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Introduction

By the use of molecular design and modeling it is possible
to program the assembly of molecules into ordered supra-
molecular structures with novel shapes, properties, and
useful functions.[1±5] This spontaneous assembly is often
driven by a limited number of individually weak, noncova-
lent interactions that, when accumulated, can provide signif-
icant stability to the final aggregate. Owing to the reversibil-
ity of the intermolecular association, these systems are often
self-correcting,[6] thus leading to the formation of large
defect-free structures that can be destabilized by changing
the external conditions, a property of interest, for instance,
in the design of devices with switchable or stimuli-respon-
sive functions.[7,8] Ordered multimolecular assemblies that
can be repeatedly formed and destabilized on a practical
timescale have been reported only rarely in the literature.[8,9]

Recently, we showed that bola-amphiphiles of the type a,w-
bis(4-amidinophenoxy)alkanes assemble spontaneously and
rapidly on SAMs of mercaptoalkanoic acids on gold or on
pure gold substrates (Scheme 1).[9] Conditions could be
found that allow repeated assembly±test±disassembly cycles
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Abstract: The reversible self-assembly
of a series of bipolar amphiphiles, a,w-
bis(3- or 4-amidinophenoxy)alkanes
(chain length n = 5±12), on mercap-
toalkanoic acid-functionalized gold sur-
faces (chain length n = 10, 11, 14, 15)
has been studied by in-situ ellipsome-
try, IR reflection absorption spectro-
scopy (IRAS), and atomic force micro-
scopy (AFM). The layer order, amphi-
phile orientation, and tendency to form
bilayers depends on the position of the
amidine substituent, the alkyl chain
length of both the amidine amphiphile
and the underlying acid self-assembled
monolayer (SAM), and whether the
amidine alkyl chain contained an even
or odd number of methylene groups.
Thus, para-substituted bisbenzamidines

containing more than six methylene
groups (n>6) and with an odd number
(n = 7, 9, 11) tended to form bilayered
structures, whereas those containing an
even number formed monolayers when
adsorbed on SAMs of the long-chain
acids (n = 14, 15). This behavior also
correlated with the average tilt angle
of the benzene moieties of the amphi-
philes, as estimated by IRAS. The odd-
numbered chains gave lower tilt angles
than the even-numbered ones, and a
possible model that accounts for these
results is proposed. IRAS also revealed

a higher order of the odd-numbered
chains and an increasing hydrogen-
bonding contribution with increasing
chain length. Additional evidence for
the proposed bilayered assemblies and
their reversibility was obtained by
AFM. Images obtained from the as-
sembly of decamidine on a SAM of
mercaptohexadecanoic acid in a pH 9
borate buffer revealed domains of simi-
lar size to that of the underlying acid
SAM (20±30 nm), but less densely
packed. By acidifying the solution, the
second layer was destabilized and a
very smooth layer with few defects ap-
peared. Further acidification to pH 3
also destabilized the first layer.

Keywords: benzamidines ¥ bola-
amphiphiles ¥ layered compounds ¥
odd±even effect ¥ self-assembly
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of the layer structure. This restorable substrate concept was
demonstrated for the detection of single mismatches in
DNA hybridization experiments[10] for selective detection of
phosphate-containing biomolecules,[11] for the charge-selec-
tive adsorption of plasma proteins,[9] and for the rapid for-
mation of dense layers of gold nanoparticles.[12] After the
™sensing∫ or adsorption event, the layers could be destabi-
lized and the substrate restored. This allows the use of one
single substrate for numerous measurements[13] or the rapid
optimization of surface chemical properties for a given ap-
plication.
In our previous work, we determined a critical chain

length for the bola-amphiphiles of seven methylene groups
for the formation of a layer that is stable to rinsing and dis-
placement reactions (e.g. stable in the presence of plasma
proteins). Above this critical chain length, the layers exhibit-
ed high order and, in some cases, crystallinity. It was also
found that the longer bisbenzamidines tended to form bilay-
ered structures.
To obtain a better understanding of the structure-directing

factors of the system, we have synthesized a large range of
homologous para- or meta-substituted bisbenzamidine am-
phiphiles, and have probed their interactions with self-as-
sembled monolayers of homologous mercaptoalkanoic acids.
We show that the structure, order, and stability of these as-
semblies are very sensitive towards the amidine substitution
pattern and whether an even or odd number of carbons
have been used in either layer of the assembly
(Scheme 1).[14,15] Variation of just these parameters provides

an effective control over the tilt angles of the bisbenzami-
dine layers and whether mono- or bilayered structures are
formed on the modified gold surface.

