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ighly ordered, freestanding semi-

conducting layers with a unit

thickness as small as a few nano-
meters are currently receiving wide atten-
tion from physical science researchers' 3 re-
searchers and are actively being
investigated by the organic electronics
and sensor communities.*®~1° The surface-
directed growth of monolayers has reached
a level of maturity where many functional
molecules, such as alkane thiols' ' or
m-conjugates,’> '8 can be regulated by a
S—Au bond or electrostatic interactions.
While multistack construction using mono-
layers is possible, the widely practiced fabri-
cation method of using a hydroxylated
surface’ 2" limits ordering in the upper
layers.

Freestanding and ordered structures
can be constructed by using substrate-free
pathways, achieved most commonly in a
liquid environment through m—m stack-
ing?? or hydrogen bonding.®?32 For ex-
ample, organic electronic molecules can be
designed to have mr-units surrounded by
alkyl chains. A one-dimensional (1D) struc-
ture can be assembled as a result of the
m—r stacking between isolated m-units
over the interruption caused by the van der
Waals interaction from the alkyl groups.?
Alternatively, H-bonding groups can be ap-
pended to organic electronic molecules to
guide the formation of an ordered struc-
ture, and polypeptides or proteins with one
or more B-sheet strands are natural candi-
dates. When conjugated moieties are
placed between these peptides, long, fibril
nanostructures are produced.®?* Even
though m— stacking and hydrogen bond-
ing can successfully produce freestanding
1D structures, grouping them further to

4—7
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ABSTRACT The packing of electronic molecules into planar structures and an ensured 7w — 77 interaction

within the plane are preferred for efficient organic transistors. Thin films of organic electronics are exemplar, but

the widely adopted molecular design and associated fabrication lead to limited ordering in multistack construction

motifs. Here we demonstrate self-assembled nanolayers of organic molecules having potential electronic utility

using an amphiphilic silane as a building block. Unlike a cross-linked (tetrahedral) configuration found in

conventional siloxane networks, a linear polymer chain is produced following silane polycondensation. As a result,

hydrophobic branches plus a noncovalent 7t — 7 interlocking between the molecules promote planar packing

and continuous stacking along the surface normal. In contrast to conventional 7w — v stacking or hydrogen

bonding pathways in a fibrous construct, multistacked nanolayers with coexisting 7= — 17 and herringbone

interlocking can provide unmatched properties and processing convenience in molecular electronics.

KEYWORDS: self-assembly - nanolayer - w— interlocking - conjugation -

produce a sheetlike object is less common
due to the complexity in creating strong in-
teractions or growth mechanisms in or-
ganic molecules in two different directions.

While it is difficult to pack many organic
molecules into a freestanding object due
to their weak intermolecular forces,?? a lay-
ered stacking of organosilane (formula of
R—SiX3, Ris alkyl and X can be halogen or
alkoxy) is feasible and has captured the at-
tention of the self-assembly
community.'>?>~28 Unlike surface growth
over silicon oxides, the driving forces for as-
sembling these molecules together as
amorphous lamellar structures is their
coupled solvophobic and solvophilic inter-
actions, as well as the subsequent occurring
polycondensation.?*?” Solvophobic interac-
tion minimizes the exposure of siloxane tails
(SiX3) to solvents by stacking alkyl groups
(R) toward the outer surfaces of nuclei.
When cross-linking between the reactive
tails occurs, construction of monolayers and
a continuous stacking along the surface

silane
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Scheme 1. (a) General synthetic route for ANS1-3 (inset: chemical structure). Conditions: (1) BH;, THF, 50 °C, 6 h; (2) MsCl,
CH,Cl,, r.t., overnight; (3) bromoalkene, magnesium, THF, 50 °C, 3 h; (4) diethoxymethylsilane, PtO,, 24 h, 80 °C. (b) Side view
illustration of the ANS1 self-assembly. (Step 1) Rigid heads interact through solvophobic and = —1r interactions to pre-
form well-organized nuclei; (step 2) hydrolysis and further condensation lead to the formation of polymers, from which a mo-
lecular layer can be formed via strong interaction between neighboring 7 units; and (step 3) multistacked nanolayers re-

