
In-plane Van der Waals interactions of molecular self-assembly monolayer
Hong-Ying Gao, Hendrik Wagner, Philipp Alexander Held, Shixuan Du, Hong-Jun Gao, Armido Studer, and
Harald Fuchs 
 
Citation: Applied Physics Letters 106, 081606 (2015); doi: 10.1063/1.4907777 
View online: http://dx.doi.org/10.1063/1.4907777 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/106/8?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Investigation of the deposition and thermal behavior of striped phases of unsymmetric disulfide self-assembled
monolayers on Au(111): The case of 11-hydroxyundecyl decyl disulfide 
J. Chem. Phys. 142, 014703 (2015); 10.1063/1.4903539 
 
Surface melting and recrystallization of a self-assembled octanethiol monolayer on Au(111)a) 
J. Vac. Sci. Technol. A 29, 021011 (2011); 10.1116/1.3551581 
 
Cu–Cu diffusion bonding enhancement at low temperature by surface passivation using self-assembled
monolayer of alkane-thiol 
Appl. Phys. Lett. 95, 192108 (2009); 10.1063/1.3263154 
 
Conformation-induced self-assembly of rubrene on Au(111) surface 
Appl. Phys. Lett. 95, 093102 (2009); 10.1063/1.3213563 
 
Self-assembled monolayers for reduced temperature direct metal thermocompression bonding 
Appl. Phys. Lett. 91, 061913 (2007); 10.1063/1.2768869 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

159.226.35.207 On: Thu, 17 Dec 2015 08:46:03

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1734683719/x01/AIP-PT/APL_ArticleDL_121615/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Hong-Ying+Gao&option1=author
http://scitation.aip.org/search?value1=Hendrik+Wagner&option1=author
http://scitation.aip.org/search?value1=Philipp+Alexander+Held&option1=author
http://scitation.aip.org/search?value1=Shixuan+Du&option1=author
http://scitation.aip.org/search?value1=Hong-Jun+Gao&option1=author
http://scitation.aip.org/search?value1=Armido+Studer&option1=author
http://scitation.aip.org/search?value1=Harald+Fuchs&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4907777
http://scitation.aip.org/content/aip/journal/apl/106/8?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/142/1/10.1063/1.4903539?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/142/1/10.1063/1.4903539?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvsta/29/2/10.1116/1.3551581?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/95/19/10.1063/1.3263154?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/95/19/10.1063/1.3263154?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/95/9/10.1063/1.3213563?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/91/6/10.1063/1.2768869?ver=pdfcov


In-plane Van der Waals interactions of molecular self-assembly monolayer

Hong-Ying Gao,1,2,a) Hendrik Wagner,3 Philipp Alexander Held,3 Shixuan Du,4

Hong-Jun Gao,4 Armido Studer,3,b) and Harald Fuchs1,2,5,c)

1Center for Nanotechnology, Heisenbergstraße 11, 48149 M€unster, Germany
2Physikalisches Institut, Westf€alische Wilhelms-Universit€at, Wilhelm-Klemm-Straße 10,
48149 M€unster, Germany
3Organisch-Chemisches Institut, Westf€alische Wilhelms-Universit€at, Corrensstraße 40,
48149 M€unster, Germany
4Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China
5Institute for Nanotechnology, Karlsruhe Institute of Technology, 76344 Karlsruhe, Germany

(Received 23 December 2014; accepted 28 January 2015; published online 25 February 2015)

We demonstrate that the Van der Waals interactions in plane are important to control molecular

self-assembly structure as well their phase transition. Using precise chemical modification to medi-

ate such in-plane cohesive interactions, we observed the spontaneous formations of 2D order or dis-

order molecular self-assembly structures, as well their order-disorder phase transitions by annealing.

Interestingly, we identified that the side alkyl chains stand up at surfaces and form the ‘locked’

pairs/windmill structures. Moreover, we realized the covalent coupling based on ethynyl functional-

ity before molecular desorption from metal surfaces, by enhancing the in-plane interactions. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907777]

It is well known that adsorption of organic molecules at

surfaces will spontaneously form self-assembled struc-

tures.1–3 Considering the Van der Waals interactions to con-

fine such structure, a balanced molecule-substrate interaction

is required.2 Meanwhile, the Van der Waals interaction in-

plane, especially the attractive force, is expected as the stron-

ger—the better for potential applications. Along this line, it

should be possible to add some specific functionality to mol-

ecules, enhancing the Van der Waals in-plane interactions.

Indeed, the hydrogen bonding functionalities4–6 were suc-

cessfully applied to control molecular self-assembly nano-

structures, as well their physical and chemical properties

such as the thermal desorption7,8 and coordinated bonding.9

On the other side, it is also possible to realize the above self-

assembly control via varying the substrates, which deter-

mines different molecule-substrate interactions.8,10,11

Based on these results, we proposed here a simple model

that the long-range interactions to confine self-assembly

structure at surfaces can be assigned into two components:

Fs, the molecule-substrate adsorption force and Fm, the

molecule-molecule attraction interaction (Scheme 1(a)).