Results and Discussion

The order and headgroup orientation of SAMs of mercap-
toalkanoic acids on gold are strongly dependent on the alkyl
group chain length[15] and the preparation technique.[16] In
this study, we have compared SAMs of odd- and even-num-
bered acids (Scheme 1) that are expected to exhibit a lower
liquid-like order (m = 10, 11) or a high crystalline-like
order (m = 14, 15).[16,17] The successful formation of these
monolayers was supported by results obtained from ellips-
ometry, neutron reflectivity, AFM, and IRAS (Table 1 and
Figure 1). Thus, three independent techniques to measure
film thickness gave similar results that supported a monolay-
er structure containing all-trans alkyl chains with a tilt angle
of �308 relative to the surface normal (see Table 1). The

Scheme 1. Assembly of bola-amphiphiles of the type a,w-bis(4-amidino-
phenoxy)alkanes on SAMs of mercaptoalkanoic acids on gold.

Table 1. Layer thicknesses estimated by ellipsometry,[a] neutron reflectiv-
ity, and AFM of the SAMs of mercaptoalkanoic acids on gold that were
used in the experiments.

Mercapto- -(CH2)n-, Layer thickness Layer thick- Molecular
alkanoic acid n = from ellipso- ness from length [ä]

metry [ä] neutron re-
flectivity [ä]

MUA 10 13�1 16 17
MDA 11 14�2 [b] 18
MPA 14 17�2 [b] 21
MHA[c] 15 21�3 26 22

[a] Ellipsometry was performed on dry surfaces in air and the thickness
was calculated assuming a layer refractive index of 1.45. The neutron re-
flectivity was measured in D2O as previously described[9] with a specially
designed cuvette. The molecular length was estimated assuming an ex-
tended conformation of all-trans alkyl chains. [b] Not recorded. [c] AFM
revealed an interdomain peak-to-valley height of maximum 19 ä.

Figure 1. High-frequency region of the baseline-corrected IR reflection±
absorption spectra (IRAS) of SAMs of the mercaptoalkanoic acids MUA
(m = 10), MDA (m = 11), MPA (m = 14), and MHA (m = 15) on
gold. The band positions are indicated for the C±H stretch (asym)
(2919 cm�1) and C±H stretch (sym) (2850 cm�1) corresponding to highly
ordered alkyl chains.
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position of the C±H asymmetric stretch vibration (Figure 1)
above 2920 cm�1 for MUA and MDA confirmed the poorer
order of these monolayers in contrast to the more ordered
SAMs of MPA and MHA that exhibited a C±H stretch
below 2920 cm�1.

Characterization by in situ ellipsometry : The adsorption of
the bola-amphiphiles on these substrates was then studied.
Figure 2 shows the average film thickness during adsorption

of bisbenzamidines on a SAM of mercaptohexadecanoic
acid (MHA, m = 15) on gold, monitored by in-situ ellips-
ometry. Figure 3 shows the film thicknesses obtained after
rinsing with a buffer solution.
The adsorption kinetics (Figure 2) and the thickness of

the resulting layers (Figure 3) depended on the size and
structure of the amidines, as well as on the structure and
order of the underlying acid monolayer.
Thus, the longer chain para-substituted amidines tended

to adsorb in two distinct steps (Figure 2A), a rapid initial
step to reach thicknesses between 20 ä and 30 ä followed
by one slower step with the final thickness leveling off at
�50 ä. The meta-substituted counterparts, however, adsorbed

