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Abstract: The self-assembly of a series of hexadehydrotribenzo[12]annulene (DBA) derivatives has been
scrutinized by scanning tunneling microscopy (STM) at the liquid—solid interface. First, the influence of
core symmetry on the network structure was investigated by comparing the two-dimensional (2D) ordering
of rhombic bisDBA 1a and triangular DBA 2a (Figure 1). BisDBA la forms a Kagomé network upon
physisorption from 1,2,4-trichlorobenzene (TCB) onto highly oriented pyrolytic graphite (HOPG). Under
similar experimental conditions, DBA 2a shows the formation of a honeycomb network. The core symmetry
and location of alkyl substituents determine the network structure. The most remarkable feature of the
DBA networks is the interdigitation of the nonpolar alkyl chains: they connect the z-conjugated cores and
direct their orientation. As a result, 2D open networks with voids are formed. Second, the effect of alkyl
chain length on the structure of DBA patterns was investigated. Upon increasing the length of the alkyl
chains (DBAs 3c—e) a transition from honeycomb networks to linear networks was observed in TCB, an
observation attributed to stronger molecule—substrate interactions. Third, the effect of solvent on the structure
of the nonpolar DBA networks was investigated in four different solvents: TCB as a polar aromatic solvent,
1-phenyloctane as a solvent having both aromatic and aliphatic moieties, n-tetradecane as an aliphatic
solvent, and octanoic acid as a polar alkylated solvent. The solvent dramatically changes the structure of
the DBA networks. The solvent effects are discussed in terms of factors that influence the mobility of
molecules at the liquid—solid interface such as solvation.

Introduction copy (STM) is a powerful technique for the investigation of
. L . two-dimensional (2D) crystal structuressolectron-conjugated
The control of the spatial organization of functionatlectron- systems with atomic scale resolution. STM not only operates
conjugated systemsias led to major advances in the field of \nger yitrahigh vacuum conditions but also at the interface
organic materials, such as liquid crystal materials, molecular- panveen two condensed media: one is an atomically flat
scale electronicdand molecular devicesRecently, the struc- conducting solid and the other is a gas, a liquid, a liquid
tural control of organic monolayers has been presented as acyystalline material, or a gel.

further important step to achieve highly ordered organic  ong of the useful approaches is to decorate the surface with
nanostructures and also as an opportunity to fabricate moleculany,gjecules that form regular 2D periodic patterns by self-

scale devices on flat substrafég.Scanning tunneling micros- assembly at the liquidsolid interface® In such systems, it is

essential to control the competition between the following four

T i i . . .

Osaka University. modes of interaction to construct the desired molecular patterns;
* Katholieke Universiteit Leuven.

(1) (a) Hoeben, F. J. M.; Jonkheijm, P.; Meijer, E. W.; Schenning, A. P. H. J. molecule-molecule, moleculesubstrate, molecule-solvent, and

Chem. Re. 2005 105 1491-1546. (b) Grimsdale, A. C.; Mlen, K. solvent-substrate interactions. Especially, the control of mol-
Angew. Chem., Int. EQ005 44, 5592-5629.

(2) (a) Joachim, C.; Gimzewski, J. K.; Aviram, Alature 200Q 408 541—

548. (b) Nitzan, A.; Ratner, M. AScience2003 300, 1384-1389. (5) For recent reviews on STM measurements at the ligsalid interface,
(3) Callier, C. P.; Mattersteig, G.; Wong, E. W.; Luo, Y.; Beverly, K.; Sampaio, see, for example: (a) De Feyter, S.; De Schryver, FCem. Soc. Re
J.; Raymo, F. M.; Stoddart, J. F.; Heath, J.9®ience200Q 289, 1172 2003 32, 139-150. (b) De Feyter, S.; De Schryver, F. L .Phys. Chem.
1175. B 2005 109, 4290-4302. (c) SamdriP.; Rabe, J. Pl. Phys.: Condens.
(4) (a) SamoriIP.; Severin, N.; Simpson, C. D.; Men, K.; Rabe, J. PJ. Am. Matter 2002 14, 9955-9973. (d) Giancarlo, L. C.; Flynn, G. WAcc. Chem.
Chem. Soc2002 124, 9454-9457. (b) Piot, L.; Marchenko, A.; Wu, J.; Res.2000 33, 491-501. (e) Wan, L.-JAcc. Chem. Re2006 39, 334
Millen, K.; Fichou, D.J. Am. Chem. So@005 127, 16245-16250. (c) 342. (f) Hermann, B. A.; Scherer, L. J; Housecroft, C. E.; Constable, E. C.
Okawa, Y.; Aono, M.Nature 2001, 409, 683-684. Adv. Funct. Mater.2006 16, 221—235.

10.1021/ja0655441 CCC: $33.50 © 2006 American Chemical Society J. AM. CHEM. SOC. 2006, 128, 16613—16625 = 16613



ARTICLES

Tahara et al.

)
R =CyoHzq (1)

r =H0Ob) 0.98 nm

~F— R

(c) rR R

R =CyoHp (2a) O
= H (2b)
= OCyoH24 (3a) O
=OCioHps (3b) g Q Q R
= 0Cy4H29 (3¢)

R =0C;eHz3 (3d) R R
= OCygHay (3€) 0.73 nm
= OMe (3) R = OCigHay (4a)
= OMe (4b)

Figure 1. Structures of (a) decadehydrotetrabenzo[12]annuleno[12]annulene (bisD&B)s,(b) hexadehydrotribenzo[12]annulene (DB%s—b and3a—

f), and (c) triphenylened@b) derivatives.

ecule-molecule interactions is crucial for the formation of
molecular networks: typically, discrete molecular building-
blocks are ‘connected’ to each other by virtue of directional

hydrogen bonding, van der Waals interactions) between the
solvent and the other molecul&sThe solvent also affects the
mobility of the molecule¥ at the liquid-solid interface, e.g.,

intermolecular interactions such as hydrogen bonding or metal by affecting the adsorptiendesorption dynamics. In this
coordination. Being able to correlate molecular features such dynamic process, the mobility of the molecules is affected by
as shape, position of interacting sites, as well as electronic the solvation energy (molecutesolvent interaction) and possibly

properties with the resulting topology of the molecular archi-

also by solvent viscosit}® Hence, for a successful rational

tectures would enable us to design and construct the networkconstruction of 2D molecular networks, an accurate molecular

structures and their functions. This strategy is already well-
known as “crystal engineering” in three-dimensional (3D) crystal
system$. Of special interest are 2D molecular porous net-
works/8

In 2D systems, the molecutesubstrate interaction is an
important issue to regulate network topologies in terms of

design taking into account these four interactions is essential.
In this contribution, we systematically study the formation
of 2D molecular networks of dehydrobenzo[12]annulene (DBA)
derivatives on highly oriented pyrolytic graphite (HOPG). Our
strategy to form 2D regular networks is based on choosing rigid
sr-electron-conjugated frameworks with long alkyl chains as

symmetry matching of the molecules with the substrate. The molecular building-blocks. In this respect, DBA derivatives are

strength of the molecutesubstrate interactions can be controlled

good candidates because of their planglectron-conjugated

by adjusting the van der Waals interaction between moleculesframework, unique molecular shape, suitable core size to

and substrate. For example, the moleetdabstrate interaction
on graphite linearly increases with the length of the alkyl
chains?10

At the liquid—solid interface, solvent molecules play a
significant role in the network formation and have therefore a

favor directional alkyl chain interdigitation, and core symmetry
which fits the graphite lattice (Figure 19.Furthermore, their
synthetic versatility allows chemical modification of their
periphery”

Instead of using hydrogen bon#é!8we focus on directional

strong effect on the network structures. Sometimes solvent alkyl chain interdigitation and tune the strength of moleeule

molecules are coadsorbed in the molecular network (sotvent
substrate interactiort}. Coadsorption of solvent molecules

molecule and moleculesubstrate interactions by stepwise
elongation of the alkyl chains. For that purpose, in addition to

critically depends among other factors on the size and shape ofthe previously synthesized decyl-substituted rhombic-shaped

the solvent moleculé3as well as the mode of interaction (e.g.,
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Scheme 1.

