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nanoarchitectures appear to be stabilized by the interabt-
tween the metal adatoms and the molecular oxygen atoi 1s.

We selectively engineer three two-dimensional self-
assembled hybrid PTCDI-NaCl nanoarchitectures,i.e. a
flower-structure, a mesh-structure and a chain-structure
on Au(11l). Scanning tunneling microscopy reveals
that NaCl-dimers selectively interact with molecular N-
H group. The PTCDI---NaCl-dimer binding appears
to be highly directional. Hybrid molecular-ionic self-
assembly is a promising alternative to metal-coordinated
and multicomponent organic nanostructures to engineer
novel nanoarchitectures on surfaces.

Engineering novel atomic and molecular nanostructures on
surfaces is a challenge in nanoscierfce®erylene diimide
derivatives are promising organic building blocks for apgp
tions in organic electronics due to their outstanding cleaimi
and thermal stability. These molecules have a non-uniform
charge distribution and possess the ability to self-astemb
into large two-dimensionnal (2D) hydrogen-bonded nanoar-
chitectures on flat surfacé4. Hydrogen-bond (H-bond) is

a widely used interaction to govern the formation of organic
structures because of the strength, the high selectiviydan
rectionality of this binding. Intense research effort has been
focused on tailoring perylene diimide derivative selfeaably

to create new nanoarchitectures having different strastur
and propertie& The functionalization of perylene diimide
skeleton is used to tune intermolecular interaction toterea
new arrangements. The molecules can also be mixed with
complementary organic blocks to create new self-assembled
H-bonded nanoarchitectures Metal-ligand interactions™® iy 1 (a) charge distribution and scheme of PTCDI. Gray bal’_ . -

o~
e

J '»’ - v--’
-' p K4 > / ;
: . " “
o W
.

are also directional and selective interactions that caexbe
ploited to tailor perylene diimide derivative self-asséynb
Jenseret al. and Yuet al. succeeded in engineering 2D
porous structuréd and 1D single-molecular chailts after
depositing 3,4,9,10-Perylenetetracarboxylic DiimideQDl,

carbon atoms, red balls are oxygen atoms, white balls are hyd: _
atoms, and blue balls are nitrogen atoms. (b) NaCl unit cell. Bl ~
balls are chloride and green balls are sodium atoms. (Right) C.\arae
distribution of NaCl dipole. STM image of the PTCDI-NaCl
nanoarchitecture after deposition on Au(111)-¢22/3) at room

Figure 1a) and nickel adatoms on a gold surface. Despitéemperature, ¥=1.2V, k = 0.6 nA; (c) 24<16 nnt, (d) 5x5 nn¥.
metal adatoms were hardly distinguishable in the scannin§®) Model of NaCI-PTCDI flower observed in (d). NaCl dipole” are

tunneling microscopy (STM) images, the metal-coordinate
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d’epresented by purple circles.

H-bonded structures are stabilized by dipole-dipole © i
actions between molecules whereas metal-coordinated ...
tures are stabilized by metal adatom-molecule electioste
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teractions. lonic compounds are in contrast stabilizedhiy t
electrostatic attraction between negatively-chargedraand
positively-charged cation. The strength of this ionic boad

be ten times higher than H-bond interactibhsAmong ionic
materials, sodium chloride (Figure 1b) is an attractiveeys
because it can grow as a multilayer film on numerous metal
surfaces when sublimated in vacutfimnNaCl can however vi-
olently react with polar molecules. 8 is the archetypal polar
molecule, it has a permanent dipole. WhesCHs mixed with
NaCl, the positively-charged hydrogen atoms interact tieh
negatively-charged chloride ions and the negatively-@gbar
oxygen atoms are aligned towards the positively-charged Na
ions. This ion-dipole interaction leads to the dissolutan
NaCl. Despite the strong NaCl-8 interaction, Chemt al.
showed that a new type of 2D ice structure can grow on
NaCl(100) film at low temperature in vacudf Recent ob-
servations in addition revealed that molecule-alkali mieta
interaction can modify 2D supramolecular assermfly

Here we investigate the interaction of PTCDI molecules
with NaCl on Au(111). Scanning tunneling microscopy
(STM) in ultra high vacuum reveals that PTCDI and NacCl
self-assemble into three complex 2D hybrid nanoarchitestu
depending of surface annealing.

Experiments were performed in a ultrahigh vacuum (UHV)
chamber at a pressure of TOPa. The Au(111) surface was
sputtered with At ions and then annealed in UHV at 56D
for 1 hour. PTCDI molecules (Figure 1la) and NacCl (Fig-
ure 1b) were evaporated at 25D and 390C, respectively,
on the gold surface kept at room temperature. Cut Pt/Ir tips
were used to obtain constant current STM images at room
temperature with a bias voltage applied to the sample. STM
images were processed and analyzed using the FabViewer ap-
plicationt’.

