging

to different domains. In addition, the intensity
distribution along nine independent superlattice
rods was measured up to a maximum normal
momentum transfer of ¢ = g./c* = 2.4 reciprocal
lattice units (rlu, 1 rlu=c*=0.886 A~'). This
adds to a total of 202 reflections for the whole data
set. The structure factor intensities, |F(hk0)|,
were obtained after correcting the intensities for
effective sample area, Lorentz- and polarization
factor [20]. The standard deviations (o) of the
|F(hk?)|* were derived from the reproducibility of
symmetry equivalent reflections and the counting
statistics [17]. In general they are in the 10-20%
range.

In first step of the analysis the Fourier trans-
formation of the in-plane, |F(hk0)|* was calcu-
lated yielding the Patterson function, P(u,v), of
the projected structure. It is shown in Fig. 2a. In
general, P(u,v) provides a picture of the inter-
atomic vectors within the unit cell, weighted by the
atomic number and their multiplicity [21]. Here,
P(u,v) is characterized by a quasi-hexagonal ar-
rangement of broad peaks separated by about 4 A,
all of comparable height. Interestingly, P(u,v) can
be interpreted qualitatively by the bulk structure.
Figs. 2b, ¢ show the bulk structure and the best fit
model for the 5-ClU/Ag(111) ad-layer, respec-
tively. In both cases the viewing direction is per-
pendicular to the ring planes. In the bulk structure
this corresponds to the (1 02) plane. In this setting
the lattice parameters of ad-layer and bulk struc-
ture differ by less than 1%. Along the normal di-
rection, one bulk unit cell (within the infinite stack
of layers) is composed of three molecular sheets,
where from the bottom to the top the rings are
represented by black (III), gray (II) and open (I)
hexagons, respectively. One isolated molecule with
its O- and Cl-atoms indicated by the red and green
sticks, respectively, is shown in the upper right
part of the figure.

The bulk structure is characterized by two basic
features: first, within the layers there is a zig-zag
pattern of hydrogen bonded molecules. For the
top layer this is emphasized by the lines on the left.
Second, the layers are interconnected by dipole—
dipole interactions between the Cl-ligands and the
C-atom at the position #2 of the pyrimidine ring
of the adjacent layer (distance 3.35 A). The Cl- and



H.L. Meyerheim et al. | Chemical Physics Letters 376 (2003) 438—444 441

P(u,v)

(a)

bulk
(102)

(b)

¢ 1.5A :

adlayer >: ;

| I N B |

(c) A B C A B

Fig. 2. (a) P(u,v) for 5-CIU/Ag(111). (b) Structure of bulk
5-CIU in projection normal to the (102) plane. Molecules are
drawn from the bottom to the top by black (I1I), gray (II) and
open (I) hexagons, respectively. Hydrogen bonded molecules
within each layer form a zig-zag pattern as indicated by the
solid line for the top layer on the left. (¢) Structure of 5-ClU
deposited on Ag(1l11). Molecules are labeled as in (b). Some
distances between the centers of the pyrimidine rings are indi-
cated (for details see text).

C-atoms are arranged almost vertically above or
below each other (see blue circle and the arrow on
the upper left of Fig. 2b). The molecular ar-
rangement along the a-axis is given by a (III, II, I,
III, ...) sequence. Along the b-axis there is also a
sequence of three different types of chains labeled
by A, B, C, A, ... (see lower part of the figure)

consisting of type (I, III)-, (I, II)- and (II, III)-
molecules, respectively. Along these chains the
centers of neighboring rings are displaced by about
0.6 A relative to each other forming a zig-zag chain
as well.

To first order, the quasi-hexagonal arrangement
of the peaks in P(u,v) derived from the surface
structure can be related to the bulk arrangement of
the molecules, while individual inter-atomic vec-
tors cannot be resolved. Moreover, the uniform
peak height distribution in P(u, v) can be explained
by considering each molecule as a single scattering
unit. This is because a primitive hexagonal ar-
rangement of identical scatterers leads to a uni-
form peak height distribution in the corresponding
P(u,v). Thus, so far on the basis of the similarity
of the lattice parameters and the semi-quantitative
analysis of P(u,v) a close resemblance between
bulk and surface structure can be anticipated,
however, some differences exist in detail as derived
on the basis of the quantitative intensity analysis.

Using the bulk structure as a starting model, the
analysis was carried out by last-squares refinement
using the program SHELX-97 [22]. In order to
minimize the number of free parameters, the py-
rimidine rings were treated as planar rigid units
(inter-atomic distance within the ring: 1.40 A)
keeping the exo-cyclic ligands at fixed distances
from the ring (O, 1.20 A; Cl, 1.7 A). Thus, for each
molecule there are three positional and three ro-
tational free parameters to refine adding up to 36
in total for all six molecules in the unit cell (plane
group pl).

The symbols in Figs. 3a-d represent the
|F(hk?)|’s along several rods. The strong intensity
modulation along g, is only explainable by a multi-
layer structure. A molecular monolayer would
only lead to a monotonic intensity decrease along
q.. The best fit (solid lines) quantitatively expressed
by the goodness of fit, GOF=1.5, and the un-
weighted residuum, R, = 0.25 [17,23], was ob-
tained by a structure model, which is composed of
a three-layer stack of intact 5-ClU molecules sim-
ilar to the bulk. However, several modifications
with respect to the bulk are found as discussed in
the following using Fig. 2c.

