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Tip-Induced Orientational Order of Surfactant Micelles on Gold
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Using liquid-cell atomic force microscopy, we investigate agueous solutions of alkyltrimethylammonium halide
surfactants at the Au(111) surface. The long, micellar surfactant surface aggregates cover the gold surface completely
and exhibit two types of orientational order for chloride and bromide counterions, respectively. We observe lateral
forces perpendicular to the scanning direction, which we explain by anisotropic friction between the probe and the
oriented micelles. Conversely, we show that these friction forces can be employed to modify the spatial conformation
of the micellar adlayer. Where previous methods have failed to provide control over the orientation down to the level
of individual micelles, we use this technique to achieve a very high degree of order over more than 100 micelle
diameters.

Self-assembly is a promising fabrication technigéeroviding fields, and electrochemically driven assemBlyas well as
very high structural control and order on the nano- to micrometer combinations theredf1029
scale. A major shortcoming of this method, however, is thatit  Nano- and microstructures that are self-assembled from
is not capable of providing deterministically defined structures amphiphilic molecules are capable of templating inorganic
atmacroscopic length scatés %ecause a multitude of domains  structures, which is an essential concept of biomineraliz4fiéh.
are formed in an uncontrolled way as a result of the statistical Similarly, surfactants are used for the synthetic production of
nature of domain nucleation and growth!112To overcome  templated silica structures featuring hexagonally packed cylin-
this problem, several approaches to guide self-assembly havedrical holes with diameters that are tunable betweéhand
been suggested and investigated, including crystal-field anisot-10 nm42 The lack of long-range order is very disadvantageous

ropy,>*314topographic surface featurs,? physical confine- in this case because it prevents the accessibility and continuity
ment;016.2426 shear flow}®2*3 magneti€®3’and electrié®3# of these channet$ which is a prerequisite to their application
for molecular separation, catalysis, drug delivery, sensors, and
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angular guidance is crystal-field anisotropy provided by a a CgTAC boundary layer on Au(111) as well as the friction
templating surface314which strictly locks surfactant micelles  between the tip and the surface, simultaneously and with
that are adsorbed on certain surfaces into orientations dictatedhanometer resolution. We find that the friction varies locally and
by the surface latticé 54 However, the surfaces for which this  is determined by the orientation of the micelles. Friction is minimal
phenomenon has been observed se fmaphite(0001§;13:45-51 when the tip runs parallel to the micelles. We hypothesize that
Au(111)52-%4and molybdenum disulfide(000*t)-all have three this friction anisotropy is the origin of the observed tip-induced
equivalent symmetry axes. Therefore, there is still more than reorientation of the surface micelles. Similar friction anisotropy
one preferred direction, and the desired macroscopically uniquehas been observed for liquid crystals but not for molecularly thin
orientation is not readily achieved. In this letter, we show that layers of surfactant®:56Traditionally, the friction properties of
an effective way of guiding self-assembly is based on crystal- boundary layers have been studied using the surface force
field anisotropy combined with a new method for removing this apparatus (SFA)/~60 the addition of optical technigues to the
remaining degree of disorder by guiding the micelles with the SFA have allowed the detection of orientational anisotropy of
tip of an atomic force microscope (AFM). the lubrican® However, the area probed by both the SFA and
Our experimental work was conducted on Au(111) surfaces, far-field optical techniques in general is orders of magnitude
which have been shown to cause the lattice-induced self-assemblyarger than molecular dimensions and thus averages over
of surfactants such as sodium dodecyl sulfate (3H8)and thousands of molecular units. Information about the molecular-
hexadecyltrimethylammonium hydroxide ¢gCAOH).52 How- scale organization or even structural inhomogeneities of the
ever, not all surfactants exhibit the same behavior on Au(111). lubricant at larger length scaf@s® is thus not accessible to
Jaschke et al. have shown that the orientation of tetradecyltri- such tools. Our results emphasize the importance of the molecular-
methylammonium bromide (GTAB) aggregates on Au(111)is  scale conformation of a surfactant lubricant in aqueous environ-
not determined by the substrate lattice; instead, thd AB ments. Lubrication under such conditions was recently stétlied
micelles align with topographic features on the surf&cehe because of its importance in biological systém% as well as
authors suggested that the specific interaction between the bromidehe potential for technical applicatiof%%°For the development
counterions and the gold surface is related to this behavior: if of optimized lubricants, we thus propose the consideration of
bromide adsorption is particularly strong at surface defects, thenlubricant organization at molecular dimensions.
they become negatively charged, thus attracting the cationic
surfactant. According to this rationale, the first adsorbed surfactant
follows topographic features on the surface, directing the