in one single step with the final thickness leveling off be-
tween 30 ä and 40 ä (Figure 2B). Furthermore, the para-
substituted bisbenzamidines with alkyl chains containing
�7 methylene groups form layers with thicknesses exceeding
the molecular length of the amphiphiles on all acid SAMs
(Figure 3A), the meta-substituted ones do so only on the
most ordered acid monolayers and for longer chain amidines
(Figure 3B). This difference in the behavior may be caused
by the conformational ambiguity introduced by the meta-
substitution with structures featuring the amidine groups in
a syn or anti arrangement. For instance, bisbenzamidines
with a syn conformation may prefer a flat orientation allow-
ing two headgroup interactions with the surface carboxyl
groups. The corresponding layers should be thin and their
thickness should strongly depend on the orientation of the
carboxylic acid headgroup (note the different thicknesses of
the layers formed on the SAMs of MHA and MPA in Fig-
ure 3B). The IR band positions of the C±H asymmetric vi-

Figure 2. Film thickness, estimated by in situ ellipsometry, versus time
during adsorption of A) para- or B) meta-substituted bisbenzamidines of
various chains lengths (n) on a SAM of MHA on gold. The experiment
was carried out by adding 40 mL of the bisbenzamidine stock solution
(2.5 mm) to the substrate immersed in a stirred solution of borate buffer
(2 mL, 0.01m) at pH 9 and at 25 8C, as described in the Experimental Sec-
tion. A film refractive index of 1.45 was assumed in all calculations of the
film thickness.

Figure 3. Plot of the film thickness, estimated by in situ ellipsometry,
versus number of methylene groups (n) for A) the para-substituted, and
B) meta-substituted bisbenzamidines adsorbed on SAMs of mercaptoun-
decanoic acid (MUA) (&), mercaptopentadecanoic acid (MPA) (~) or
mercaptohexadecanoic acid (MHA) (*) on gold. The experiments were
performed as described in the Experimental Section. After the adsorp-
tion was complete, the surface was rinsed with pH 9 buffer to give stable
values of D and Y from which the film thickness was calculated. The sur-
face was regenerated by acidifying the solution to pH 2±3 with 0.1m HCl,
and it was then reused. The coefficient of variation of the ellipsometric
thicknesses based on more than two replicate experiments with the same
substrate is indicated. The dotted line represents the theoretical thickness
expected for a densely packed layer of molecules oriented perpendicular-
ly to the surface.
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bration and the band widths in
the low frequency region con-
firmed that most of the layers
formed from the meta-substitut-
ed amidines were less ordered
compared to their para-substi-
tuted counterparts (see the Sup-
porting Information).
More subtle effects are seen

when comparing the ellipsomet-
ric thicknesses for the para-sub-
stituted bisbenzamidines adsor-
bed on the different acid mono-
layers (Figure 3A). On the least
ordered SAM (MUA), the
thickness increases continuously
with increasing amphiphile
chain length. Thus, for n = 7,
the thickness corresponds to a
monolayer of molecules orient-
ed with their alkyl chains nearly
perpendicular to the surface,
whereas an increasing tendency
for bilayer formation is seen
with increasing chain length.[9]

This contrasts with the behavior on the more ordered SAMs
of MPA and MHA. Here, the thickness after rinsing varies
periodically with the number of methylene groups of the
alkyl chain. For the amphiphiles with chains containing an
odd number of methylene groups, thicknesses corresponding
roughly to double layers are observed, whereas the even-
numbered amphiphiles give layer thicknesses that more
closely resemble monolayers. It is probable that the ordered
SAMs provide the preorganization necessary to amplify the
different tendency of odd- and even-numbered amphiphiles
to form ordered layers. In view of the similar curves ob-
tained on the MPA and MHA SAMs, the influence of odd-
or even-numbered mercaptoalkanoic acids on the order and
stability of the amidine layers seems to be weak; however,
the IRAS results (vide infra) lead to a somewhat different
conclusion.