1) K5COg

©:OH 2) RBr
OH DMF,

rt.t080°C

5a, R = C10H21, 60%
5b, R= C12H25, 77%
5¢, R = Cy4Hz9, 82%
5d, R = CygHgs, 77%
5¢,R= C13H37, 84%

|
=Si

I, HglOg

Synthesis of Hexaalkoxy DBA 3a—e

OR lj@[OR
@[OR AcOH/H,O/HoSOy, | OR
70°C

6a, R = C1 0H21, 72%
6b, R = CyoHos, 95%
6¢c, R = Cy4Ha9, 91%
6d, R = CygH33, 92%
66, R= C1 3H37, 79%

Deprotection of the trimethylsilyl group of the coupling products
was performed by stirring with potassium carbonate in methanol/
THF (1:1), giving8a—e. For the construction of the annulene
framework, the copper-catalyzed cyclotrimerizatio@af-e was
employed®? The reaction of8a—e with copper iodide and
triphenylphosphine in DMF proceeded smoothly at 260to
afford hexasubstituted DBA3a—e in modest yield$3

2. STM Observation of DBA Networks at the Liquid—
Solid Interface. First, the formation of DBA networks at the
1,2,4-trichlorobenzene (TCBraphite interface was probed for

Cul, Pd(PPhg); ©~ X R o X OR 1a, 23, and3a—ein order to evaluate the effect of theelectron
_TMSA 223 core symmetry as well as the length of the alkyl chains on the
EtaN, ! OR  THF/MeOH, ' OR geometry of the 2D networks. In a next step, the spontaneous
1080°C gy R=CioHp 52% U 8a, R=CioHay 97% monolayer formation was repeated in several solvents to
;l:, ; = 812:251 QSZ" gb, ; = 812:25, SSZ" elucidate how the choice of solvent affects the structure of the
» M ="14M29, ° C, R = (q4M29, ° H H
7d, R = CygHas, 42% 8d, R = CygHaa, 100% typical DBA n(,atworks formed at the TCBHOPG interface,
7e, R=CigHa7, 41% 8e, R = CygHay, 78% i.e., the Kagomdattice of 1a, the honeycomb structure &ha
RO OR and3a, and the linear B array &d (see below). The choice of
these solvents was motivated by their different characteristics:
Cul, KoCO4 gg ﬁfgw:mv gg:f TCB as a polar aromatic solvent, 1-phenyloctane as a solvent
PPhs 3¢, R = Oy Hag, 30% having both aromatic and aliphatic moietiestetradecane as
DMF, 160 °C 3d, R = CqgHas, 29% an aliphatic solvent, and 1-octanoic acid as a polar alkylated

- 0,
o Q O o 3¢ R=CieHa7, 2%

RO OR

solvent. All experiments were performed at-2Z2 °C.
2.1. Molecular Networks of DBA Derivatives 1a, 2a, and
3a—e in TCB. (a) Structure and Dynamic Behavior of 1a.

The solvent turned out to be an important factor as the 2D Figures 2a and 2c display STM images of a physisorbed
patterns were dramatically affected by the nature of the solvent, Monolayer obtained from a solution of bisDBl in TCB on
Previous studies of solvent effects were mainly focused on 2D HOPG. In the STM images, aromatic moieties are often
molecular networks held together by hydrogen bon#itg or observed to show a high tunneling efficiency allowing a
lamella-type structures of alkylated molecules stabilized by van ;tralghtfonNard Interpretation of the brightlark contrast in the
der Waals interaction&:15The present investigation highlights images?* Therefore, bright rhomb'|c features correqund to the
the important role of solvent on the structure and stabilization #-€lectron-conjugated coré$, which also agrees with the
of molecular networks which are formed, not via hydrogen Molecular size. The striped features between Ahgystems
bonding, but via the interaction between nonpolar groups based0rrespond to alkyl chains. Surprisingly, a dynamic change of

upon van der Waals interactions, i.e., directional alkyl chain the mol_ecular all|gnmer.1t ota was obsgrved; early on in a
interdigitation. measuring session, a linear network (linear A) was observed

(Figure 2a3® which was then gradually replaced by a Kagome
domain (Figure 2c). This observation suggests that the linear
A structure is a kinetically favored molecular pattern while the
Kagomenetwork is the thermodynamically more stable dffe.

A model reflecting the molecular ordering @& according
to the linear A type packing is shown in Figure 2b. All molecules
are oriented in the same way; extended alkyl chains bridge the
gap between adjacent cores. This leads to alkyl chain interdigi-
tation at two sides (2 times two alkyl chains per core) while at
the other two sides, only one alkyl chain per core extends to
the adjacent core. All alkyl chains are aligned along two of the
main symmetry axes of graphite. A unit cell contains one
molecule ofla, and the cell parameters ame= 2.4+ 0.1 nm,
p =26+ 0.1nm, andy = 101+ 4°.

A packing model of the Kagofmeetwork oflais presented
in Figure 2d. Again, the interaction between adjacent molecules
is based on alkyl chain interdigitation, now at all sides, involving

Results

1. SynthesisTwo sets of DBA derivatives with different core
shapes, rhombus and triangle, are selected for the STM
investigations. The synthesis of bisDBAand DBA2ahaving
six decyl chains was reported previousiylo modify the alkyl
chain length of the triangle-shaped DBAs, hexaalkoxy DBAs
(3a—€) (R = CyoHay; 3@, CioHas, 3b, CigHzg; 3¢, CreHss 3d,
CigHs7; 3€) were synthesized from catechol. The synthesis of
DBAs 3a—ce is outlined in Scheme 1. Catechol was alkylated
by treatment with the respective alkyl bromide to yield 1,2-
dialkoxybenzeneSa—e. lodination of5a—e with periodic acid
and iodine in a mixture of acetic acid, water, angSiay gave
1,2-dialkoxy-4,5-diiodobenzene§a—e.2%21 Diiodides 6a—e
were treated with (trimethylsilyl)acetylene (TMSA) in the
presence of copper iodide and Pd(BRlas catalysts to give
1,2-dialkoxy-3-iodo-4-(trimethylsilyl)ethynylbenzenega—e.

(22) lyoda, M.; Sirinintasak, S.; Nishiyama, Y.; Vorasingha, A.; Sultana, F.;

(19) Sonoda, M.; Sakai, Y.; Yoshimura, T.; Tobe, Y.; KamadaCKem. Lett. Nakao, K.; Kuwatani, Y.; Matsuyama, H.; Yoshida, M.; Miyake, Y.