sult from the repetition of the above processes

normal completes the lamellar stacking. There have
been attempts to provide organosilanes with electronic
functions by replacing the alkyl moiety with a bulky
m-conjugated unit.>?>3° The resulting substrate-free as-
sembly, however, revealed tubular structures rather
than the expected planar objects. This was due, very
likely, to the cross-linked (tetrahedral) configuration of
the siloxane inside the two-dimensional (2D) network,
where close packing or an ordered grouping of m-units
in plane became unstable.?'3'32 Presumably, when this
very strained packing is partially relaxed by releasing
the siloxane network to spatially aligned polysiloxane
chains, a freestanding and highly ordered 2D object
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from the conjugated silane molecules may still be pos-
sible, and that is the focus of this paper.

To demonstrate our concept of planar construction,
anthracene, a simple acene with three fused benzene
rings, was used to represent the conjugated moiety on
organosilane, and only two active terminals were
stitched on a silicon atom. This design led to the build-
ing block, namely (12-(anthracen-2-
yl)dodecyl)diethoxy(methyl)silane (henceforth referred
to as ANS1, Scheme 1), for our nanostructure. The syn-
thesis started with the reduction of 9,10-dioxo-9,10-
dihydroanthracene-2-carboxylic acid by zinc under ba-
sic conditions, generating anthracene-2-carboxylic acid
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(Scheme 1a). This acid was converted to alcohol, fol-
lowed by chlorination. Coupling of the resulting
2-(chloromethyl)anthracene with the Grignard reagent,
prepared from 11-bromoundec-1-ene, resulted in
2-(dodec-11-enyl)anthracene. The final hydrosilylation
was performed in a sealed pressure tube and catalyzed
by PtO,. In all, ANS1 was produced in five steps with
an overall yield of 15%. The reaction and characteriza-
tion of the corresponding products can be found in the
Methods section.

RESULTS AND DISCUSSION

By chemically bonding a rigid aromatic head
with an alkylsilane tail, ANS1 appears to adopt a pla-
nar packing. We found layered nanostructures or
nanolayers of ANS1 on substrates after the solution
was drop-cast from tetrahydrofuran (THF). Atomic
force microscopy (AFM) in Figure 1a reveals the flat
terraces of such a structure, stacked over an area of
ca. 50 X 50 wm?2 Figure 1b shows a histogram of four
layers stacked vertically (inset in Figure 1a), indicat-
ing a layer height of 4.1 nm. Interestingly, these
nanolayers can be peeled off from silicon wafers af-
ter an extended sonication. Figure 1c is a transmis-
sion electron microscopic (TEM) image of one of the
flexible pieces with multiple layers held together.
The inset in the same figure shows the stacking con-
trast of more than 20 layers.

X-ray diffraction (XRD) and grazing-incidence X-ray
diffraction (GIXD) were used to further probe the excel-
lent in- and out-of-plane orderings. Multiple sharp XRD
peaks were observed (Figure 2a) with the strongest
(001) measuring 39.96 A; other higher-order peaks
were noted from (002) to (008). This d-spacing repre-
sented the individual lamellar thickness along the
z-direction, consistent with AFM measurements. The
narrow width of the diffraction peak further suggested
a z-directional ordering of ca. 112 nm, equivalent to a
continuous stacking of 28 molecular layers. The relative
electron density profile was plotted by using diffrac-
tion peaks from the first to the fifth orders and is de-
picted in the inset of Figure 2a, suggesting a periodic
stacking of alternating organic and inorganic moieties.
Moreover, the GIXD measurements in Figure 2b,c pro-
vide us with the in-plane lattice parameters, where a
distorted centered rectangular unit cell with a coexist-
ing m— and herringbone packing motif arranged in di-
mensions of a; = 6.1 A, a, = 8.1 A, and y = 88.8°, can
be assigned.