orientational order of the micellar structures following later. Our - o 0o\ ore prepared by evaporating a 100-nm-thick gold film

experimental results with AFM imaging reported here reveal girectly onto unheated, freshly cleaved mica substrates using a Denton
that this behavior is quite specific to the bromide counterion. \/.502A (Denton Vacuum, Moorestown, NJ) electron beam evapo-
With hexadecyltrimethylammonium chloride {{TAC), where rator. The base pressure before evaporation was belofwibar,

only the bromide is replaced by another halide (chloride), the and the deposition rate was 0.3 nm/s. The gold surfaces were then
lattice-induced orientation is recovered. Therefore, simply by annealed in a hydrogen flame using a National 3H stainless steel
changing the counterion, the orientational recognition of the hydrogen torch with an OX-3 tip (Premier Industries, Blaine, MN).

substrate lattice by the surfactant aggregates can be switched orfhe hydrogen pressure was 400 mbar, and the torch regulator was
or off. adjusted to yield a flame about 7 cm long. The mica sheets were

; ; ; held in the flame for about 10 s at a distance of about 5 cm from
The main goal of this workcontrolling the surfactant . - ;
orientation on a surfaceis achieved by manipulating the the torch tip. We confirmed that the (111) planes were oriented

. . . arallel to the substrate surface by X-ray diffraction characterization
micelles using the probe of an AFM. Using the AFM probe, we p y y

- . (Rigaku Miniflex diffractometer, The Woodlands, TX) and atomic-
are able to change the orientation @fTAC surfactantaggregates  resolution AFM lattice scans. The annealed samples were used within

in a controlled fashion. With this method, we force all micelles minutes after the annealing process to reduce contamination from

in an area that is more than 100 micelle diameters wide into a air as much as possible.

single direction. Applying the same technique tQTAB, which The G4TAB solutions were prepared by dissolving CAB

does not exhibit lattice-induced anisotropic adsorption on Au- powder (99% grade, Sigma-Aldrich, St. Louis, MO) in water

(111), we did not succeed in increasing the degree of order of deionized using a Picopure 2 UV Plus system (Hydro Service and

the surface micelles substantially. Our results thus suggest thatSupplies, Inc., Durham, NC), featuring a resistivity of 1&n¢m.

a substrate providing crystal-field anisotropy is necessary to Solutions of GsTAC were obtained by diluting a 25 wt % aqueous

achieve tip-induced ordering of surfactant surface aggregates.C1sTAC solution (purum grade, Sigma-Aldrich, St. Louis, MO) with
For the analysis of the tip-induced micelle orientation, we use deionized water. The pH values of the surfactant solutions were not

AFM in a new way to determine both the micellar structure of adjusted further.

Experimental Section

Preparation of Samples and SolutionsAtomically smooth gold
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Figure 1. Series of AFM scans showing exactly the same area of the sample at different stages. (a) Topography image showing the
investigated area of the Au(111) substrate (insets: topography section across a single atomic step and high-resolution lattice image).
(b) Low-force deflection image revealing the surface micelles and their orientatioa) Qeries of lateral force images showing theT@dC

surface micelles in two different orientatioind/3’ (with the orientations present in each image indicated by white arrows). (f) Deflection
image featuring a micelle orientation in the third directj$h In this image, the fast scanning direction (indicated by a turquoise, hollow
arrow) was not in thex direction but had an angle of 66elative to thex axis.