Characterization by IRAS : To obtain further insight into the
origin of the thickness effects, IRAS was used to charac-
terize the complete set of para-substituted amidines ad-
sorbed on the SAMs of MUA (the least ordered SAM)
and MHA (the most ordered SAM). In the absence of ob-
vious odd±even effects resulting from the acid SAMs, only
a few of the amidines were characterized after adsorp-
tion onto the SAMs of MDA and MPA. All spectra were
compared with the transmission-mode spectra of the cor-
responding bulk samples in order to draw conclusions
concerning order and orientation of the amphiphile mole-
cules.
As an example, Figure 4 shows the spectrum of a dodeca-

midine (DODAM)-modified SAM of MPA on gold together
with the transmission spectrum of the crystalline dodecami-
dine hydrochloride salt. Inspection of the spectrum of the
modified SAM leads to identification of all significant peaks

present in the transmission spectrum, which is evidence for
the presence of the amidine on the acid monolayer.[18] Com-
pared to the transmission spectrum, however, the layer spec-
trum exhibits different relative band intensities and band
widths that provide information on the order and orienta-
tion of the bisbenzamidine molecules. The strong increase in
the N±H stretch band intensity at 3089 cm�1 indicates strong
hydrogen bonding between the bisbenzamidine headgroups
and the carboxylic acid groups of the SAM and possibly be-
tween two layers of the bisbenzamidine held together by
amidine±amidine cyclic hydrogen bonds.[19] This is further
supported by the low frequency of the amidine N-C-N asym-
metric stretch (1650 cm�1).
The bands at 2918 cm�1 and 2850 cm�1, corresponding to

the CH2 stretch vibration as well as the general appearance
of very sharp bands in the low-frequency region of the spec-
trum support the presence of a highly ordered assembly.[20]

Important structural information is also obtained from the
intensities of the (C=C)1,4 stretch at 1607 cm�1 and the C-O-
C asymmetric stretch at 1261 cm�1 that have transition
dipole vectors oriented along the 1,4-axis of the benzene
ring and the longitudinal axis of the alkyl chain, respectively,
relative to the intensities of the aromatic C±H out-of-plane
bending mode at 841 cm�1 and the amidine N-C-N asymmet-
ric stretch at 1650 cm�1, that have transition dipole vectors
perpendicular to the 1,4-axis. The pronounced increase of
the former and the concomitant decrease of the latter quali-
tatively indicate a near upright position of the layer amphi-
philes. The above evaluation criteria will be used below for
the homologous series of amidines adsorbed onto the four
different SAMs.
The spectra of the complete set of para-substituted bis-

benzamidines adsorbed on SAMs of MUA are shown in
Figure 5.

Figure 4. Upper spectrum: baseline-corrected IR reflection±absorption (IRAS) spectrum of para-dodecami-
dine adsorbed on a SAM of MPA followed by rinsing with pH 9 buffer, as described in Figure 2. Lower spec-
trum: transmission IR spectrum (KBr) of dodecamidine hydrochloride. The following peak assignments were
made for the upper spectrum: 3312 cm�1 NH2, N±H stretch (asym); 3089 cm�1 NH2, N±H stretch (sym) and =

NH, N±H stretch; 2939 cm�1 a,w-CH2, C±H stretch (asym); 2918 cm�1 CH2, C±H stretch (asym); 2861 cm�1

a,w-CH2, C±H stretch (sym); 2850 cm�1 CH2, C±H stretch (sym); 1650 cm�1 amidinium ion, N-C=N stretch
(asym); 1607 cm�1 and 1517 cm�1 Ph C=C stretch (k1,4 axis); 1261 cm�1 C-O-C stretch (asym); 841 cm�1 Ph
C±H stretch (out of plane).