Snapshots of the growth process can be captured
by using AFM imaging at the different stages of self-
assembly. First, a silicon wafer was immersed in ANS1
solution. The molecules were allowed to adsorb onto
the surfaces, followed by rinsing with pristine solvents.
The surface was immediately found to be covered with
a self-assembled monolayer. Above the monolayer,
were multistacks of bilayer. As shown in Figure 3, ANS1
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Figure 1. (a) AFM snapshot of the nanolayers covering an
area of ca. 50 x 50 pum?; (b) height distribution of con-
tinuously stacked four nanolayers (inset of panel a). Peak
distance indicates an average layer height labeled at the
top; and (c) freestanding, flexible nanolayers revealed by
TEM. Inset shows edges of more than 20 continuous lay-
ers.

started to form a monolayer 2.4 nm in height after 5
min, which was consistent with how organosilane mol-
ecules usually orient themselves—almost vertically on
the surface.® In 40 min, the monolayer had grown into
a large, continuous film that covered almost the entire
surface. In the meantime, only patches of bilayers at 4.3
nm in height were detected atop the monolayer. These
patches slowly grew into stacks after 24 h; and by this
time, the monolayer could no longer be seen. However,
2.4-nm-depth flaws were occasionally found inside the
bilayer stacks, suggesting that a monolayer lay under-
neath. We found that the structure and morphology of
assembled ANS1 are independent of the ANS1 concen-
tration in THF, while the assembly rate increases with a
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Figure 2. X-ray diffraction (XRD) and grazing-incidence X-ray diffraction (GIXD) of the nanolayers. (a) XRD shows multiple
orders of diffraction peaks, indicating a well-ordered layered structure along the z-direction; the inset shows the relative elec-
tron density profile of the nanolayer reconstructed using (001)—(005) Bragg peak intensity. (b) GIXD with the indices marked
for a distorted centered rectangular unit cell; (c) Linecut along the g,, direction at g, =~ 0. The inset shows the reduced in-

plane lattice parameters.

higher concentration. It is also worthwhile to note that
when just one active terminal is kept for the silane mol-
ecules, cross-linking between neighboring molecules is
not possible, resulting in only monolayers.*

While AFM imaging captured the kinetic process of
the layered growth on surfaces, we discovered the
nanolayer configuration by a combination of infrared
(IR) probing and quantum chemical (QC) modeling.
Since IR peaks at 1027 and 1107 cm™" are the signa-
ture of the antisymmetric stretching mode of siloxane
(Si—0O—Si),>* we assigned polysiloxane as the inorganic
portion of the layered stacking. After self-assembly,
the lack of peaks at 910 cm ™! indicated depletion of si-
lanol groups (Si—OH). QC modeling based on density

A@%\TA!NK) VOL. 4 = NO.7 = JIANG ET AL.

functional theory (DFT) confirmed that the polysilox-
ane chain was the backbone of each individual layer.
Along each single chain, as shown in Figure 4a, adja-
cent anthracyl moieties in the branches assumed an al-
ternating up-and-down configuration due to the spa-
tial confinement imposed by the linear siloxane unit for
the anthracyl branches. When viewed from the perspec-
tive of an up-and-down configuration, the molecular
layers are bilayer in nature. Due to a severe steric hin-
drance between anthracyl groups, the QC modeling
also ruled out another alternative mode for bilayer-by-
bilayer stacking, where organic portions are composed
of interdigitated aromatic branches between neighbor-
ing layers.

www.acsnano.org
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Figure 3. Self-assembly kinetics of ANS1 on a silicon wafer revealed by AFM: (Row a) AFM images of the sample at three
stages of self-assembly; (row b) the corresponding height distribution of the AFM measurements, and the cartoons of the for-
mation of the layers, where gray, blue, and red color designate the substrate, the monolayer, and the bilayer, respectively.
(5—10 min) ANS1 starts to form a monolayer, the height being 2.4 nm. (40 min) The monolayer has grown into a larger, con-
tinuous film that covers almost all of the substrate. The patches of bilayers (4.3 nm in height) are atop the monolayer. (1440
min) The bilayer patches have grown into a continuous film, and the monolayer can no longer be seen. The pinhole of 2.4

nm in depth signals a monolayer underneath.

The more than 90° of contact angle over the sur-
face of the nanolayers suggested a hydrophobic sur-
face, with inorganic portions buried instead. More inter-
estingly, configuration of the unit cells suggested that
the aromatic branches interacted via w—r stacking
along the y-axis, with 3.1 A distance in between and
herringbone or T-stacking between the aromatic
branches along the x = y and x = —y directions (Fig-
ure 4b). This motif produced a bilayer 4.3 nm in height,
closely matching the AFM and XRD measurements.
The nanolayers observed were explained when mul-
tiple bilayers were stacked vertically as shown in Fig-
ure 4c.