Figure 1c shows an STM image of the Au(111) surface af-
ter the deposition of PTCDI followed by the deposition of
NaCl. NacCl flat islands are visible in the image. These is-
lands have almost straight step edges and the angle between

the step edges I.S usualy90® or N450' These NaCl doma!ns ig. 2 STM image of the PTCDI-NaCl nanoarchitecture after
aF’pear too be .Sln.g!e monolayer 'lslands. The NaCl u.nlt cel eposition on Au(111)-(2% +/3) at room temperature and post

with ~4 A periodicity is resolved in the STM image. This pe- annealing at 100C, Vs = 2.0 V, k = 0.2 nA: (a) 15¢15 nn?, (c)

riodicity corresponds to the closest separation of one &om 1910 nn?. (b) Scheme of PTCDI-NaCk--PTCDI stick

species in the NaCl(001) surface. The bright spots in thelNaGperspective). (d) Model of the Mesh-nanoarchitecture. NaCl
islands are attributed to Clanions®1%. Surprisingly the STM  dipoles are represented by purple circles.

images in Figure 1c reveal that PTCDI molecule do not self-

assemble into the usual canted-structuiEhe molecules self-

assemble instead into a porous “flower’-network. The flower Temperature is a key parameter that can influence n.>'- .-
pattern is presented in the high resolution STM image in Figular self-assembRP. The STM image in Figure 2a re)als
ure 1d. The center of the flower pattern is composed of a smathat PTCDI molecules and NaCl form a new porous “| ‘esh”
NaCl island. The PTCDI molecules are attached almost pemanoarchitecture after annealing the surface at°COfo:
pendicularly to the NaCl island through their short sideisTh 40 min. The small NaCl islands are not visible anyn uic.
leads to the formation of a molecular flower with an NaCl cen-NaCl appears now as a single round spot (Figure 2¢) cuy-
ter and PTCDI molecules as petals. gesting it corresponds to a single NaCl dimer. The net  °
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unit cell of this porous structure is a rectangle with 2.3 nmwith the PTCDI molecules of the neighboring PTCDNac.
and 2.5 nm unit cell constants and an angle-60° between  chains. The network unit cell of this porous structure isk pa
the axes. The model of this porous structure is presented iallelogram with 1.5 nm and 1.7 nm unit cell constants aliu w.
the Figure 2d. The building block of this nanoarchitectgrai angle of~74° between the axes. The model of this nance. v u
PTCDI --NaCl--PTCDI stick, Figure 2b. The two PTCDI tecture is presented in Figure 3b. The parallel PTCINaCl-
molecules are aligned along their main axis and the NaCtimer chains are highlighted by dotted ellipses. NaCI-PTZD
dimer is connected the molecular imide group. This build-nanoarchitectures are coexisting with PTCDI films (NaC ! is
ing block is highlighted by dotted ellipses in the model pre-lands) when PTCDI (NaCl) is in excess, respectively.