2004 972-973.

(20) Kovalenko, S. V.; Peabody, S.; Manoharan, M.; Clark, R. J.; Alabugin, I.

V. Org. Lett.20

(21) Compound$a—6c were previously known. (a) Zhang, D.; Tessier, C. A;
Youngs, W. JChem. Mater1999 11, 3050-3057. (b) Zhou, Q.; Carroll,
P. J.; Swager, T. MJ. Org. Chem1994 59, 1294-1301. (c) Ong, C. W.;
Liao, S.-C.; Chang, T. H.; Hsu, H.-F. Org. Chem.2004 69, 3181

3185.

04 6, 2457-2460.

Synthesi004 1527-1531.

(23) Hexaalkoxy[12]DBAs3a and 3c were reported in, ref. 21a.

(24) Lazzaroni, R.; Calderone, A.; Lambin, G.; Rabe, J. P.dBseJ. LSynth.
Met. 1991, 41, 525-528.

(25) The bright features also match the shape of the frontier orbitals of model
compoundlb (see Supporting Information).

(26) The yellow line in Figure 2a indicates the domain boundary that is originated
form the difference of the alkyl chains interdigitation pattern.
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Figure 2. STM images of bisDBAla physisorbed from TCB on HOPG and their model structures. (a) Linear A network of bislzBAy = 0.50 nA,

Vbias = —1.04 V). The yellow line indicates a domain boundary. (b) Molecular model of the linear A netwdrk ¢¢) The Kagomenetwork of bisDBA

la(lsc = 0.50 nA,Vhias= —1.04 V). Inset: Expansion of the central void of the Kagastreicture. The yellow circle in the inset indicates the positions of

some bright spots, attributed to TCB molecules. The yellow arrow indicates a trapped bis-annulene molecule in the center of a void. (d) Moldcular mode
of the Kagomenetwork ofla. The main symmetry axes of graphite are indicated in the lower left corner of the STM images.

in total three alkyl chains per side (2 1). The alkyl chains chain interdigitation (Figure 3b) leading to appreciable inter-
run parallel to the main graphite axes underneath. A unit cell molecular interactions. Furthermore, the alkyl chains are
contains three molecules dfa. The cell parameters of the orientated along the three main symmetry axes of graphite. The
Kagomenetwork areoa. = 5.0 £ 0.1 nm,8 = 4.9+ 0.1 nm, cell parameters of the honeycomb network?aefareo. = 3.9
andy = 120+ 1°. +0.1nm,f=3.84 0.1 nm, andy = 119+ 1°. There are two
In the Kagomenetwork, the cyclic arrangement of six molecules in a unit cell. Again a regular pattern of voids is
molecules leads to the formation of a void. The average diameterobserved, now as the result of the formation of cyclic hexamers
of the void estimated from the distance betweenstkedectron of 2a as part of the honeycomb network. The average diameter
moieties ofla having the same orientation across the voitl is  of the void estimated from the distance betweeswlectron
= 3.2+ 0.2 nm (Figure 2d). By taking into account the size of systems ofa having the opposite orientation across the void
the void, it is likely to be filled by six TCB solvent molecules is| = 3.1+ 0.1 nm (Figure 3b).
(inset in Figure 2c¥8 In addition, during the measurements, (c) Effect of Elongation of the Alkyl Chains of Triangular
occasionally a fuzzy but bright spot appeared in the center of DBA on the Network Structure. As the length of the alkoxy
such a void (yellow arrow in Figure 2c), which we attribute to chains of DBAs3a—eincreases (©C (terminal) length varies
a trapped bis-annulene molecule. These observations suggedrom 1.25 to 2.24 nm), the 2D ordering changes accordingly.
that there is a competition between coadsorption of solvent DBA 3a having decyloxy side chains forms a honeycomb
molecules anda itself in the voids. network (Figure 4a). The detailed structural features of the
(b) Structure of Molecular Network of 2a. Figure 3a honeycomb network o8a are similar to those c2a. There is
presents a typical STM image of a monolayer formed by no clear difference between the physisorption behavior of
triangle-shaped compour2éd upon applying a drop of a solution  compound®aand3ain TCB, except for a slight difference in
of 2a dissolved in TCB onto a freshly cleaved HOPG surface. the unit cell parametersx = 4.2+ 0.1 nm,f = 3.9+ 0.1 nm,
The bright triangles correspond to theconjugated cores of andy = 122+ 1° for 3a; 0 = 3.9+ 0.1 nm,f = 3.8+ 0.2
2a. A honeycomb network is formed; each apex position of the nm, andy = 119+ 1° for 2a.
hexagon is occupied by a molecule & and the sides of Figure 4b shows a typical STM image 8b at the TCB-
neighboring triangles face each other and are linked by alkyl graphite interface. The honeycomb structure was dominantly

16616 J. AM. CHEM. SOC. = VOL. 128, NO. 51, 2006
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% = o P =
Figure 3. (a) An STM image of2a physisorbed at the TCBHOPG interface.lq = 0.50 nA, Vpias= —0.99 V). (b) Molecular model of the honeycomb
domain of2a. The main symmetry axes of graphite are indicated in the lower left corner of the STM image.

i A
, WuL - * %

Figure 4. STM images (50 nmx 50 nm) of 3a—e at the TCB-HOPG interface. (a) Honeycomb network & (Isc = 1.0 nA, Vpias = —0.42 V). (b)
Honeycomb (bottom) and linear B type (top) networks3bf(lsq = 0.60 nA, Vpias= —0.28 V). The yellow line separates a honeycomb and a linear B type
domain. (c) Linear B type network &c (Isq = 0.65 nA, Vhias = —0.18 V). Red circles indicate honeycomb structures observed at domain boundaries. (d)
Linear B type network o8d (Isq = 0.65 nA, Vpias= —0.65 V). A red circle indicates a honeycomb structure. (e) Linear B type netwdk @f, = 0.70

NA, Vhias = —0.53 V).

observed. In this system, we observed a dynamic change frommodel and Supporting Information). However, a complete
a linear structure, called “linear B”, which corresponds to the conversion to the honeycomb network was within 4 h after
upper domain in Figure 4b to the honeycomb network covering dropping a solution onto the HOPG surface never observed. In
the largest area in this image (See also Figure 5b for a linear Bmost cases, a small area of the linear B type packing coexisted
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Figure 5. An STM image of a monolayer &c and molecular model of the network at the TEgraphite interface. (a) Linear B type netwotk,(= 0.65
nA, Vpias= —0.25 V). Top view (b) and side view (c) of a tentative model representing the linear B type netwRzKIdfe main symmetry axes of graphite
are indicated in the lower left corner of the STM image.