Organosilane has been known for its layered but
amorphous construction during self-assembly.?6-28 Yet,
the main contributor to those layers was from a con-
tinuous 2D network of (SiO—0—Si0), rather than a
simple 1D connection ((Si—0—Si),). Our 1D backbone
of a linear polysiloxane allowed the branches to take on
a close packing. Instead of letting ANS1 play an active
role during self-assembly, one might think that group-
ing linear siloxane polymers directly could also produce
a nanolayer-like crystal, but we found this not to be
the case. When a linear polymer of ANS1 was obtained
and a dilute solution of the polymer was carefully drop
cast, a thin film was revealed with wormlike, coexisting
multiple phases. This morphology and irregular packing
suggested difficulty in aligning polymer chains directly
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into ordered 2D objects. This contrast motivated us to
make the following hypothesis regarding the role of
ANST in the formation of highly ordered nanolayers:
the conjugated heads interacted through a combina-
tion of solvophobic interactions and 7w— cooperation
to pre-form well-organized nuclei with the up-and-
down configuration.®*~3¢ The solvophobic interaction
contributes to the minimized exposure of polar tails to
solvents by stacking the aromatic heads toward the
outer surfaces of nuclei; the w— cooperation, on the
other hand, gives the aromatic rings a dense and com-
pact stacking in 2D. A subsequent condensation then
completes the construction. Simply, ANS1 functions as
a building block, where both solvophobic interactions
and m—1r cooperation are the dual driving forces for the
self-assembly.

To support this hypothesis, we first used octode-
cyldiethoxysilane, an alkylsilane with 18-carbon chains,
as a control. Self-assembly resulted in a liquid sub-
stance, and further condensation revealed a gel-like
material. We noted that the estimated stacking energy
for the nanolayer of ANS1 was —2.4 kcal/mol per aro-
matic branch. When the anthracyl moieties were re-
placed by the octodecyl units, a much smaller stacking
energy of —0.6 kcal/mol per octadecyl branch resulted.
The general conclusion was that w— binding be-
tween anthracyl moieties contributed largely to the
lamellar structure.
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Figure 4. Theoretical model of the nanolayers. (a) Snapshot
of a single polysiloxane chain, showing up-and-down orienta-
tion of anthracyl rings and the herringbone packing. (b) Pack-
ing motif of anthracyl rings and polysiloxane skeleton in the
x—y plane. Only the upper part of a single layer is shown for
simplicity. The packing motif suggests a coexisting =w— and
herringbone packing along the y axis and polysiloxane chain,
respectively. (c) Side view of layered stacking with the align-
ment of polysiloxane chains in two-dimensions.

The importance of the m—r interaction also mani-
fested itself in two other systems closely related to ANS1:
ANS2 ((4-(anthracen-2-yl)butyl)diethoxy(methyl)silane)
and ANS3 ((4-(anthracen-9-yl)butyl)-diethoxy(methyl)-
silane), both shown in Scheme 1. The assembled features
from ANS2 were 2D-like, whereas the assembled fea-

METHODS

Synthesis of Anthracene-2-carboxylic Acid.”’ 9,10-diox0-9,10-
dihydroanthracene-2-carboxylic acid (0.0198 mol, 5.0 g), zinc (0.436
mol, 28.5 g) and NH,OH (350 mL) were mixed and refluxed for
10 h. The reaction mixture was cooled to room temp (r.t.) and neu-
tralized with aqueous HCl (6 M). The residue was filtered, and the
paste atop was washed twice with water, generating the desired
product as a light-yellow solid (4.23 g, 96%). The raw product was
used as formed. Mp: 283—285 °C. 'TH NMR (300 MHz, DMSO-dj): &
8.73 (2H, 5),8.60 (1H, 5), 8.12—8.04 (4H, m), 7.56 (2H, m). '*CNMR (75
MHz, DMSO-dy): 132.0, 131.9, 131.3, 130.6, 130.3, 128.2, 128.1, 127 4,
127.5,126.1, 126.0, 125.8, 125,7. IR (neat): 1694. HREI: calcd for
(Cy5H100,), 222.0681; found, 222.0685.