Chem. Eur. J. 2004, 10, 3232 ± 3240 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 3235

Chain Length-Dependent Order 3232 ± 3240

www.chemeurj.org


In the high-frequency region, the CH2 stretch vibrations
move to lower frequencies with increasing chain length, in-
dicating an increase in the layer order. For the longer chain
amidines (n>7), a weak odd±even dependent position of
the bands is seen. Thus bisbenzamidines with odd-numbered
chains exhibit bands at slightly lower frequencies than those
with even-numbered chains. This is in agreement with their
tendency to form bilayered structures (Figure 3), confirming
our previous observations of a direct correlation between
layer order and the tendency for multilayer buildup. On
SAMs of MHA, the layers appear to be more ordered (posi-
tions below 2920 cm�1) and a more pronounced difference
between the CH2 asymmetric stretch positions of the odd-
and even-numbered chains is seen (Figure 6A). Here, there
is a shift to higher freqencies for the longer chain amidines,
possibly originating from a less-ordered second layer.
In the low-frequency region of the MUA system, the in-

tensity of the benzene 1,4-vibrations at 1614 and 1494 cm�1

and the C-O-C asymmetric stretch at 1267 cm�1 increased
with n and leveled off at n = 9 (see also Figure 6B). This
curve correlates approximately with the thicknesses ob-
tained by ellipsometry (Figure 3), indicating incomplete
monolayer formation for n<7. The presence of a band
above 1700 cm�1 in the spectra of the shorter chain amphi-
phile layers supports this observation (Table 2). This is as-
signed to the C=O stretch vibration of neutral carboxylic

acid headgroups and is absent in the most dense and or-
dered layers.
A closer inspection of the spectral data provides more de-

tailed structural information (Figures 6 and 7). Figure 6B
shows the absorbance of the benzene (C=C)1,4 stretch vibra-
tion versus n for the four different mercaptoalkanoic acid
SAMs. With reservation for large differences in the tilt
angle of the benzene group between the different layers, it
can be assumed that the intensity approximately correlates
with the density of adsorbed amphiphiles. Based on this as-
sumption, the SAM of the even-numbered acid MDA,
which shows the weakest absorbances, is the poorest sub-
strate for layer formation. This contrasts with the SAM of
the nearest odd-numbered homologue MUA, which exhibits

Figure 5. Baseline-corrected IRAS spectra in the A) high-frequency
region and B) low-frequency region of SAMs of MUA, modified with
para-substituted bisbenzamidines, followed by rinsing with pH 9 buffer,
as described in the Experimental Section. The approximate band posi-
tions for alkanes exhibiting highly ordered crystalline structures are indi-
cated in (A) and the bands used in the characterization with arrows in
(B). See Figure 4 for assignments.

Figure 6. Position (A) and absorbance (B, C) of the bands corresponding
to A) the CH2, C±H stretch (asym), B) the benzene C=C stretch (k1,4
axis), and C) the amidinium ion, N-C=N stretch (asym) of para-substitut-
ed bisbenzamidines adsorbed on SAMs of MUA (^), MDA (*), MPA
(~) and MHA (&).
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a curve overlapping with the curve obtained for the SAM of
the longer chain acid MHA. The most dense layers, which
probably indicate bilayer formation, are observed for the
SAM of the odd-numbered acid MPA. Despite the similar
thicknesses measured on the MPA and MHA SAMs (Fig-
ure 3A), the layers on the odd-numbered acids appear to be
more stable than those on the even-numbered acids, when
comparing close homologues. This is in agreement with the
extent of nondissociated carboxylic acid groups indicated in
the band above 1700 cm�1 (vide supra). As can be seen in
Table 2, this band appears in all spectra containing the SAM
of MDA, but in only one (n = 5) containing the SAM of
MPA.
Focusing on the SAMs of MUA and MHA, in those cases

in which layers of the complete set of amidines were investi-
gated, additional bisbenzamidine odd±even effects are seen
in the low frequency region (Figure 6C, Figure 7).
Figure 6C shows the absorbance of the amidine I band

corresponding in position mainly to the amidine N-C-N
asymmetric stretch (�1640 cm�1),[19] thus with a transition

dipole that is oriented perpen-
dicular to the 1,4-axis of the
benzene ring. Above n = 7, the
MUA systems exhibit a smooth
increase in absorbance here,
whereas a pronounced odd±
even periodic change in absorb-
ance is seen for the MPA and
MHA systems. This agrees with
the odd±even-dependent thick-
nesses observed for the latter
systems and the absence of the
same for the MUA system. In
contrast to the similarities be-
tween the MUA and MHA sys-