Table 1. Molecular Networks and Unit Cell Parameters of DBA Derivatives 1a, 2a, and 3a—e Physisorbed at the TCB—HOPG Interface

unit cell parameters?

compound predominant network o (nm) A (nm) y (deg) average APM? (nm?) NAC¢ on surface

la Linear A 24(0.1 2.6:0.1 101+ 4 6.1 6
Kagome 5.0+0.1 4.9+ 0.1 120+ 1 7.1 6

2a Honeycomb 3.9:0.1 3.8+£0.2 119+1 6.5 6

3a Honeycomb 4201 3.9+ 0.1 122+ 1 6.9 6

3b HoneycomB 45+0.1 45+ 0.1 119+ 1 8.9 6

3c Linear B 24+0.1 54+0.1 112+ 1 6.0 4

3d Linear B 24+0.1 5.44+0.1 105+ 2 6.3 4

3e Linear B® - - - - -

aFor each compound, unit cells are indicated in the figures in the main text or in the Supporting Inforfhatiea.per moleculeS Number of alkyl
g:hains.d The linear B and the honeycomb structures occasionally coéxisie cell parameters are not determined due to the low resolution of the STM
images.

with the predominant honeycomb network, which is attributed observed (Figures 4d and 4e). The length of the unit cell vectors
to the elongation of the alkyl chains. Comparison of the unit a andp are similar for3cand3d (2.4 and 5.4 nm, respectively);
cell parameters of the honeycomb networkaf 3a, and3b however, the angley] of 3d (105°) is smaller than that o3c
revealed that the anglg)(is constant (ca. 129while the length (112) (Table 1). In case 0Be more randomly ordered areas
of the unit cell vectorsx and increases (from 3.8 to 4.5 nm)  are observed (Figure 4e).
upon going from alkyl to alkoxy and increasing the alkoxy chain ~ 2.2. Solvent Effect on Molecular Networks of DBAs. (&)
length (Table 1). Hence, the diametdy énd area of central  Molecular Network of Rhombus-Shaped la.The solvent
void in such a hexagon is controlled by the alkyl chain length effect on the structure of molecular DBA networks has been
(I =3.1+ 0.1 nm for2a, 3.4+ 0.2 nm for3a, and 3.7+ 0.2 examined by comparing their self-assembly in three different
nm for 3b). organic solvents (1-phenyloctanetetradecane, and 1-octanoic
Molecule 3c which has six tetradecyloxy chains forms both acid) in addition to TCB described above. The DBA networks
honeycomb and linear B type domains (Figure 4c). Though large are strongly solvent dependent. As mentioned above, in TCB
scale images show honeycomb structures near domain boundthe linear A network is kinetically favored while the Kagome
aries, the linear B network was predominantly observed. No network is the thermodynamic stable one. Interestingly, another
change to the honeycomb structure was observed within 5 htype of linear structure (linear 'Aappeared by changing the
after sample preparation. In linear B domains, molecules havesolvent. The difference between the linear A andsucture
the same orientation in a given row while this orientation is the number of adsorbed alkyl chains on the surface and the
alternates from row to row leading to a zigzag alignment. A density of the molecular networks as described below.
high-resolution image o8c emphasizes the orientation of the In phenyloctane, the coexistence of Kagoaral linear A
alkyl chains (Figure 5a). Four interdigitated alkyl chains between structures was observed (Figure 6a). The structural details of
cores are clearly observed. However, the other alkyl chains arethe linear A packing are discussed later.
not observed presumably because they are not adsorbed on the Figure 6b shows an STM image of a monolayer laf
graphite surface but are exposed to the liquid phase (Figuresphysisorbed from tetradecane on HOPG. In this solvent, small
5b and 5c). domains of the linear A structure were observed. The network
Upon increasing the alkoxy chain length furthdd @nd3e), type was confirmed by comparison of the unit cell parameters
the same type of linear networks are also predominantly (o« = 2.4 4+ 0.1 nm, = 2.6 £ 0.1 nm,y = 97 £+ 3°) with
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Figure 6. (a) Coexistence of Kagoimend the linear Adomains ofla physisorbed from phenyloctane on HOPIG, (= 0.70 nA, Vpias= —0.54 V). The

yellow line separates a Kagoraed a linear Adomain. (b) Linear A domains dfa physisorbed from tetradecane on HORG & 0.70 nA,Vypias= —0.65

V). Unit cell parametersia = 2.4+ 0.1 nm, = 2.6 £ 0.1 nm,y = 97 &+ 3°. The yellow line indicates a domain boundary. (c) A high-resolution STM
image of the linear Atype pattern formed upon physisorption d from octanoic acidlgg = 0.60 nA, Vpias = —0.34 V). All molecules have the same
orientation. Unit cell parameters;= 2.5+ 0.1 nm,5 = 1.9+ 0.2 nm,y = 100+ 2°. (d) Molecular model of the linear'Apattern based on the STM image

in Figure 6¢. () Another Linear 'Adomain as the result of physisorption d& from octanoic acid on HOPG( = 0.60 nA, Vpias = —0.88 V). The
difference in the orientation of the molecules in adjacent rows is highlighted. This leads to slightly different unit cell parameters for nenerpzl(f)
Molecular model of the linear ‘Astructure based on the STM image in Figure 6e. The main symmetry axes of graphite are also indicated in the STM images.

those observed for the linear A type in TCB € 2.4+ 0.1 (b) Molecular Network of Triangular-Shaped DBA 2a. For
nm, = 2.6 £ 0.1 nm,y = 101 £ 4°). In tetradecane, the the decyl-substituted triangular compou2a the monolayers
Kagomedomain was not observed. show a more complex solvent dependence. Upon physisorption

In octanoic acid, bisDBALa dominantly forms the linear /A from phenyloctane, dynamic changes in the monolayer structure
structure (Figures 6¢ and 6e) with sometimes a small Kdgome are observed. Soon after applying a drop on the substrate the
domain (see Supporting Information). Normally, the conjugated trimer structure, which is identical to the network observed in
cores are oriented identically throughout a domain (Figure 6c). octanoic acid (Figure 7e), appeared. The detailed structure of
The corresponding molecular model is shown in Figure 6d. The the trimer network is discussed further in the text. This trimer
unit cell parameters are = 2.5+ 0.1 nm,f = 1.9+ 0.2 nm, molecular network gradually transformed into a zigzag align-
andy = 100+ 2°. Sometimes, however, the orientation of the ment (Figures 7a and 7b) and honeycomb structure. Most of
conjugated cores in adjacent rows is different as shown in Figuretrimer domains disappeared within an hour. A zigzag row is
6e and the molecular model in Figure 6f. The same structural indicated in Figure 7a by the yellow line. Triangle-shaped bright
variation is also observed in the linear &pe domains for features correspond to theconjugated cores of DBA. At two
monolayers physisorbed from phenyloctane (Figure 6a). How- sides a core is linked to the adjacent ones by interdigitating
ever, the overall effect on the monolayer structure is minor alkyl chains. At the third side, two alkyl chains are located
(slight difference in the unit cell parameters for nonequivalent between the zigzag rows. Surprisingly, one phenyloctane
rows): the main aspect of the linear pattern is that four alkyl molecule is coadsorbed between these two non-interdigitated
chains per molecule are adsorbed and the monolayer is stabilizedalkyl chains (Figure 7b). This was confirmed by the observation
by alkyl chain interdigitation. of small bright features that matched the size of the phenyl ring

In both linear A and A networks, adjacent cores are of phenyloctane (see also model in Figure 7c). Unit cell
connected via four interdigitating alkyl chains. In the linear parameters are = 3.6+ 0.2 nm,f = 5.0+ 0.2 nm, andy =
A structure, the two remaining alkyl chains are adsorbed 135+ 1°. There are two DBA molecules and two phenyloctane
on the graphite surface, parallel to one of its symmetry axes, molecules in a unit cell. Moreover, this structure gradually
while those two alkyl chains in the linear' Atructure are changed to the honeycomb network, resulting in the coexistence
desorbed. of honeycomb and zigzag networks. The formation of the
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o

Phenyloctane.