Synthesis of Anthracen-2-ylmethanol. Anthracene-2-carboxylic
acid (4.4 g, 0.0198 mol) was dissolved in THF (200 mL) at 0 °C.
BH5-THF (1 M, 34 mL) was added slowly over 1 h, generating a
turbid mixture. The reaction was kept at 0 °C for another hour,
and then the temperature was slowly elevated to 50 °C and

ACTN AN 17 . .
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tures of ANS3 were amorphous nanoparticles. Clearly, a
shorter alkyl chain reduced the intermolecular interac-
tions by rendering a much rougher surface packing,
whereas sufficiently discouraged m—r interaction dis-
rupts the formation of an organized structure. Further,
when such a w— interaction did exist, a strong m—r
coupling between aromatic branches produced a signifi-
cant red-shift and peak widening in the UV—vis spectrum
of the nanolayers.

Finally, when thin films were cast by using an-
thracene derivatives without silane terminals, they
were found to be forming coexisting and porous
monolayer-by-monolayer and monolayer-in-monolayer
(or interdigitated) structures (see Supporting Informa-
tion). In contrast to the aforementioned solid bilayer-
by-bilayer structures, the dominance of a porous mono-
layer as the stacking unit suggests the importance of
having a siloxane chain as the backbone of the nano-
layer. Nevertheless, the appearance of a layered struc-
ture confirms the significant role of conjugated rings in
the self-assembly process.

In summary, to pack conjugated molecules into a
highly ordered and freestanding 2D structure,
w-stitched silane can be used as a good building block
as long as a linear polysiloxane chain is formed after
polycondensation. The noncovalent w— binding be-
tween conjugated moieties, as well as solvophobic in-
teractions, will render a planar construction of nanolay-
ers. The large, smooth, and structurally well-defined
nanolayers will be a hybrid comprising alternating inor-
ganic siloxane and organic conjugated moieties, which
can be viewed as alternating insulation layers and or-
ganic semiconductor layers. Thanks to the tremendous
progress in synthetic chemistry, chemical modification
of the aromatic head and alkyl chain can lead to archi-
tectures with rich optoelectronic functions, and the
highly ordered nanolayers formed are projected to find
their way into organic electronics, piezoelectronics,
nanoelectronics, and perhaps even energy storage.

maintained at 50 °C for 40 h. Saturated sodium carbonate (200
mL) was added slowly to the cooled reaction, and the mixture
was stirred for another hour. The top THF layer was removed,
and the bottom aqueous layer was extracted with THF twice. The
THF portions were combined and dried with magnesium sul-
fate. Removal of the THF resulted in anthracen-2-ylmethanol
(3.62 g, 88%). Mp: 216—218 °C. 'H NMR (300 MHz, THF-dj): & 8.41
(2H, s), 8.00—7.95 (4H, m), 7.46—7.40 (3H, m), 5.76 (2H, d, J =
5.4 Hz), 4.33 (1H,t, J = 5.7 Hz). *C NMR (75 MHz, THF-dg): 139.0,
131.0, 130.9, 130.7, 130.3, 127.0, 126.9, 126.8, 124.8, 124.6,
124.0,1, 123.96, 123.8, 122.9, 63.14. HREI: calcd for (C;5H;,0),
208.0888; found, 208.0890.

Synthesis of 2-(Chloromethyl)anthracene.® To a solution of
anthracen-2-ylmethanol (0.10 g, 0.45 mmol), DMAP (6 mg, 0.045
mmol), and triethylamine (55 mg, 0.54 mmol) in DCM (100 mL)
under nitrogen at 0 °C was added dropwise methanesulfonyl
chloride (57 mg, 0.50 mmol) over 5 min. After a further 2 h stir-
ring at 0 °C, the mixture was warmed to r.t. and stirred overnight.
The reaction mixture was washed with aqueous HCI (0.5 M),
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and the aqueous phase was then extracted with DCM. The com-
bined organic phases were washed with saturated aqueous po-
tassium hydrogen carbonate solution, dried over magnesium
sulfate, filtered, and evaporated to dryness, producing a light-
yellow solid. Chromatographic purification of the solid with silica
gel yielded the title compound (83 mg, 60%), and the R was
0.24 with hexane being the eluting solvent. Mp: 179—180 °C. 'H
NMR (400 MHz, CDCls): & 8.44 (2H, d, J = 3.6 Hz), 8.06—8.00 (4H,
m), 7.52—7.50 (3H, m), 4.82 (2H, s). "*C NMR (100 MHz, CDCls):
134.1,132.1,132.0, 131.1, 129.2, 128.21, 121.18, 127.6, 126.6,
126.2, 125.72, 125.68, 47.0; HREI: calcd for (C;sH,,Cl), 226.0549;
found, 226.0557.