Atomic Force Microscopy.All images were acquired in a liquid Results and Discussion
environment using a commercial MultiMode AFM (Veeco, Santa . . ) )
Barbara, CA) with a NanoScope llla controller (software version !N the following sections, we first establish the structural
v5.12r5) equipped with an FC-type contact-mode liquid cell. The Properties of GsTAC aggregates at the solutiodu(111)
AFM piezo scanner was calibrated using a 3D reference silicon interface. Then we demonstrate that the oriented, rodlike
grating (Veeco, part number 498-000-026) with a,&@ lateral C16TAC surface micelles exert orientation-dependent frictional
pitch and a step height of 100 nm. Cantilevers were NP-S-type forces on the AFM probe. We show that, as a consequence of
(Veeco) oxide-sharpened silicon nitride tips with a reflective gold thjs frictional force dependence, tip motion can affect the
coating on the back side and a nominal spring constant anq tip radiusyyientational order of GTAC micelles in a deterministic way.
°|f curvg;ure of 0.06 NAm at?d 28\/”(;"(': éelsv'pecttlvely. Th_(lel t'ps AW(fere Finally, we show experimental results for the reorientation of
cleaned in an ozone chamber ( » Monigomeryville, PA) for C14TAB micelles, discuss the differences between thel BB

60 min prior to the experiment. The fluid cell (volume 0.5 mL) was ) .
flushed with 5 mL of deionized water and leftrfd h to reach and GgTAC surfactants, and introduce our suggested mechanism

thermal equilibrium. Surfactant solutions were then added, and for reorientation.
imaging was started. Orientational Order of C 16TAC Micelles on Gold. A series

All imaging was performed in static mode using different force of AFM scans on Au(111) in a 10 mM{gTAC solution were
set points and line frequencies of- 2 Hz. The highest possible  conducted. Figure 1la was taken at a force set poinrt®hnN.
integral and proportional gains (typicaltyS) were used to obtain  Under such conditions, the surfactant surface aggregates are
the most accurate representation of the sample. Imaging ofmicellardisp|aced, and the tip establishes firm contact with the sur-
aggregates was performt_ed at low force set points in _the preco”tathace?'”'E’lHigh-magnification images taken at this force set point
regime (previously described as double-layer repufSitor soft reveal the substrate lattice as shown in the inset, with black
contacté imaging modes). The samples were therefore approached T : o . .

arrows highlighting thex, o', anda directions corresponding

with the smallest possible force set point. Once the tip was within = ) .
a few nanometers of the surface, the force set point was optimized© the[110Ckaxes of the (111) plane. This confirms the complete

for the best contrast in the signal of interest (topography/deflection displacement of the surfactant aggregates, and Figure 1a thus
or cantilever torsion). To image the topography of the substrate represents the topography of the substrate. The cross section
below the surfactant aggregate layer, the force set pointwas increase@verlaid in the top part of Figure 1a features the topography
until direct contact between the tip and substrate was established.along the white dashed line and leads across a step. The height
of this step, which is slightly greater than 200 pm, is in agreement
(70) Senden, T. J.; Drummond, C. J.; KekicheffLBngmuir1994 10, 358. with the expected step height of 235 pm for a single atomic step
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on Au(111)’* Before and after the step, the cross section shows torsion signal induced by the micelles, but there is also a systematic
topography variations of as little @20 pm, indicating thatthe  difference in the average torsion between patches of different
large, flat area in the center is atomically smooth, except for a orientations: the patchinthe lower center of the image (micelles
few pointlike elevated defects. The low-force image shown in with 5’ orientation) is brighter than the surrounding area (micelles
Figure 1b (deflection signal) was taken in exactly the same samplewith 3 orientation). Note that the area in question is virtually
area; the area can be identified by the corresponding appearancépography-free, as a comparison with Figure 1a shows. The
of the steps in the corners and the defects in the center of contrast can therefore be induced only by a difference in micelle
Figure 1a,b (Supporting Information). The surface shown in orientation. The dependence of the torsion on the micelle
Figure 1b is completely covered with long surfactant micelles; orientation can be explained as follows. The cantilever orientation
the center-to-center spacing of the micelles is (6.0.5) nm. in all AFM images shown in Figure 1 was parallel to thaxis
Almost all of the GeTAC micelles shown in Figure 1b are oftheimages (indicated in Figure 1c). The fast scanning direction
perfectly straight, and they are strictly oriented in one of two in Figure 1c was parallel to theaxis as well. Because cantilever

distinct directiong or 3, perpendicular to the crystal axeand torsionisinduced by lateral forces perpendicular to the cantilever
o' of the gold surface. These findings are very similar to what orientation, the colors in Figure 1c represent forces parallel to
has been reported for the orientational order of D8 and they axis. This means that the tip-scanning motion of Figure 1c
C16TAOH micelles on Au(111y?> However, they deviate in thex direction induces a lateral force in tlyadirection. An
significantly from the published results 0isTAB on Au(111), analysis of the sign of the torsion shows that when the tip moves
where the micelle orientation is not restricted to preferred from left to right it is subject to lateral forces in the positiye
orientations dictated by the lattice. direction (pointing to the top of Figure 1c) on micelle patches