Here, the molecule-to-molecule distance r and molecule-to-

substrate distance d depend on the size of molecule, as well

the strength of forces Fs and Fm. By adding the specific

chemical groups to enhance the molecule-molecule in-plane

interactions, the molecular self-assembly structure, as well

their properties (for example phase transition), will be

influenced.

In this paper, we employed the flexible alkyl chains for

the obtaining enhanced in-plane molecule-molecule adhesion

forces Fm.12–14 We investigated the roles of alkyl chains in

molecular self-assembly structures, for molecules from 1

(1,3,5-triethynylbenzene) to 2 (1,3,5-triethynyl-2,4,6-trime-

thylbenzene) and further to 3 (1,3,5-tributyl-2,4,6-triethynyl-

benzene) (Scheme 1(b)).

Experiments were performed with a UHV LT-STM

(Omicron) at a base pressure of 1� 10�10 millibar, which was

operated at 78 K. The bias is the sample voltage with respect

to the STM tip. Atomically clean metal surfaces (Au(111) and

Ag(111)) were obtained by several ion-sputtering and anneal-

ing cycles. Molecules (1, 2, and 3) were deposited onto the

metal surfaces by free diffusion using a custom-designed fun-

nel in an isolated chamber. An IR thermometer was applied to

monitor the sample annealing process (30 min).

Molecule 1 was deposited onto an Au(111) surface.

Clockwise- and anti-clockwise SAM structures were observed

(Figure 1(a)), which agrees with previous works.15,16 We

found that the Ag(111) shows a weaker substrate-molecule

SCHEME 1. (a) A simple model for molecule-substrate and molecule-

molecule interactions to confine self-assembly structure. (b) Molecular

structures for investigation.
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interaction (Fs) to molecules than the Au(111) surface, the lat-

ter exhibiting a herringbone 22 � �3 reconstruction. The

clockwise structure on Ag(111) can be treated as a 2D crystal

with a hexagonal Bravais lattice (Figures 1(bi) and 1(bii)). The

periodicity parameters were measured as: a¼ 1.30 6 0.02 nm;

b¼ 1.30 6 0.02 nm; angle a,b¼ 60 6 0.5�. Interestingly, we

found that molecule 1 could diffuse freely to leave and join the

self-assembly structure, which indicates the weak Van der

Waals in-plane interactions between ethynyl groups (Figure

3(c)).16

Next we tested 1,3,5-triethynyl-2,4,6-trimethylbenzene

(molecule 2), which should have a stronger in-plane Van der

Waals interaction, because of the stronger interactions

between methyl and ethynyl groups (methyl cannot reach

methyl due to steric reason). Indeed, we identified that mole-

cule 2 formed a closely stacking self-assembly structure as a

result of stronger in-plane forces (Figure 2(ai)). Surprisingly,

we found molecule 2 has two local orientations in the self-

assembly structure (as indicated by the black and red chemi-

cal structures in Figure 2(aii)). In spite of the small triangular

orientational-domains at some area, it belongs to a 2D orien-

tation disordered structure (Figures 2(aii) and 2(aiii)). It is

very interesting that if we ignore the orientation disorder

(marked by the blue hexagon), the structure can be treated as

an ordered crystal with a hexagon FFT pattern as marked by

red circles.

It is well known that varying the temperature could trig-

ger a self-assembly phase transition.17–20 This may include

also an orientation phase transition. To verify this point,

annealing of the sample was applied. Figures 2(bi) and 2(bii),

the STM image and its FFT pattern (the rhombic Bravais lat-

tice), clearly show that molecule 2 eventually forms a self-

assembly structure with their orientations kept in long range

order. Molecular stacking model was illustrated with a peri-

odic parameters: a¼ 5.05 6 0.05 nm; b¼ 5.36 6 0.05 nm,

angle a,b¼ 56.8 6 0.5. The difference between lattice vectors

a and b is deduced to molecular orientation difference along a

and b axes in Figure 2(biii). Moreover, the desorption temper-

ature of molecule 2 was found higher than molecule 1

(roughly, 120 �C VS 90 �C).

Encouraged by the obtained results, we finally investi-

gated the self-assembly of molecule 3. Because of the inter-

actions between alkyl chains (alkyl chains are long enough

to reach each other for the adhesion interactions), the in-

plane Van der Waals interactions for this molecule were

expected to be strongest. We first tested the Au(111) sub-

strate and found the disordered self-assembly structure,

because the molecule-substrate interaction Fs is rather strong

(Figure 3(a)). To our surprise, we found that the alkyl chains

stood up normal to the surface (illustrated as Figure 3(aiii))

and part of them formed the ‘locked’ pairs (marked by the

black circles). Here, an interesting aspect is that we obtained

FIG. 1. (a) STM images of molecule 1

on Au(111) surface (1 V, 200 pA,

10� 10 nm) as well its stacking in

clockwise (blue) and anti-clockwise

(red). (b) STM images ((i), 1 V, 10 pA,

17� 17 nm with an inset 6� 6 nm) of

molecule 1 in clockwsie assembly on

Ag(111) with its geometrical FFT

image ((ii), 7.0� 7.0 nm�1). (c) The

diffusion of molecule 1 at Ag(111) sur-

face proved by the continuous images

on the same area (i) beginning, (ii)

middle, and (iii) final (1 V, 10 pA,

25� 25 nm).
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different molecular images at different tunneling distances.