Synthesis of 2-(Dodec-11-enyl)anthracene. 11-Bromoundec-1-ene
(0.344 g, 1.48 mmol) and magnesium (0.071 g, 3 mmol) were
mixed in THF (5 mL) and stirred at r.t. for 2 h to obtain a Grig-
nard reagent. 2-(Chloromethyl)anthracene (0.20 g, 0.74 mmol)
was dissolved in THF (10 mL). At r.t., the flask was purged with
N, for 5 min, and then the above Grignard reagent was added
over 10 min. After that, the reaction was stirred at r.t. for 2 h.
Saturated aqueous NH,Cl was added to quench the reaction.
THF was removed, and CH,Cl, was added to extract the aque-
ous leftover. CH,Cl, portions were combined, dried with sodium
sulfate, and removed, generating a light-yellow solid. Chromato-
graphic purification of the solid with silica gel gave the title com-
pound (0.158 g, 62%), and the Rris 0.28 with hexane being the
eluting solvent. The title compound contains a very small
amount of 2-methylanthracene, which is extremely hard to re-
move. Mp: 77—80 °C (dec.). '"H NMR (300 MHz, CDCls): &
8.39—8.35 (2H, m), 8.01—7.93 (3H, m), 7.76 (1H, s), 7.46—7.43
(2H, m), 7.36—7.32 (1H, dd, J = 1.55 and 8.60 Hz), 5.89—5.75 (1H,
m), 5.04—4.91 (2H, m), 2.81 (2H, t, J = 7.32 Hz), 2.04 (2H, q, J =
7.32 Hz), 1.75 (2H, p, J = 6.80 Hz), 1.45—1.17 (14H, m). *C NMR
(75 MHz, CDCl5): 140.1, 139.5, 132.2, 132.0, 131.4, 130.8, 128.4,
128.3,128.2, 127.8, 126.1, 126.0, 125.6, 125.4, 125.1, 114.3, 36.5,
34.0,31.2,29.9, 29.81, 29.77, 29.7, 29.6, 29.4, 29.2. HREI: calcd for
(Cy6H3,), 344.2504; found, 344.2510.

Synthesis of (12-(Anthracen-2-yl)dodecyl)diethoxy(methyl)silane.”” In a
pressure tube, 2-(dodec-11-enyl)anthracene (0.15 g, 0.43 mmole)
and diethoxy(methyl)silane 1(0.41 g, 3.1 mmol) were mixed,
stirred, and purged with N, for 5 min. PtO, (6 mg, 0.035 mmol)
was poured into the tube, and the tube was sealed immediately.
The reaction was heated at 80 °C for 18 h and then cooled down,
and the excessive liquids were removed under vacuum. Chro-
matographic purification of the residue with silica gel resulted
in the title compound (98 mg, 48%), and the Rfwas 0.41 with the
eluting solvent being a mixture of ethyl acetate and hexane
(v/v 5:95). Mp: 64—68 °C (dec.). "H NMR (400 MHz, CDCls), 5 8.41
(1H,S), 8.36 (1H, s), 8.02—7.94 (3H, m), 7.77 (1H, s), 7.47—7.45 (2H,
m), 7.36 (1H, d, J = 8.7 Hz), 3.78 (4H, q, = 7.0 Hz), 2.82 (2H, t,
J=8.1Hz),1.76 (2H, p, J = 8.1 Hz), 1.42—1.22 (24H, m),
0.65—0.62 (2H, m), 0.13 (3H, s). *C NMR (100 MHz, CDCls): 139,9,
132.0, 131.9, 131.3, 130.6, 128.2, 128.04, 127,99, 127.6, 125.9,
125.8,125.3,125.2, 124.9, 58.0, 36.31, 33.3, 31.0, 29.7, 29.62,
29.57,29.4, 29.3, 22.9, 18.4, 13.8, —4.86. HREI: calcd for
(C31H460,Si), 478.3267; found, 478.3265. A side product, 2-n-
dodecylanthracene, was also obtained. "H NMR (400 MHz, CDCl):
5 8.36 (1H, s), 8.32 (1H, s), 7.96 (2H, m), 7.91 (1H, d, J = 8.8 Hz),
7.73 (1H, s), 7.41 (2H, m), 7.31 (1H, dd, J = 8.7 and 1.5 Hz), 2.78
(2H,t,J = 7.8 Hz), 1.72 (2H, m), 1.44—1.12 (18H, m), 0.85 (3H, t,
7.0 Hz). HRFAB: calcd (CysH34), 346.2661; found, 346.2662.