The particular behavior of GTAB on Au(111) has been  with S orientation. Correspondingly, alateral force in the negative
rationalized by specific goldbromide interactions? Because y direction is induced when the tip moves over a patch in the
chloride is chemically very similar to bromide, it thus comes as ' direction. Our explanation for this phenomenon is that it is
a surprise that GTAC behaves similarly to GTAOH but energetically favorable for the tip to run parallel to the micelles.
differently from G4TAB. However, there are at least two Because the micelle orientation and the fast scanning direction
differences between the interactions of the two halides with are not parallel, this can be achieved only by a lateral tip offset,
gold: the two kinds of ions form different lattice structures on inducing cantilever torsion. At equilibrium, the torsional energy
Au(111)/? and bromide ion adsorbs in higher quantities on is equivalent to the energetic advantage of running parallel to
Au(111) for a given surface potenti&.”> The latter is in line the micelles.

with recent measurements by Kawasaki ef@vho found that It is likely that this force not only affects the torsion of the

the surface coverage of§TAB on Au(111)is higherwithrespect iy but also has an influence on the spatial conformation of the
to CiTAC (203 & 20 ng/cn® and 150+ 20 ng/cnt?, micelles. In the following section, we demonstrate that itis actually
respectively). possible to change the orientation of surface micelles using the

Anisotropy of Lateral Forces. The data shown in Figure 1c  AFM probe. We suspect that this is due to the anisotropic friction
represent the cantilever torsion induced by lateral forces andpetween the probe and the micelles.
correspond to the simultaneously recorded deflection signal Tip-Induced Orientation of C 1TAC Micelles. At this stage
depicted in Figure 1b. The surface micelles are clearly visible ,¢ine experiment, we imaged the area shown in Figure 1c several
in the torsion signal, with a contrast that is even stronger than yjmes with the fast scanning direction oriented in frdirection

in the topography (not shown) or deflection (Figure 1b) signals. anq with an increased force set point so that contact between the
The fact that we see the micelles in the topography and deflectiontip and the substrate was established. Then, we acquired

signals confirms tha7t0we are operating in the precontact regime, rig re 14 using identical imaging parameters than we used to
where electrostatfé’® and/or sterit® forces prevent the AFM 1, o4,ce Figure 1c. Note that the substrate defects in the corners
probe from establishing contact with the substrate. Previously, o £iqre 1¢,d appear at the same position, confirming that the
it was suggested that the_t|p glldes in a virtually frictionless images represent the same sample area (Supporting
manner across the surface in this precontact regftinecontrast, —|y¢ormation). However, now all micelles in the imaged area are
we measure a significant torsion signal in this regime. The pointing in theg direction (Figure 1d), including the area that
corresponding lateral forces may be caused by steric and/or, e\ iously showed th@ orientation. Similarly, by scanning the
electrostatic interactions between the tip and the micellar adlayer.tip along thes' direction for several images at increased force
Being able to recognize the micelles in the cantilever torsion we were able to orient the entire scanning area iftirection '

signal implies 'that every micelle gives risg to a lateral force as shown in Figure 1e. Note that Figure Bbfientation) is on
between the tip and the surface as the tip glides across the verage darker than Figure 18 prientation), which is consis-
surf_actant-populat_ed surface. In SOmE cases, we even ob'_s,erve nt with the orientation-dependent lateral forces observed in
amicellar torsion signal when the deflection contrast had vanlshedFigure 1c

completely. This excludes crosstalk from cantilever deflection . , . .
P y Finally, we applied the same procedure to ffieaxis, which

and demonstrates that the torsion is real. ; . X :
we expected to be the third preferred micelle orientation because

ori'(:alrgl]tl;rt?or}sc Nalioorih?jvgzst\g:cr? af;zﬁssm wadr:f:éﬁgti?r:%illﬁe itis perpendicular to the'" axis of the gold lattice. After scanning
' y P the sample at high force in ti# direction to orient the micelles,

the resultant surfactant distribution was imaged using a fast

(71) Chidsey, C. E. D.; Loiacono, D. N.; Sleator, T.; Nakahare&58f. Sci.