The most important modification is that the
top-layer molecules (white hexagons) are shifted
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Fig. 3. (a)~(d) Observed (symbols) and calculated (lines) structure factor amplitudes for some superlattice rods. The inset in (a) shows

the plot of |Fyps| versus |F| for the in-plane data.

by about 0.7 A along the positive a-axis relative to
the second and bottom layer. The intra-layer zig-
zag arrangement of the molecules is basically un-
changed. The relative arrangement between the
deeper layers (II) and (III) are much less modified,
although in detail differences exist with respect to
the bulk structure as well (vide infra). The top
layer shift is most evident by inspecting the mo-
lecular structure along the b-axis in comparison
with the bulk. In the surface structure the molec-
ular (zig-zag) arrangement within chain C, which
contains only the layers (III) and (II), i.e., the
layers next to the substrate and the second one, is
similar to the bulk. In contrast, due to the shift of
the top layer molecules, (I), the corrugation in
chain A is increased to approximately 1.5 A, while
it is almost zero along chain B. Furthermore, while
in the bulk all molecules are perfectly aligned
along the g-axis, an about 0.7 A relative shift and a
5-10° rotation of molecules (with the axis normal
to the ring plane) is observed. This affects all
molecules and directly indicates that differences to
the bulk structure exist in all layers.

As a consequence of the translations and rota-
tions of the molecules relative to each other, the
interlayer C1-C distances (3.35 A in the bulk) are
considerably elongated. We find 3.6 A on average
and 4.2 A for one position between (II) and (III)
marked by the blue circle and the arrow in the
upper left of Fig. 2¢ (the error bars for the distance
determination are estimated to be +0.25 A). Here,
the Cl-atoms are no longer closely above (or be-
low) the C-atom of the adjacent layer as in the
bulk but are laterally shifted. Consequently, the
dipole-dipole interlayer bond 1is considerably
weakened. This is in correspondence with the ob-
servation that even mild annealing to 100 °C de-
stroys the superstructure. Finally, the increasing
disorder and progressive bond-weakening in the
layers is also reflected in the intra-layer (N-:--O)
distances between hydrogen bonded molecules.
For the layer (III) next to the substrate N-O dis-
tances in the range between 2.7 and 3.1 A are de-
termined, but in the top layer we find larger
distances of 3.2-3.8 A. At least the latter cannot be
seen as an intact hydrogen bond when compared
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with the bulk value (2.82 A). Note, however, that
even in the first layer the hydrogen bond length is
increased by up to 0.2 A, reflecting the perturba-
tion of the substrate (see below).

The structure model outlined so far leads to a
significant improvement of the fit relative to that
obtained for the three-layer bulk starting model
(GOF = 1.5 versus 3.0 and R, = 0.25 versus 0.60).
Some small deviations along the (22/¢) rod are
attributed to some extra scattering contribution as
a result of a small (=~1%) normal substrate relax-
ation. This conclusion is supported by good fit
(Ry ~ 0.15) of the in-plane intensities, |F(hk0)[,
which are not affected by the substrate relaxation.
In the inset of Fig. 3a, the |F,| are closely aligned
along the dashed diagonal representing the (ideal)
condition |Fyps| = |Feate|-

We have evidence that from the bottom to the
top of the molecular film there is a progressive
modification of the mutual arrangement of the
molecular sheets relative to the bulk structure
leading to a progressive weakening of the inter-
layer bonding strength. This mechanism is ac-
counted for inhibiting the growth of a film thicker
than three layers. We argue that this can be traced
back to the (weak) chemisorptive interaction of the
first layer Cl-atoms and to the interaction of the
whole pyrimidine m-system with the metal surface.
In this model, the dipole interaction to the second
layer is weakened by the depolarization of the Cl-
atoms as well as by the depolarization of the
pyrimidine rings, which in turn interact with the Cl-
atoms of the second layer. Our structure analysis
shows that the weakening of the inter-layer dipole—
dipole interaction is already more pronounced at
the second interface (i.e., between layers II and I).
This is indirectly evident by the significant mis-ar-
rangement of the top layer relative to the second
one. Thus, we conclude, that once the intra-layer
structure and bonding is disturbed by the substrate
it rapidly shakes up and no ordered films thick than
three layers can be grown at room temperature.

It should be emphasized that on the basis of the
SXRD data alone it is not directly possible to
unambiguously decide whether layers (I) and (III)
are at the top and at the bottom of the three-layer
stack, respectively, or vice versa. However, the
model based on a reversed layer sequence [i.e.,

with (III) top and (I) bottom next to the Ag sur-
face] is much less plausible, since it would not
explain why the film-growth stops just after three
layers. One could expect a film composed of more
than three layers. This is because in this model the
structural mis-arrangement between the layers
decreases with increasing thickness, which could
favor the adsorption of additional layers.

Finally, it should be noted that the basic simi-
larity between bulk and ad-layer structure is a clear
indication for the tendency of the 5-halogenated
uracils to form its characteristic stacking scheme
even on an ‘arbitrary’ an organic substrate. It also
proves the importance of self-assembly processes in
DNA-base molecule structures even in complicated
cases. The main result of our study — the substrate
induced modifications might have wide implications
for developing suitable procedures for the specific
manipulation of the structural arrangement in this
important class of molecules.

In summary, our SXRD study on has provided
a detailed picture of the structure of 5-ClU de-
posited on Ag(l11). Although the basic features
of the molecular ad-layer structure resemble those
found in the bulk structure, we determine subtle
changes in the inter-layer bonding configuration,
which are made responsible for the fact, that the
ordered growth of the molecular stack is limited to
three layers only.
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