When the tunneling distance is close, the STM image domi-

nantly shows a molecular “bottom template,” containing one

benzene ring, three carbon-triple bond arms, and three bot-

tom carbons (C1) of alkyl groups (Figure 3(ai)). However,

when it is far, STM image provide the standing carbons of

alkyl groups (Figure 3(aii)).

Then, we used Ag(111) substrate for the proper

substrate-molecule interaction (Because Ag(111) has no

surface reconstruction, which is easier for molecule to dif-

fuse and form the self-assembly structure). Indeed, we

found an ordered self-assembly structure with periodic pa-

rameters: a¼ 3.20 6 0.02 nm; b¼ 3.20 6 0.02 nm; angle

a,b¼ 120 6 0.5� (as shown in Figure 3(b)). Similar with it

on gold surface, when the tip is far, only alkyl groups

(standing carbons) are visible and they form the windmill-

like structure (by the ‘locked’ alkyl pairs) with clockwise/

anti-clockwise property. The corresponding FFT pattern

shows a hexagon symmetric of alkyl groups. Very interest-

ing, if the distance is far further, STM image could provide

the top-C4 movements of alkyl groups.21 The molecule

in the center of each windmill looks unstable, as displayed

by the stripes within in the STM image. Going closer to the

molecule with the STM probe, the STM image provides

more information of alkyl bottom carbons (C2/C3), and

looks like balls attached to a benzene ring (Figure 3(bii)).

Going even closer with the STM tip, the benzene ring with

three carbon-triple bond arms and three bottom carbons

(C1) show up in the images (Figure 3(biii)). The FFT pat-

terns of Figures 3(bii) and 3(biii) show more information

about the Bravais lattices of molecular “bottom templates.”

Here, the “locked” alkyl pairs definitely enhanced the

adhesion forces (in-plane Van der Waals interaction) among

molecule 3, which will induce molecular thermal phase

FIG. 2. (a) STM image ((i), 17

� 17 nm), and high resolution image

((ii), 5� 5 nm), of the 2D orientation

disordered phase formed by molecule 2

on Ag(111) with its geometrical FFT

image ((iii), 8.0� 8.0 nm�1). (b) High

resolution STM image ((i), 20� 20 nm),

as well its FFT image ((ii), 8.0

� 8.0 nm�1) and crystal stacking model

(iii), of molecule 2 2D crystal phase on

Ag(111) surface, after annealing to

125 �C. All STM images were acquired

at �1 V, 100 pA.
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transition acts differently. For the annealing up to 125 �C, a

lot of the windmills of ‘locked’ alkyls were converted to be

disordered ‘locked’ pairs (Figure 4(ai)); as a result, its FFT

image of alkyls shows a cloudy pattern (Figure 4(aii)).

However, as the tip is closer to molecule, the molecular

“bottom templates” were still in the semi-order structure

(Figure 4(aii) and 4(aiii)), which were supported by their

FFT patterns. Further annealing to 137 �C, most of the wind-

mill structures disappeared and more disorder was formed

(Figure 4(bi) and 4(bii)). Even the stacking of molecular

“bottom templates” also shows more disorder properties,

supported by its FFT image with much larger dispersed

points (Figure 4(biii)). Additionally, by the strong in-plane

Van der Waals interactions of alkyl chains, we realized the

covalent coupling based on the ethynyl functionality before

molecular desorption from metal surfaces.

In summary, we have shown a simple model for

molecule-substrate and in-plane molecule-molecule interac-

tions to confine molecular self-assembly structure. It was

demonstrated that the in-plane Van der Waals interaction is

important to control molecular self-assembly structure, as

well its properties. Using tailored chemical modifications to

mediate such in-plane cohesive interactions, we observed the

spontaneous formations of order (molecule 1 and 3) and dis-

order (molecule 2) molecular self-assembly structures, as

well their order-disorder phase transitions triggered by ther-

mal annealing. Moreover, it was identified that the flexible

alkane chains stand up at surfaces with the terminal carbons

FIG. 3. (a) STM high resolution

images of molecule 3 at different tun-

neling distances ((i), 1 V, 50 pA,

5� 5 nm and (ii), 2 V, 50 pA,

6� 6 nm), with an illustration of the

standing C4 chain on Au(111) surface.

(b) High resolution STM images of

molecule 3 on Ag(111) surface at dif-

ferent tunneling distances ((i), far, 2 V,

10 pA, 12� 12 nm; (ii), middle, 2 V,

50 pA, 8� 8 nm; (iii), close, 1 V,

50 pA, 8� 8 nm), as well their corre-

sponding FFT images ((i-3),

5� 5 nm�1), ((ii-3), 8� 8 nm�1) and

((iii-3), 8� 8 nm�1) show their hexag-

onal Bravais lattice in symmetry.
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moving. Interestingly, the alkyl chains formed ‘locked’ pair/

windmill structures, and their strong in-plane adhesion forces

were helpful for on-surface covalent coupling occurrence.
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