Synthesis of 2-(But-3-enyl)anthracene.
2-(Chloromethyl)anthracene and allylmagnesium chloride (2 M
in THF) were used to synthesize this compound (yield, 60%), fol-
lowing a procedure similar to that used for 2-(dodec-11-
enyl)anthracene. Mp: 133—135 °C. "H NMR (400 MHz, CDCl,): &
8.37 (1H,s),8.33 (1H, s), 7.97 (2H, m), 7.92 (1H, d, J = 8.6 Hz),7.75
(1H,s), 7.42 (2H, m), 7.32 (1H, dd, J = 8.8 and 1.7 Hz), 5.91 (TH,
m), 5.07 (1H, dq, J = 17.2 and 1.8 Hz), 4.99 (1H, dm, 10.3 Hz), 2.89
(2H,t,J = 8.2 Hz), 2.49 (2H, m). *C NMR (75 MHz, CDCl;): $138.76,
138.03, 131.90, 131.82, 131.31, 130.57, 128.17, 128.12, 128.06,
127.42,125.97, 125.94, 125.45, 125.26, 124.99, 115.11, 35.71,
35.06. HREI: calcd for (CigH4¢), 232.1252; found, 232.1262.

Synthesis of (4-(Anthracen-2-yl)butyl)diethoxy(methyl)silane. 2-(But-3-
enyl)anthracene and diethoxy(methyl)silane were used to syn-
thesize the yellow title compound (yield, 40%), following a pro-
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cedure similar to that used for (12-(anthracen-2-
yl)dodecyl)diethoxy(methyl)silane. Mp: ~140 °C (dec). '"H NMR
(400 MHz, CDCl3): 8 8.36 (1H, s), 8.32 (1H, s), 7.97 (2H, m), 7.92 (1H,
d,J = 88Hz),7.73 (1H, s), 7.42 (2H, m), 7.32 (1H, dd, J = 8.6
and 1.5 Hz), 3.76 (4H, q, 5.2 Hz), 2.81 (2H, t, J = 7.5 Hz), 1.79 (2H,
p, 7.7 Hz), 1.50 (2H, m), 1.20 (6H, t, J = 6.9 Hz), 0.71 (2H, m), 0.11
(3H, 5). *C NMR (75 MHz, CDCl3): § 139.64, 132.01, 131.84, 131.28,
130.59, 128.18, 128.06, 128.04, 127.55, 125.90, 125.79, 125.36,
125.20, 124.91, 58.10, 35.95, 34.50, 22.67, 18.43, 13.79, —4.81.
HREI: calcd for (Cy3H300,Si), 366.2015; found, 366.2033. A side
product, 2-n-butylanthracene was also separated. 'H NMR (400
MHz, CDCl3): 8 8.36 (1H, s), 8.32 (1H, s), 7.96 (2H, m), 7.91 (1H, d,
J=8.7Hz),7.73 (1H, s), 7.42 (2H, m), 7.32 (1H, dd, J = 8.7 and 1.6
Hz), 2.79 (2H, t, J = 7.8 Hz), 1.72 (2H, m), 1.41 (2H, m) 0.95 (3H, t,
7.3 Hz). HRFAB: calcd (CigH1g), 234.1409; found, 234.1411.