Figure 7. (a) An STM image of a monolayer @&a physisorbed from phenyloctank{ = 0.85 nA, Vpias = —0.133 V). Unit cell parameters;, = 3.6 +

0.2 nm, = 5.0+ 0.2 nm,y = 135+ 1°. The yellow line indicates a zigzag row. (b) An STM image a2apattern formed upon physisorption from
phenyloctanel§, = 1.0 nA, Vhias = —0.59 V). Yellow “boxes” indicate coadsorbed phenyloctane molecules. The yellow line marks a zigzag row. (c)
Molecular model structure of the zigzag network observed in phenyloctane. (d) An STM im2g@bysisorbed from tetradecanie(= 1.0 nA, Vpias =

—0.78 V). Unit cell parametersr = 4.0+ 0.2 nm,f = 4.0+ 0.1 nm,y = 122+ 2°. (e) An STM image oRa in octanoic acid I = 0.90 nA, Viias =

—0.66 V). Unit cell parametersy = 5.9+ 0.2 nm,f = 5.7+ 0.2 nm,y = 122+ 1°. (f) Tentative model of the trimer network @& in octanoic acid. The

yellow arrow indicates a molecule in the center of the hexagon. The main symmetry axes of graphite are also indicated in the lower right part of the STM
images.

thermodynamically favored honeycomb network requires the the other two alkyl chains facing the center of the trimer could
expulsion of coadsorbed phenyloctane molecules and interdigi-not be resolved, suggesting they are too mobile or directed to
tation of all alkyl chains. Thus, coadsorption of the solvent the liquid phase. Due to the limited degree of alkyl chain
molecules first led to the formation of the zigzag network from interdigitation, molecule molecule interactions in the trimer
the kinetically favorable trimer structure. Consequently, de- networks are expected to be weaker compared to those stabiliz-
sorption of the coadsorbed solvent molecules led to the ing the honeycomb network. Fuzzy spots were observed at the
honeycomb network. In spite of the similar alkyl chain length center of the hexagons (Figure 7e, yellow arrow), indicating
of phenyloctane and octanoic acid, the latter one was not the adsorption of anotheéta molecule. This structure did not
coadsorbed presumably because of homodimer formation in-change to other structures even afieh at 26-22 °C.
volving hydrogen bonding’ (c) Molecular Networks of Decyloxy-Substituted Trian-
Figure 7d shows the honeycomb networkafformed upon gular DBA 3a. In contrast to decyl-substituteth, compound
self-assembly at the tetradecart¢OPG interface. There isno  3aforms a hexagonal-like structure in three solvents (pheny-
clear difference between the honeycomb networks observed inloctane, tetradecane, and octanoic acid). Figure 8b represents a
TCB and those formed in tetradecane as indicated by their typical STM image of3a physisorbed from tetradecane on

respective unit cell parameters € 4.0+ 0.2 nm,f =4.0+ HOPG, revealing the formation of a hexagonal packing.

0.1 nm,y = 122+ 2° for tetradecane and = 3.9+ 0.1 nm, Basically, this hexagonal packing reflects the structure of a

p =38+ 0.2nm,y =120+ 1° for TCB). honeycomb network and one molecule 3 in each central
Figure 7e is a typical STM image of an adlayer2# on void of the honeycomb. These structural features were confirmed

graphite physisorbed from octanoic acid. Three triangular bright by the observation of the ordering of the alkyl chains. The
features, ther-conjugated cores, form triangular-shaped trimers, central molecules in the hexagons appear fuzzy most probably
as indicated in yellow in Figure 7e. Figure 7f shows a tentative due to their dynamics. In a large hexagonal domain, the
model. Though four alkyl chains per molecule are clearly visible, adsorptior-desorption process of the central molecules was
indeed observed in a series of STM of the same area images
(27) (@) Loveluck, GJ. Phys. Chel960 64, 385-387. (b) Czamecki, M. A. - racorded sequentially (see Supporting Information). The hex-

Chem. Phys. LetR003 368 115-120. (c) Eliason, T. L.; Havey, D. K.; . i X X
Vaida, V. Chem. Phys. LetR005 402, 239-244. agonal structures filled with fuzzy molecular images in the center
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domain of3a physisorbed from phenyloctank{ = 0.65 nA, Vpias = —0.55 V). Unit cell parametersy = 4.2+ 0.1 nm,3 = 4.1+ 0.1 nm,y = 114+
1°. (b) A hexagonal domain da physisorbed from tetradecanig,(= 0.60 nA, Vypias = —0.93 V). Unit cell parameterst = 4.1+ 0.2 nm,f = 4.1+ 0.1
nm,y = 121+ 2°. (c) A hexagonal domain da physisorbed from octanoic acitk§ = 0.75 nA, Vhias= —0.60 V). The main symmetry axes of graphite

are also indicated in the STM images.

8cta|j$ ii:

&

E o

acid % .

Figure 9. STM images and a tentative packing modeBdfat the liquid-HOPG interface. (a) Coexistence of the linear B and lin€astBictures upon

physisorption of3d from phenyloctane (50 nnx 50 nm,ls¢ = 0.80 NA, Vhias =

—0.81 V). (b) A random structure in tetradecamg & 0.90 nA, Vpias =

—0.55 V). (c) A linear B domain of3d at the octanoic acidgraphite interfacel{ = 0.60 nA,Vpias= —0.52 V). Molecular model of the linear'Blomain
as observed in tetradecane is superimposed. The main symmetry axes of graphite are also indicated in the lower part of the STM images.

of the voids also appear in phenyloctane (Figure 8a) and octanoicinterface. The linear Bstructure consists of molecular rows with

acid (Figure 8c¥8 The unit cell parameters are comparable for
the honeycomb and hexagonal structures=(4.2+ 0.1 nm,f
=3.94+ 0.1 nm,y = 122+ 1° for TCB (honeycomb)p. = 4.1

+ 0.2 nm,f = 4.1+ 0.1 nm,y = 121 4+ 2° for tetradecane
(hexagonal), andt = 4.2+ 0.1 nm,f = 4.1+ 0.1 nm,y =
114 4+ 1° for phenyloctane (hexagonal)).

(d) Molecular Networks of Hexadecyloxy-Substituted
Triangular DBA 3d. Solvent-induced changes of the network
structure were also observed fad. As described above, at the
TCB—HOPG interface, the linear B structure was observed
(Figure 4d). After dropping a phenyloctane solution3af on
HOPG, the coexistence of the linear B network and a different
linear structure (linear B was observed (Figure 9a, see
Supporting Information). The linear Btructure was dominantly

observed in octanoic acid. The structural details of the linear
B’ structure are discussed later. In tetradecane, monolayer

an alternating orientation of the molecules in a given row. The
intermolecular distance between adjacent molecules in a row
is not very well defined but varies slightly. Four alkyl chains
per molecule take part in the alkyl chain interdigitation between
adjacent rows. The position of the other two alkyl chains could
not be determined presumably due to the free movement of the
alkyl chains in the solution or because of their mobility on the
graphite surface (Figure 9c). All visualized alkyl chains in a
given domain lie parallel to one of the three main symmetry
axes of graphite.