tems observed in Figure 6B, these results again indicate that
the longer chain acids promote the formation of bisbenzami-
dine layers with higher structural order than the shorter
chain acids. The structural implications of the periodic
changes are more difficult to extract. Assuming the amidine
plane to be nearly coplanar with the benzene ring,[21] it can
be used as a probe for the rotational angle of the benzene
group (Figure 8C). For a given tilt angle of the benzene 1,4-
axis relative to the surface, maximum intensity of this band
would be seen for benzamidines with a rotational angle Y of
908, whereas no band would be seen for Y = 08. The C±H
out-of-plane vibration should be weak in the former case,
and strong in the latter. This is reflected by the average tilt
angle (q) of the benzene group relative to the surface per-
pendicular (Figure 7). As previously shown, this can be esti-
mated from the intensity of the in-plane (C=C)1,4 stretch at
�1613 cm�1 relative to the intensity of the C±H out-of-
plane bending mode at �843 cm�1, normalized to the bulk
transmission spectra. Also, this property features an odd±
even dependence on the number of methylene groups in the
alkyl chain (Figure 7). As expected, the least densely packed
layers (n<7) exhibit the highest tilt angles and, for n<11,
the odd-numbered amphiphiles exhibit lower tilts than the
even-numbered ones with the most pronounced differences
seen for the MUA system. At least for the MPA and MHA
systems, this agrees with the intensity variation of the N-C-
N vibration (Figure 6C). Thus, the odd amidines exhibiting
the lowest tilt angles also exhibit more intense amidine
bands. On the basis of these spectral details, the structure of
a layer of octamidine (OAM) and nonamidine (NON) as-
sembled on this SAM has been modeled (Figure 8). We an-
ticipated that these models would provide a better under-
standing of the origin of the observed odd±even preference
for bilayer formation. It is possible that the more tilted ar-
rangement of the headgroups in NON leads to a more
stable p-stacking arrangement, which may allow further lat-
eral hydrogen-bond stabilization between the amidine
groups. The enhanced order of the first layer headgroups
would imply the facilitated formation of a second layer
(vide supra).

Characterization by AFM : The thickness information ob-
tained from laterally averaging methods, such as ellipsome-
try, precludes discrimination between loosely packed or de-

Table 2. IR band positions and absorbance (î104) corresponding to the C=O stretch of the SAM substrate
after adsorption of para-substituted bisbenzamidines to SAMs of MUA, MDA, MPA, or MHA on gold. The
number of methylene groups in the mesogenic part of the amphiphile is indicated.

-(CH2)n-, n = MUA MDA MPA MHA
cm�1 Abs. cm�1 Abs. cm�1 Abs. cm�1 Abs.

5 1743 3.2 1740 6.1 1740 1.7 1735 4.5
6 1766 6.3 [a] ± [a] ± 1754 3.6
7 ± ± [a] ± [a] ± 1759 2.9
8 1719 8.0 1739 7.3 ± ± 1738 1.5
9 ± ± [a] ± ± ± ± ±
10 ± ± 1739 7.0 ± ± 1738 2.1
11 ± ± [a] ± [a] ± ± ±
12 ± ± 1738 1.8 ± ± ± ±

[a] Not recorded.

Figure 7. Average tilt angle (q) of the phenyl group relative to the surface
perpendicular for para-substituted bisbenzamidines adsorbed on a SAM
of MUA (^), MPA (~) and MHA (&). The bars represent the error esti-
mated from at least two measurements. The calculation assumes a rota-
tional angle (Y) of 08 and a tilt angle (F) of 908, as defined in Figure 8C.
This places the 1,4-axis of the phenyl group in a plane orthogonal to the
surface and to the phenyl ring plane. The angles were calculated from
the intensity ratios of the band corresponding to the C±H out-of-plane
bending mode at �843 cm�1, with a transition dipole moment orthogonal
to the phenyl ring plane, to the band of the C=C stretch with the dipole
moment in the 1,4-axis at �1614 cm�1 (see Figure 5) in the reflectance
mode (R) relative to that in the transition mode (T) [Eq. (1)].