1988 200, 45. scanning direction at an angle of about @élative to thex axis
(72) Magnussen, O. MChem. Re. 2002 102, 679. (Figure 1f; scanning direction indicated by the hollow, turquoise
gig gﬂi’:ZZ.'C(?;'L;‘F;EE\?V‘QV;"‘B.f&'ﬁSﬁf%ﬁ”ﬁ&%ﬁ%ﬁﬁ e4rg§sﬁ§?'|=ara day arroyv). To compensate for the changed fast scanning direction,
Trans.1996 92, 3737. the image was rotated so that Figure 1f represents exactly the
(75) Lipkowski, J.; Shi, Z. C.; Chen, A. C.; Pettinger, B.; BilgerElectrochim. same sample area as Figure-ka In Figure 1f, we show the
ACt(‘;éngiv‘v‘g”sﬁfﬁ; Nishimura, K.; Arakawa, B. Phys. Chem. @007, 111, deflection signal in order to visualize the micelles because the

2683. cantilever torsion signal in this scan was weak. We rationalize
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Figure 2. (a) Topography image of a 10 mM£FAB solution on gold, taken at a high force set point, showing the atomic steps of the
substrate (inset: high-resolution lattice image of Au(111) with symmetry@xe’s anda). (b) The same sample area imaged at low force,
revealing the surface micelles. (c, d) Topography images showing:ifiéB-covered gold surface before and after reorientation (insets:
Fourier transforms of the images). The turquoise rectangle indicates corresponding areas in all scans.

the weak torsion signal as follows. As concluded above, scanningobserved by Jaschke et®ITo rule out that the difference in
the tip across surfactant surface micelles at an angle inducesorientational order betweem('/AB and GeTAC is due to the
lateral forces perpendicular to the scanning direction. From thesesmall difference in the alkyl chain length (14 vs 16 carbon atoms),
lateral forces, only the component perpendicular to the cantileverwe also imaged Au(111) in a 10 mM solution of{CAB and
orientation induces torsion. In Figure-e, the scanning direction ~ found virtually identical morphology of the micellar adlayer to
was parallel to the cantilever; the lateral forces thus contribute that of G4TAB. This is the ultimate confirmation that all structural
to the torsion in full. In contrast, in Figure 1f, the scanning differences between aggregates @flAB and G¢TAC are due
direction was oriented at an angle of@6lative to the cantilever  to the different counterions.

so that only a fraction of cos 86 0.4 of the induced lateral Finally, we tried reorienting the GTAB micelles by applying
forces lead to cantilever torsion. exactly the same procedure as foCAC. Figure 2c¢,d shows

We were not able to align the micelles along directions other topography images of the same area before and after such a
than one of the three preferred directighg3’, or "' by using reorientation attempt. These scans were performed on the same

a different fast scanning directiap. After such attempts, we  sample featured in Figure 2a, on the large terrace in the center
usually found the micelles oriented along the preferred direction of Figure 2a. The lattice orientation in Figure 2c,d is thus the
that had the smallest angle with the employed fast scanningsame as shown in the inset of Figure 2a. The micelles in
direction. Even when we were scanning the micelle distribution Figure 2c initially show a relatively narrow distribution of angles,
shown in Figure 1f§" orientation) at the lowest possible force approximately in thg direction. In the Fourier transform of the

set point with the scanning direction parallel to thaxis (C), image (inset), this is represented by two elongated dots left and
this caused a small area to reorient in fher ' direction. right of the center. Then, the area was scanned using an increased
Hence, the tip has a small influence on the micelle orientation, force set point, keeping the fast scanning direction inhe
even if it is scanned at the lowest possible force set point. It is direction. The following low-force scan (Figure 2d) shows that
not surprising that some parts of the area that was initially the micelles in the left part of the image have indeed been