Discussion

Figure 10 summarizes the different types of molecular
networks of DBAsLa, 23, 3a, and3d and their model structures.
Rhombic bisDBAla shows three different structures (Figure

sl0b): Kagomelinear A, and linear A Also decyl-substituted

become more complex: random structures together with small ti@ngular DBA 2a forms three different networks (Figure

linear B domains are observed (Figure 9b).
Figure 9c shows a typical linear' Btructure with a small
random domain of3d formed at the octanoic aciegraphite

(28) In phenyloctane, small part of the zigzag structurgaivas also observed.

10c): honeycomb, zigzag, and trimer. The alkoxy-substituted
triangular DBAs3a—e show four different structures (Figures
10c, 10d, and 10e): the honeycomb, hexagonal (honeycomb
void filled (not shown)), linear B, and linear Btructures. Also

the solubility of the compounds in the different solvents is
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Figure 10. (a) Schematic representation of the different types of interfacial monolayer structures of 12B2g& 3a, and3d along with the properties of

the solvents used. The major network type is colored in red. The arrows indicate the dynamic conversions. The index m represents the number of alkyl
chains adsorbed per molecule on the graphite surface. The index n refers to the number of alkyl chain interdigitation sites per motewul&lAC’

(Table 1) are equivalent. Large values farandn indicate a highly ordered molecular alignment. Solubilities of the compounds in each solvent (g/L) are
indicated in blue (refers to the amount of compound dissolved after 12 h at room temperature). (b) Models of the three network strilz{tagafie

linear A, and linear A. (c) Models of the three network structures of DRA (honeycomb, zigzag, and trimer). (d) A model of the linear B structure of

3d. (e) A model of the linear Bstructure of3d. The brighter rods indicate alkyl chains which are not adsorbed on the surface.

rhombi and triangles are shared with their neighbors. It should
be pointed out that in the networks formed from TCB (the
Kagomenetwork oflaand the honeycomb network 28), all
sides of the rhombic or triangular-electron systems in the
VAVAVAV Kagonie and honeycomb networks are shared with their
VAVAV neighbors via _d|rect|onal a_IkyI chain |nterd|g|_tat|_on (F|gures_2d
and 3b). The linear type alignment of rhombi (Figure 11b), i.e.,
the linear A structure, is not the thermodynamically most stable
Figure 11. Close packing of rhombi (green) (a, b) and triangles (blue) (c). structure as the degree of directional alkyl chain interdigitation
Connecting the gravity centers of adjacent rhompi or triangles (shown as jg |ower compared to the Kagdn=tructure (The details will
yellow lines) gives rise to the formation of the Kagometwork in case of be discussed in the next section). The shape ofrtiéectron
rhombi (a) and the honeycomb network in case of triangles (c). . : ) > )
system thus determines the directional interaction based upon
full alkyl chain interdigitation, giving rise to two different
structures, the Kagomg@or the rhombics-electron systems)
and the honeycomb (for the triangularelectron systems).
There are some reports, mainly involving alkoxylated aro-
matic compounds, on 2D patterns formed as the result of alkyl
chain interdigitation as main intermolecular interacti®hlow-
ever, the question arises why both DBAs form regular patterns
via directional alkyl chain interdigitation. This question can be
answered by comparison of molecular networks of triangle-

©
AVAVA
AVAVAVA

indicated (see also Supporting Information). Here we also
introduce indicesn and n which refer to molecule substrate
and molecule-molecule interactions, respectively. The index
m represents the number of alkyl chains adsorbed per molecule
on the graphite surface. The indexrefers to the number of
alkyl chain interdigitation sites per molecule.

1. Core Shape-Directed Kagomend Honeycomb Network
Formation Involving Directional Alkyl Chain Interdigitation.
The shape of ther-electron-conjugated systems is one of the
important factors which determines the alignment of the DBA (29) The dense packing models of the rhombi and triangle shown in Figure 11
molecules on the surfaéélnterestingly, the observed direction highlight the difference of the positions of the directional interacting sites.

. . These models are not related with the surface coverage of the whole
of eachus-electron-conjugated system in 2D DBA networks molecular network, i.e., the principle of closest packing, as discussed later.
corresponds very well to the ideal dense packing model of (30) éa)LQJ'“Aﬁ Wang, ggé%’agi%?gggoﬁggggv @j%???L.'fééﬁé%&fai’
rhombi and triangles. Figure 11 shows the “ideal” dense packing H.-J.; Scherer, L. J.; Constable, E. C.; Housecroft, C. E.; Neuburger, M.;
mode of rhombi (Figures 11la and 11b) and triangles (Figure
11c)?® The dense packing models show that all sides of the

Hermann, B. A.Chem. Eur. J2005 11, 2307-2318. (c) Xu, S.; Zeng,
Q.; Lu, J.; Wang, C.; Wan, L.; Bai, C. LSurf. Sci.2003 538 L451—
L459.
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average area per molecule on the surface to compare the
substrate coverage of the molecules. For different networks
consisting of the same molecules, the density of the molecular
network can be estimated by comparison of the average area
per molecule. The smaller the value of the average area per
molecules, the higher the density of the molecular network is

and vice versa.

The careful comparison between the linear A structure (Figure
2a) and the Kagomstructure (Figure 2c) disclosed that the
dynamic process most likely originates from the difference in
molecule-molecule interaction. Because the average area per
molecule in the Kagomstructure (7.1 nf) is larger than in
the linear A structure (6.1 n#) we can rule out that in this
particular case the surface coverage plays a critical role in
defining the network structure. In addition, molecular modeling
confirmed that the orientation and conformation of the alkyl

Figure 12. Schematic drawings of the effect of core size on alkyl chain chains ofla are similar in both the linear A (Figure 2b) and

interactions and interdigitation. (a) Triangles with a suitable core size for the Kagome (Figure 2d) networks. Moreover, molectile
directional alkyl chain interdigitation with a partner. (b) The core size is substrate and molecutesolvent interactions are similar for both

too small for directional alkyl chain interdigitation. A side-by-side alignment networks. On the other hand. there is a clear difference between
of alkyl chains is observed. ’ . ' .
both network structures in terms of moleculaolecule interac-
tions (indexn in Figure 10). The molecutemolecule interac-