tan2q =
I R842
I R1613

�
I T842
I T1613

(1)
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fective layers of perpendicularly oriented molecules and
densely packed layers of tilted molecules. For a more com-
plete picture, AFM provides the necessary lateral structural

resolution. Therefore, AFM was used to characterize the
pH-dependent adsorption±desorption cycle of DAM on a
SAM of MHA (Figure 9). The AFM images of the SAM of
MHA reveal islands extending over 20±30 nm separated by
flatter regions. No crystalline structures could be observed
under the conditions of the experiment (the necessary con-
trast may be obtained in the presence of divalent cations),
although, based on other studies, they are known to be pres-
ent.[17] The image obtained after the assembly of DAM on
this surface in a pH 9 borate buffer revealed domains of
similar size to that of the underlying acid SAM (20±30 nm),
but less densely packed. The peak-to-valley height for both
the acid SAM and the amidine agrees approximately with
the thickness estimated by ellipsometry and neutron reflec-
tivity (vide supra). The second layer was destabilized by
acidifying the solution, and a very smooth layer with few de-
fects appeared. Interestingly, this layer appears smoother
than that of the MHA SAM. This indicates that the first
layer is densely packed, and that the noncovalent assembly
leads to very few defects. The second layer, however, is less
densely packed, which is also in agreement with the previ-
ous characterization. Further acidification to pH 3 also de-
stabilized the first layer and resulted in patches of remaining
bisbenzamidine not removed by the single rinsing step.

Conclusion

Bisbenzamidines assemble reversibly to form ordered
mono- or bilayered structures on modified gold surfaces.
The layer order, tilt angle, and the tendency to form mono-
or bilayers are controlled by the choice of an odd- or even-
numbered carbon chain in the mesogenic part of the amphi-
phile, and are further influenced by the quality of the under-
lying monolayer. AFM images showed the first bisbenzami-
dine layer to be densely packed in larger islands than that of
the underlying mercaptohexadecanoic acid SAM.
These reversibly assembled layers exhibit order and tuna-

bility comparable to their chemisorbed thiol counterparts.
This is promising with regard to optical or molecular elec-
tronic applications that demand structural control at the mo-
lecular level. Given that the layers can be rapidly and re-
peatedly assembled with a single substrate, the system may
also be of interest as a restorable biosensor platform. Stud-
ies in this direction are in progress.

Experimental Section

Chemicals : The bisbenzamidines (Scheme 1) were prepared in two steps
by the Pinner synthesis as described by Tidwell et al.[22] Mercaptoundeca-
noic acid (MUA), mercaptododecanoic acid (MDA), mercaptopentadeca-
noic acid (MPA), and mercaptohexadecanoic acid (MHA) were prepared
as described by Bain and Whitesides.[23] Absolute ethanol and boric acid
were purchased from Merck (Darmstadt, Germany). Water was purified
by double distillation and the pH adjusted with 0.1m HCl and 0.1m
NaOH.

Substrates : The preparation of the gold substrates and the thiol SAMs
followed, with a few exceptions, previously described procedures.[9] The
substrates for ellipsometry and IRAS were prepared by vapor deposition

Figure 8. Front view (A) and top view (B) of a proposed unit cell for p-
octamidine (OAM) and p-nonamidine (NON) assembled on a SAM of
MHA on gold. The cell is based on the centered rectangular crystal struc-
ture observed for a SAM of MHA assuming a lattice with the COOH
groups separated by a distance of 5.1 ä. The amidines were modeled by
assuming similar structural data as that of the crystal structure of pen-
tamidine,[21] but with the amidine groups being coplanar with the phenyl
rings and coplanar with an all-trans alkyl chain. The amidines were
placed with the longitudinal axis of the alkyl chains tilted with q = 258
for OAM and q = 208 for NON relative to the surface perpendicular, an
angle F of 638 and a rotational angle Y of 08 (see C). The benzamidine
groups were placed allowing the formation of cyclic hydrogen bonds to
the COOH headgroups and a stacking arrangement of the phenyl groups.
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of gold (2000 ä thickness) onto glass slides or silicon wafers containing
adhesive layers (300 ä) of chromium or titanium. Prior to the thiol ad-
sorption, these surfaces were cleaned by brief immersion (15 s) in freshly
prepared ™piranha∫ solution (Caution : ™Piranha∫ solution: 1:3 H2O2

(30%)/concentrated H2SO4 1:3 reacts violently with organic materials
and should not be stored) followed by rinsing in water and ethanol and
drying under nitrogen. The thiol SAMs were prepared by immersing the
cleaned or freshly prepared gold substrate in a 1 mm solution of the thiol
in ethanol for 12 h followed by rinsing with ethanol and drying under a
nitrogen stream.