completely in3" orientation are converted to orientatiBor ' reoriented, now approximately parallel to thexis, representing
because they make a smaller angle with thedanning direction. the fast scanning direction during high-force imaging. This is
It has been shown that micellar aggregates at the-sbtjdid also evident in the Fourier transform of the image: the spot

interface can undergo dynamic reorganizatitinis thus possible representing the area in therientation (right half of Figure 2d)
that the GeTAC aggregates that have been oriented by the AFM is weaker and narrower with respect to the Fourier transform of
probe will reorient and point in a different direction after some Figure 2c; a new pair of spots above and below the center of the
time. It would be interesting to know the characteristic times for transform represents the areathat is now oriented approximately
such a dynamic reorientation process. We have not yet addressegarallel to thex axis. Comparison with the substrate lattice
this problem, which may be the subject of a future study. From orientation (inset of Figure 2a) shows that the new micelle
our data, we can conclude that micelles oriented by the probeorientation is not related to any of the lattice symmetry axes. In
can be imaged subsequently several times without losing theirgeneral, it was much more difficult to achieve the reorientation
orientation, corresponding to a time scale of a few minutes. of C14TAB micelles in comparison toTAC. For G4TAB, we
Tip-Induced Orientation of C 14TAB Micelles. For C;4TAB observed a change in orientation in only a small fraction of the
on Au(111), we were able to reproduce the results of Jaschkearea that was scanned at a high force. F@T&C, in contrast,
et al®2 Figure 2a shows a high-force AFM topography image, we were easily able to change the micelle orientation over the
taken in a 10 mM g TAB solution, of the Au(111) surface and  entire area shown in Figure 1.
its lattice orientation (inset). Figure 2b shows the low-force  The fact that micelle orientation is achieved more easily for
topography image of the same area of the sample, with a smallthe surfactant GTAC that exhibits lattice-dictated orientation
lateral offset and a smaller magnification. Here, the gold surface of the adsorbed micelles than for the surfactapfT@B that
is completely covered with elongated micelles. Neighboring does not show strongly preferred orientations can be explained
micelles often run parallel but do not exhibit a fixed orientation as follows. As concluded above, the energy is minimized if the
with respect to the lattice symmetry axes. Instead, they typically surfactant micelles under or close to the scanning tip are oriented
align with the topography steps of the substrate and even follow parallel to the tip-scanning direction. We thus suspect that the
them around turns, continuously changing direction, exactly as micelles are actually reoriented in a small area in the vicinity of
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the tip during the scanning process. This small area has an interfacghe surface at an increased force set point, the orientation of
with the surrounding area of different micelle orientation. Forming micelles is modified. For GTAC, we were able to convert all
this interface between patches of different micelle orientations micelles in the investigated area completely into any of three
comes at an energy cost. Unless the micelle orientation in the preferred directions dictated by the gold lattice. FefT@B, it
small area is energetically favorable, the small area will not be was rather difficult to modify micelle orientation at all; we
stable: minimization of the described interfacial energy will gchieved it in only a small fraction of the processed area. We
ultimately annihilate the small area. In the case @T@.C where hypothesize that surfactarsubstrate combinations for which

cert{;;]i_r; angles of orientatit())n clome Vﬁith el?ergy b_enefi';s, this he surface micelles exhibit preferred adsorption angles are easier
annihilation process may be slower than the creation of & New , o rjent pecause the small areas in which micelle orientation
area of the same orientation through the AFM probe so that is changed by the probe are more stable

finally an entire patch can be converted to another stable

orientation. Because:gTAB micelles do not exhibit a specific For CisTAC, we have produced areas of more than 100 micelle
orientation with respect to the lattice symmetry axes, the energy diameters in size, in which the orientation is perfect for every
benefits of orienting micelles perpendicular to théo'/o micelle within the precision of measurement of our microscope.
orientations are much lower that for;dTAC, making this This approach removes the randomness in orientation between
reorientation process much less likely. several independently formed micellar patches with different
] orientations and brings about complete control over orientational
Conclusions order. This is especially interesting because surface micelles can

We demonstrated that the/TAB and GTAC micelles exhibit serve as a template for volume structures grown on top of them.
a substantial difference in their orientational order on Au(111).
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