shaped triphenylene derivatives with those of DB3a—e tions are believed to be stronger in the Kagostreicture than
having the same number and length of alkoxy chatnBor in the linear A structure as only in the Kagomegucture the
example, it has been reported by Bai et al. that triphenylene alkyl chains are fully interdigitatedn(= 4 for the Kagome
derivative 4a with decyloxy side chains shows a hexagonal nhetwork andh = 2 for the Linear A network). For this reason,
packing patteril However, there is a clear difference between in combination with the solvent effect of TCB described later,
the packing patterns of the corresponding DB#(Figure 3b) the linear A structure gradually changed into the Kagome
and the triphenylene derivativia. Even though the hexagonal —network which appeared as the thermodynamically favored
network of triphenyleneta involves alkyl chain interactions  Structure.
between neighboring molecules, no interdigitation of the alkyl 3. Effect of Enhancement of Molecule-Substrate Interac-
chains is observed because of the small core size. In fact, thetions as a Result of Elongation of Alkoxy Chains of
closest interatomic distance between two alkoxy oxygen atoms Triangular DBAs. Network structures of aromatic compounds
estimated from the optimized geometries of the two model With alkyl substituents on graphite are reported to change by
compounds 3f and4b, R = OMe: obtained by DFT calcula-  changing the alkyl chain leng#¢31.34For the 2D networks of
tions at the B3LYP/6-31g* level of theory) is 0.98 and 0.73 triangle-shaped DBA derivative3a—e in TCB, the linear B
nm, for the annulene and triphenylene, respectively (Figufé 1). structure gradually becomes predominant with increasing alkyl
Moreover, this interatomic distance (0.98 nm) for DE3& chain length (from & on) due to the increase of the van der
relates well with the typical distance between closely packed Waals interactions in terms of molectimolecule and molecute
alkyl chains (0.46-0.45 nm)33 Therefore, DBA2acan interact substrate interactions as represented schematically in Figure 13.
with adjacent molecules via directional alkyl chain interdigitation The dynamic behavior and coexistence of the honeycomb and
(Figure 12a), while triphenylenga cannot accommodate alkyl ~ linear B structures observed f@b (Ci) indicate that both
chains of neighboring molecules between its own alkyl chains structures have a comparable free energy. For molecules with
(Figure 12b). Alkyl chain interdigitation leads to enhanced longer chains thaBb, more stable linear B type domains were
molecule-molecule interactions. observed. By comparison with the triphenylene derivatives
Hence, core symmetry, size, and location and orientation of having six alkoxy chains, it appears that the transition from the
alkyl or alkoxy groups at the periphery sfelectron-conjugated ~ hexagonal to the linear structures happens at the same chain

systems are key factors to determine network structure. length (G4).312 A further increase in the length of the alkyl
2. Dynamic Changes Driven by the Molecule-Molecule chains leads to a gradual misalignment of these alkyl chains
Interactions in the Network Formation of l1a in TCB. with respect to the main symmetry axes of graphite due to an

Molecules generally prefer to pack as densely as possible toincreased in_teraction. Il_n the case3af more randomly oriented
maximize the substrate coverage, which is favored for enthalpic Small domains of the linear type network were observed than

reasons (i.e., the principle of closest packitf§)We used the ~ for 3c and3d as shown in Figure 4e. Also triphenylenes with
longer alkyl chains show the formation of distorted netwdiRs.

(31) (a) Wu, P.; Zeng, Q.; Xu, S.; Wang, C.; Yin, S.; Bai, ChemPhysChem ic i i i
5001 12 750754 (b) Chara. - Cousty. Bhys. Re, Lett 1908 80, Th|_s is the _result of_strong molec_queubstrate |nteract|o_ns,
1682-1685. which restricts the in-plane mobility and the desorption

(32) Optimization of model compounds were performed umgisymmetrical i i i
constrain forlb and D3, symmetrical constrain fo2b, 3f and4b. adsorptlon dynamlc behavior of the molecules.

(33) (a) McGonigal, G. C.; Bernhardt, R. H.; Thomson, DAgpl. Phys. Lett.
199Q 57, 28—30. (b) Rabe, J. P.; Buchholz, Sciencel99], 253 424— (34) (a) Askadskaya, L.; Boeffel, C.; Rabe, JBRInsenges. Phys. Chet®93
427. (c) Herwig, K. W.; Matthies, B.; Taub, HPhys. Re. Lett. 1995 75, 97, 517-521. (b) Ito, S.; Wehmeier, M.; Brand, J. D.;'Bel, C.; Epsch,
3154-3157. (d) Tao, F.; Bernasek, S. . Am. Chem. SoQ005 127, R.; Rabe, J. P.; Mien, K. Chem. Eur. J200Q 6, 4327-4342. (c) Mena-
12750-12751. Osteriz, E.Adv. Mater. 2002 14, 609-616.
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disfavor or prevent the rearrangement from a kinetically favored
pattern to a thermodynamically stable structure. Also it is well
documented that the solubility is closely related to the molecule
solvent interaction (solvophilic effect§.In addition, the viscos-
ity of the solvent may also affect the out-of-plane (adsorption
desorption dynamics) mobility of the molecufésHigher
solvent viscosity would make the rearrangement process slower.

(b) Solvent Effects for the Network Formation of Decyl-
Substituted Rhombic 1a and Triangular 2a.Here we discuss
the solvent dependence observed for decyl-substituted bisDBA
laand DBAZ2a. In aromatic solvents (TCB and phenyloctane),
the networks formed by both compounds mainly consist of
Kagonieand honeycomb structures, respectively. As a result
CioHas of strong intermolecular interaction, highly ordered 2D networks
OCcHs: OC2Hz are formed. In the aromatic solvents, the thermodynamically
stable structures are observed because molecular dynamics
Figure 13. Schematic view of alkyl chain effects in the resulting network  should be favored due to the solvophilic effects. Indeed, DBAs
ztr:utﬁtgr:usr.fgch: brighter rods indicate alkyl chains which are not adsorbed 1 5 3nd2a are very soluble in TCB and phenyloctane as listed

' in Figure 10a{a: 7.3 g/Lin TCB and 0.81 g/L in phenyloctane,

4. Solvent Effects on the Network Formation of DBA. (a) ~ 2& 350 g/Lin TCB and 130 g/L in phenyloctane). The observed
The Role of the SolventSolvent-molecule interactions play ~ dynamic behavior ofiain TCB (transition from the linear A
an important role in the self-assembly of DBAs. All solvents N€twork to the Kagorheetwork) anc2ain phenyloctane (from
used (TCB, phenyloctane, octanoic a%iénd tetradecarie33a3§ the trlmer_networl_< via the_ zigzag n(_etwork to the honeycomb
are known not to form stable monolayers on graphite at room N€twork) is consistent with this view. In tetradecane, the
temperature (i.e., weak solvergubstrate interactions). There- intermediate case in terms of the solvoph!llc. effect, the properties
fore, the presence of a solvent monolayer can be safely excluderf the molecu!ar network are sqmewhat similar to those observed
in these solvents. The fact that Kagorpatterns ofla and in the aromatic solvents. The linear A structune<t 6, n = 2)
honeycomb domains &fa are observed in several structurally ©f 1@and the honeycomb structune & 6, n = 3) of 2awere
noncorrelated solvents indicates that these patterns are noPbserved. The persistence of the linear A structure in tetradecane
stabilized by the coadsorption of solvent molecules in the May be ascribed to the low mobility dfin this solvent. The
network voids. Therefore, we assume that these nanoporous spntermediate solvophillic effect of tetradecane is also supported
networks are the thermodynamically favored structures. by the solubility measurements & in each solvent as shown

At the liquid—solid interface, there is an equilibrium between N Figure 10a (0.15 g/L in tetradecane). In contrast, in octanoic
the molecules which stay on the surface (adsorb) and those@cid remarkably different network st_ructures, the linedr A
which go back into the solution (desof5)The overall mobility ~ Structure = 4, n = 2) of 1aand the trimer structurer(= 4,
(in-plane and out-of-plane) of the molecules is important for N = 2) of 2a were observed. Both networks do not show the
the transition of the kinetically favored to the thermodynamically Maximum possible alkyl chain interdigitation interactions<
favored structure(s). For the in-plane as well as out-of-plane 2) @nd two alkyl chains per molecule do not interact strongly
dynamics, the solvents play a significant role. Since the With graphite or are directed to solvemn & 4), leading to a
molecules have a solvent-dependent solvation energy, not c)my!lmlted sta}blllty. As a result, the network density is higher than
the thermodynamic stability of the patterns but also kinetic N @romatic solvents. Indeed, the average area per molecule of
factors such as the desorption rate and in-plane diffusion rate1@is 7.1 nn for the Kagonenetwork in TCB and 4.7 nftfor
should be solvent-dependent. In general, forlectron- the linear A network in octanoic acié® For t_he molecular
conjugated compounds with peripheral alkyl chains, the solvent Network of2a, the average area per molecule is 6.5 fion the
molecule interaction can be described in terms of solvophobic "oneycomb network in TCB and 4.8 Affor the trimer network
and solvophilic effects. These effects have frequently been usedn Octanoic acid. We assume that the rearrangement process of
to interpret the formation of aggregates of such molecules in the molecular n.e.tworks is restricted in octanoic acid because
solution®” Therefore, it seems reasonable to assume that Of the low solubility of the DBAs {a: 0.13 g/L,2a: 19 g/L).