Synthesis of 9-(Bromomethyl)anthracene. A mixture of PPh; (5.61
g, 21.4 mmol) in 40 mL of anhydrous acetonitrile was flushed
with argon for 20 min, then bromine (3.42 g, 21.4 mmol) was
added dropwise to the stirring solution. The mixture was con-
tinuously flushed with argon and 9-methanolanthracene (4.55
g, 21.8 mmol) in acetonitrile (10 mL) was then poured in quickly.
The reaction was stirred for 1 h before being refrigerated over-
night (5 °C). After it cooled to —5 °C for 30 min, the mixtue was
filtered; and the solid on top was washed with cold acetonitrile
(15 mL, 5 °C). This procedure generated the yellow title com-
pound in high quality and in good yield (96%). "H NMR (400 MHz,
CDCl;): 8 8.48 (1H, s), 8.29 (2H, dqg, J = 8.9 and 0.7 Hz), 8.02 (2H,
dm, J = 8.5 Hz), 7.63 (2H, tm, J = 6.6 Hz), 7.49 (2H, tm, J = 6.6 Hz),
5.53 (2H, s) .”>*C NMR (75 MHz, CDCls): 8 131.60, 129.73, 129.27,
129.18, 127.87, 126.79, 125.37, 123.51, 26.94.

Synthesis of 9-(But-3-enyl)anthracene. 9-(Bromo-
methyl)anthracene and allylmagnesium chloride (2 M in THF)
were used to synthesize this compound (yield, 62%), following
a procedure similar to that used for 2-(dodec-11-
enyl)anthracene. Mp: 59—61 °C. "H NMR (400 MHz, CDCl;): &
8.34 (1H, s), 8.25 (2H, d, J = 8.6 Hz), 8.00 (2H, d, J = 8.2 Hz), 7.48
(4H, m), 6.05 (1H, m), 5.20 (1H, dq, J = 15.53 and 1.7 Hz), 5.07 (1H,
dm, J = 10.2 Hz), 3.70 (2H, m), 2.55(2H, m). '*C NMR (75 MHz,
CDCl3): & 138.29, 134.23, 131.63, 129.55, 129.25, 125.82, 125.54,
124.85, 124.37, 114.98, 35.15, 27.43. HREI: calcd for (CigHae),
232.1252; found, 232.1252.

Synthesis of (4-(Anthracen-9-yl)butyl)diethoxy(methyl)silane. 9-(But-3-
enyl)anthracene and diethoxy(methyl)silane were used to syn-
thesize this yellow liquid compound (yield, 42%), following a pro-
cedure similar to that used for (12-(anthracen-2-
yl)dodecyl)diethoxy(methyl)silane. "H NMR (400 MHz, CDCl5): &
831 (1H, s), 8.24 (2H, d, J = 8.7 Hz), 7.98 (2H, d, J = 8.4 Hz), 7.45
(4H, m), 3.76 (4H, g, J = 6.8 Hz), 3.58 (2H, m), 1.83 (2H, m), 1.67
(2H, m), 1.21 (6H, t, J = 7.1 Hz), 0.75 (2H, m), 0.13 (3H, s). *C NMR
(75 MHz, CDCl5): & 135.27, 131.63, 129.49, 129.18, 125.47, 125.33,
124.78, 12447, 58.15, 34.84, 27.83, 23.72, 18.44, 13.88, —4.84.
HREI: calcd for (C,3H300,Si), 366.2015; found, 366.2025.

Nanolayer Growth. The substrates were pretreated in advance
according to the literature. The silicon wafer was sonicated in ac-
etone for 10 min followed by another 10 min in ethanol and
then immersed in a mixture of concentrated H,SO, and 30%
H,0, (v/v 1:1) for 20 min. This pretreated silicon wafer was then
blown dry with N, and stored under N, for future use. During film
casting, the wafer was either immersed in an ANS1 solution
(107* M in THF, with trace amount of water) for 24 h or placed
over a countertop to receive ANS1 droplets before drying in an
ambient environment. It was then copiously rinsed with ethanol
and baked at 80 °C for 1 h. All of the thin film samples were
stored under a N, environment for future use.
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