The substrates for the AFM measurements were prepared by vapor de-
position of a gold layer on MICA, annealing, and subsequent formation
of the acid-containing SAM by immersing the substrate in a 1 mm MHA
solution in ethanol for 12 h.

In situ ellipsometry : The thiol SAMs were prepared as described above
and stored dry prior to use. All surfaces were washed consecutively in
ethanol, water, 0.1m HCl, 0.1m NaOH, and water. They were then im-
mersed in a Teflon-coated fluid cell containing sodium borate buffer
(2 mL, 0.01m, pH 9, prepared from boric acid) thermostated to 25 8C.
The cell was equipped with a small magnetic stirrer and a pH electrode.
Prior to the addition of the amphiphile, the D and Y angles were calculat-
ed as the average of 30 data points. The adsorption of compounds was
then monitored by in-situ ellipsometry (ELX-1 Precisionellipsometer
(DRE-Ellipsometerbau, Ratzeburg, DE) angle of incidence: 708, HeNe
laser: l = 632.8 nm) until stable D and Y values were obtained. The bis-
benzamidine (HCl or isethionate salt) was added (2.5 mm stock solutions)
to make up a final concentration of 50 mm, if not otherwise indicated.
After addition of the bisbenzamidine, the adsorption process was allowed
to proceed for up to 5 h. After adsorption, the surfaces were rinsed with
pH 9 buffer by allowing �10 cell volumes of fresh buffer to pass the cell
by simultaneous filling and emptying of the cell. This was followed by
continued measurements in pH 9 buffer, unless otherwise stated. After
rinsing, the D and Y angles were then calculated as averages of 30 data
points and the film thickness (d) was calculated from D and Y assuming

a film refractive index (nf) of 1.45.
After the experiments, the surfaces
were restored by adjusting the pH to
2±3 with 0.1m HCl, and were then
reused. Reproducibility in terms of ad-
sorption kinetics and final thickness
was checked by repeating the experi-
ments and by addition of decamidine
or octamidine. The latter was carried
out prior to the use of each newly pre-
pared substrate as well as at regular
time intervals for each substrate.

IR reflection absorption spectroscopy
(IRAS): The spectra were recorded on
a Nicolet 5DXC-FTIR spectrometer
equipped with a SpectraTech FT-80
grazing-angle setup at 808 angle of in-
cidence in p polarization, a MCT-A
detector cooled with liquid nitrogen,
and a sample compartment purged
with CO2 and moisture-free air. The
monolayer spectra were recorded at
4 cm�1 resolution in the external re-
flection mode accumulating
2000 scans.

Atomic force microscopy (AFM): The
images were obtained in the contact
mode with a Nanoscope III instrument
(Digital Instruments (USA)) equipped
with a fluid cell. The substrate was
prepared by vapor deposition of a
gold layer on MICA, annealing, and
subsequent formation of the acid-con-
taining SAM by immersing the sub-
strate in a 1 mm MHA solution in eth-
anol.

Neutron reflection : The reflectivity
curves were obtained with a TOREMAII instrument at the GKSS Re-
search Center in Geesthacht (Germany). The wavelength of the instru-
ment was fixed at 0.43 nm, and the angle of incidence of the neutrons
was varied between 0.28 and 1.78. The beam was collimated by two slits
of width 0.45 and 0.70 mm at a distance of 174 cm. The reflected beam
was detected with a position-sensitive BF3 detector. Reflectivities as low
as approximately 10�4 were attained with typical run times of 12 h.
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