sented in Figure 2d. Neighboring PTCBINaCl--- PTCDI STM reveals that the subsequent deposition of NaCl ¢~ .r 2
sticks are almost perpendicular to each other in the “mesh”Auy(111) surface covered with a PTCDI layer leads to the #~*
nanoarchitecture, Figure 2. The angle between neighboimation of two-dimensional hybrid nanoarchitectures. NaC
ing sticks is in fact~80°. Neighboring PTCDI-NaCl sticks essentially forms small islands in the organic layer when de
appear to be preferentially connected through N-B and  posited on a room temperature surface. NaCl also aj pears
H---O bonds between PTCDI molecules. locally as single and paired round spots in the STM imayes,
Figure 1c. There is no evidence of segregation of Ni w1
Cl ions into Na or Cl-rich overlayer in the STM images a.
room temperature or after annealing. The bright sf - -
calized in the gap between PTCDI molecules (Figures 2. )
and in the NaCl islands (Figure 1c) have similar conuaoc
the STM images. These are the reasons why NaCl single
bright spots are attributed to single NaCl dimers, v, <
ions adsorbed on the surface. The NaCl dimers app. -~ .0
break the known PTCDI 2D H-bonded self-assembled ¢* 1>-
tures’. The dimers form small 2D clusters in the org. = =
layer at room temperature. The PTCDI molecules 2> a!
ranged perpendicularly to NaCl islandg. molecular imide
group is connected to the edge of NaCl clusters. St rfac 2
post-annealing at 10 leads to the dissociation of NaCli 1s-
lands into NaCl dimers. At high temperature NaCl dimer , i 1t
trapped between two imide groups of PTCDI. This results ni0
the formation of straight PTCDI-NaCl - - PTCDI sticks, Fi¢ -
ure 2b. These sticks self-assemble almost perpendicitdoy
a porous mesh-structure at T@ Stick - - stick binding aj -
pears to be stabilized by double H-bonds (®1-C) betweel.
neighboring PTCDI molecules, Figure 2b. At higher t= -
perature the PTCDI-NaCl mesh-nanoarchitecture collay. - :
form a new arrangement. PTCDI and NaCl dimers are then ar-
ranged sequentially along straight chains. These PTCLIINA
Fig. 3 (a) STM image of the PTCDI-NaCl nanoarchitecture after chains are separated by single PTCDI chains, Figure & The
deposition on Au(111)-(22 v/3) at room temperature and post PTCDI mplecules are no_t perpendlgular anymore. The ¢nain-
annealing at 150C, 10x8 nim; Vs = 1.9 V, k = 0.2 nA. (b) Model nanoarchitecture has a higher density (1 mol./A2Bthan the
of the chain-nanoarchitecture. NaCl dipoles are represented by ~ mesh-structure (1 mol./144?).
purple circles. PTCDI molecules and NaCl strongly interact togeth  w
form 2D hybrid nanoarchitectures. Bulk sodium chloricc o
After annealing the surface at 190 for 40 min, the STM  an ionic crystal with a cubic symmetry. The NaCl st uc
image shows that PTCDI and NaCl self-assemble into a newure is composed of dimers consisting of a positively cha. =~
epitaxial “chain”-nanoarchitecture (Figure 3a). Thisustr  sodiumion (Nd) and a negatively charged chloride ion 77
ture is composed of parallel PTCDINaCI-dimer straight Figure 1b. The PTCDI skeleton has a non-uniform i terne
chains (NaCl-dimers appear as a round spots in the STM imeharge distribution. The oxygen atoms of the imide givups
age). Neighboring PTCDI-NaCl chains are separated by &arry a negative partial charge whereas the N-H groups caiy
single PTCDI chain. The molecules are rotated within thea positive partial charge, Figure la. The compleme ...y
PTCDI chains (12) to promote hydrogen bonding (QH-C) charge distribution of NaCl-dimer and PTCDI appears =
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at the origin of the long range self-assembly of these two
building blocks. The STM images show that NaCl-dimers
and PTCDI molecules are aligned along the main molecu-
lar axis,i.e. NaCl-dimers are connected to molecular imide
groups. We did not observed this interaction when mix-
ing NaCl with PTCDA (3,4,9,10-perylene-tetracarboxylic- 4
dianhydridef!. PTCDA shares the same skeleton as PTCDI
except that each PTDCI N-H group is replaced by a single
oxygen atom in PTCDA. This means that PTCDI N-H group 5
is at the origin of PTCDI- - NaCl binding. STM images show
that the PTCDI- - NaCl interaction is highly directional and
selective. Previous calculations suggested that NaCliclelo
atoms appears brighter than Na atoms in the STM imsigés
The STM images presented in Figure 1, Figure 2, Figure 3,
therefore reveal that the NaCI-PTCDI nanoarchitectures ar
stabilized by electrostatic interactions between thetpedy
charged PTCDI N-H group and the negatively charged ClI
ion of NaCl dimer. The Ct ion appears to accept the bind-
ing of one to two N-H groups. This leads to arrangement of
PTCDI and NaCl dimers into straight sticks or chains. The
mesh and the chain NaCI-PTCDI nanoarchitectures are botif
resulting from the assembly of a 2-fold coordination motif
(PTCDI---NaCl-dimer--PTCDI, Figure 2b). These nanoar-
chitectures appear also to be stabilized by H-bonds between
neighboring PTCDI molecules. The STM observations show
that the NaCl- - PTCDI interactions are strong enough to sta-
bilize the formation of porous nanoarchictures at room tem- 9
perature.

In summary we used scanning tunneling microscopy tg-?
investigate the interaction between PTCDI molecules and,
NaCl in vacuum. STM reveals that PTCDI and NacCl
self-assemble on Au(111) and form different hybrid two-
dimensional nanoarchitectures depending of surface tempel3
ature. These structures are stabilized by H-bonds as well
the selective and directional interaction between NaCledfm
and PTCDI N-H groups. This system is a promising alterna-
tive to metal-organic and multicomponent organic struesur
to engineer novel nanoarchitectures on surfaces.
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