solvophobic effects between DBAs and poor solvents would However, there is no significant difference in the solubilizing
properties between tetradecane and octanoic acid for both

(35) The desorption energy of the octanoic acid dimer from the graphite surface compounds. Though the reason for this significant solvent effect

is lower than that of tetradecane, see: Ref. 10c. . e
(36) (a) Katsonis, N.; Marchenko, A.; Taillemite, S.; Fichuo, D.; Chouraqui, 'S unclear, one of the possibilities that may lead to the observed

Alkyl Chain Length

G.; Aubert, C.; Malacria, MChem. Eur. J2003 9, 2574-2581. (b) Bucher, differences is the solvent viscosity.

J. P.; Roeder, H.; Kern, KSurf. Sci.1993 289, 370-380. (c) P t, : :

K.; Charra, Fsurt Secr_if'zoo_i“éﬂ Py (c) Perrone In conclusion, the solvent affects the speed of conversion from
(37) (a) Smithrud, D. B.; Diederich, B. Am. Chem. S0d.99Q 112, 339-343. a kinetically favored structure to a thermodynamically preferred

(b) Cram, D. J.; Choi, H.-J.; Bryant, J. A.; Knobler, C. B.Am. Chem. . .
S0c.1992 114, 7748-7765. (c) Lahiri, S.; Thompson, J. L.; Moore, J. 5. pattern. The rate of such a rearrangement process is most likely

J. Am. Chem. So00Q 122, 11315-11319. (d) Hger, S.; Bonrad, K.;

Mourran, A.; Beginn, U.; Mber, M. J. Am. Chem. So2001, 123 5651~ (38) (a) Anslyn, E. V.; Dougherty, D. AModern Physical Organic Chemistry
5659. (e) Tobe, Y.; Utsumi, N.; Kawabata, K.; Nagano, A.; Adachi, K.; University Science Books: Sausalito, CA, 2004; pp-£%37. (b) Shinoda,
Araki, S.; Sonoda, M.; Hirose, K.; Naemura, K. Am. Chem. So002 K. Principles of Solution and SolubilifjMarcel Dekker: New York, 1978.
124, 5350-5364. (f) Kastler, M.; Pisula, W.; Wasserfallen, D.; Pakula, T.;  (39) The addition of the area occupied by two alkyl chail2 nn?) to the
Millen, K. J. Am. Chem. So2005 127, 4286-4296. (g) Terech, P.; Weiss, average area per molecules of the linearirfcreases the area to ca. 5.9
R. G.Chem. Re. 1997, 97, 3133-3160. nn?, which is also smaller than that of the Kagometwork.
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dominated by the solubilizing properties of the solvent. Ad- The core symmetry and position of the alkyl or alkoxy chains
ditionally, the viscosity of the solvent can also affect the determine the molecular ordering. In combination with the core
rearrangement process in the poor solvents. DBAs tend to formsize, these structural properties favor the formation of nonpolar
a kinetically favored, less ordered structure initially. If the porous networks thanks to the directional interdigitation of alkyl
mobility of the DBAs is large enough, the DBA networks will  chains as well as the registry of the alkyl chains with the main
rearrange to more ordered structures despite the fact that thesymmetry axes of the substrate. Because of the strong directional
surface coverage is reduced. alkyl chain interdigitation, 2D open networks with voids are
(c) Effects of Ether Functionalities. A notable difference formed. Tuning molecutesubstrate interactions, realized for
in the solvent effect between the molecular ordering of alkyl- instance by changing the length of the alkyl chains, leads to
substituted?a and that of alkoxy-substitutesh was observed, different molecular networks. Therefore, molecuataolecule
though both have the sameconjugated core and identical alkyl and molecule-substrate interactions can be controlled by
chain lengths. In contrast t®a which forms the honeycomb  rational molecular design. The synthetic versatility of DBA

network in TCB and tetradecane, the trimer zigzag — derivativeg?*1will allow us to make various molecular networks
honeycomb networks in phenyloctane, and the trimer structure with specific topologies. Moreover, the formation of regularly
in octanoic acid, the alkoxy derivativeéa forms hexagonal- spaced voids in the Kagomeetwork of bisDBA 1a and the

like networks in all solvents; the honeycomb network in TCB honeycomb structures of DBA24, 3a, and3b) suggests that
and the hexagonal network in the other solvents. Both networks,the central free space can be used as the host space for guest
so also the hexagonal network, are characterized by themolecules which otherwise would not adsorb on graphite.
honeycomb alignment as the basic motif. The differences with  The solvent plays a significant role in the formation of DBA
the alkyl derivatives most likely originate from the conforma- networks, basically by affecting the number of adsorbed alkyl
tional flexibility of the ether group located between the aromatic chains and the degree of alkyl chain interdigitation. In addition
core and the alkyl chains. Indeed, the solubility3afis higher to the well-established co-adsorption effects of solvents, the
than that of2a. Therefore, the network transformations 3# present study highlights other aspects. The solvent-induced
might become easier than those2af and accordingl\Baforms polymorphism discloses that perfect molecular networks (maxi-
optimal alkyl chain interdigitation in all solvents. These results mal directional alkyl chain interdigitation) can be achieved in
suggest that the mobility of the alkyl chains may also affect good aromatic solvents. On the other hand, the molecular
the molecular mobility thereby affecting the 2D network network partially loses this stabilizing interaction in poor

formation and the outcome of the self-assembly process. solvents, resulting in a decrease of network order. These solvent
(d) Solvent Effects for the Network Formation of Hexa- effects on the 2D networks can be attributed to solvophobic/
decyloxy-Substituted Triangular 3d. Hexadecyl-substitute8d solvophilic interactions between molecules and solvents during
shows complex patterns upon changing the solvents. In aromaticthe formation of molecular networks. We propose here that the
solvents, the linear B structure is formed. Linear &d solubilizing properties of the solvents critically change the rate
amorphous like random patterns are observed in tetradecane andf the rearrangement processes which transform the initially
octanoic acid. It is expected that the linear B netwark= 4, formed kinetically favored structure into the thermodynamically

n = 2) of 3d is thermodynamically more preferred than the stable final pattern. These insights are useful in the area of “2D
linear B (m= 4, n = 2) or the random patterns. Even though crystal engineering.”

both networks are characterized by the same index numivers (
= 4,n = 2), the linear B pattern is considered to be the less
ordered and less stable one as this packing is strictly spoken
not 2D crystalline (slight positional differences of the triangular
cores) and the domain sizes are small.
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