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We have investigated the coadsorption of perylene tetracarboxylic dianhydride (PTCDA) and tetraaminobenzene
(TAB) on the Ag/Si(111)v/3x+/3 R3( surface using scanning tunneling microscopy. At room temperature,
PTCDA islands with square and herringbone ordering are formed which, on exposure to TAB, are converted
into an intermixed phase in which PTCDA and TAB form alternating rows. From our images, we determine
the relative placement of TAB and PTCDA molecules and conclude that the row structure is stabilized by
hydrogen bonding between dianhydride and diamine groups. We confirm that this hydrogen bonding junction
is stable using ab initio calculations and show that the proposed geometry is consistent with calculated
intermolecular dimensions.

Under suitable conditions, the sequential deposition of two H H H H
different molecular species onto a surface can lead to the R 2 O
formation of intermixed phases with unusual and highly \» O O pN Ney
interesting ordet- 8 Although in many cases the codeposition 0 ° H _H
of two adsorbed species leads to the formation of segregated O N\ / Q \",‘ b
islands consisting of a single molecular component, it has now Y b . L o H H H
been demonstrated that, through an appropriate choice of
molecules, intermixed, or alloy, phases are also possible. One PTCDA TAB

of the principal factors determining whether intermixing or Figure 1. Molecular structure of PTCDA and TAB.
segregation occurs is the relative strength of the relevant
intermolecular interactions. Intermixed phases would be ex-
pected if the heteromolecular interaction between dissimilar
molecules is stronger than the homomolecular interaction
between pairs of identical molecules.

One way of controlling the relative strengths of these
interactions is to incorporate functional groups within the
molecules which promote noncovalent interactions, such as
hydrogen bonding;* metal coordinatior®6 or dipolar cou-

structure is formed under ultrahigh vacuum (UHV) conditions
and is stabilized by hydrogen bonding between the dianhydride
groups of PTCDA and the amine groups of TAB. A stable
hydrogen bond between molecules incorporating these end-
groups has not previously been reported in studies of solution
phase or solid state chemistry, and we use ab initio numerical
calculations to confirm the stability of this junction.

The Ag/Si(111)+/3x+/3 R30C surface is prepared by trans-
. . . . ferring a 3 mmx 7 mm piece of a p-type Si(111) wafer into a
plmg.” I.ntermlged b|molec.ular arrays staplllzed by noncovalent UHV system with base pressure ofsd 10-1 torr. The Si is
interactions with geometries corresponding to open networks, . : X

outgassed by annealing overnight prior to a flash anneal to 1200

regular rows, and more complex arrangements have beenoc for 60 s to form the Si(111)s¢7 reconstructed surface. Ag
reported by several groups. The resulting structures can have a

. Is then sublimed onto the Si surface with the sample held at
large lattice constant and may be used as molecular template%OO °C. As a result the 7 reconstruction is converted to a
controlling the adsorption of further adsorbed speti&#hese ’

i i ionl8—20 i
observations indicate that intermixed molecular phases haveAg/S'(lll.)"/sX.“/3 R30 termination-* =/ The .ch0|ce of
. h - . substrate is motivated by our previous studies which have shown
considerable potential for the formation of complex functional . . : 1
surfaces that organic molecules may diffuse on this surface readily at

- . . . ., room temperature and form ordered arrangements which ar
In this paper, we describe the formation of a new intermixed oom temperature and form ordered arrangements ch are

molecular phase which is formed when perylene tetracarboxylic controlled by intermolecular, rather than molecutaibstrate
acid (PTCDA) is coadsorbed with tetraaminobenzene (TAB) interactions. PTCDA (Aldrich) and TAB (This was prepared

4 via conversion of TAB4HCI (Aldrich) to the free base through
gtr;ugt]l?reégcﬁ fs'é&l_lél)gf’ ;r:{jSTigUarzugﬁgvih .il;]h?:i ijéeiu'%e treatment with aqueous NaOH solution and extraction into a
9 ) CH.CI, phase. Removal of the GBI, solvent gives TAB

~ Corresponding author without the need for further purification.) were loaded into
T Sch00|p0f phygsics & Astronomy. Knudsen cells and deposited by sublimation. For TAB, the vapor
*School of Chemistry. pressure even at room temperature is sufficient to transfer
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Exposure of the surface to TAB for extended periods
(overnight) results in a complete conversion of the pure PTCDA
islands into the intermixed row phase. Figure 3a shows an image
of the surface under these conditions. As shown in Figure 3a,
we observe islands with rows running along the thf&&0}
directions as expected for a surface with hexagonal symmetry.
Higher magnification images (Figure 3b) reveal some intramo-
lecular contrast in the bright rows. Specifically, we find rows
of tilted quasirectangular features which we associate with
PTCDA molecules. The spacing of these features parallel to
the rows isv/3a, 11.5 A.

On the basis of the measured spacings, we propose a structural
model for adsorption as shown in Figure 4. The placement of
the PTCDA molecules is determined directly from our images
and corresponds to a row of tilted molecules running in the
[110] direction. Similarly, the spacing of the PTCDA rows, 3
is determined directly from our images. The spacing of the bright
rows is too large for this arrangement to be a close packed
arrangement of PTCDA, and we attribute the low contrast rows
to TAB molecules which bridge the gap between the anhydride
Figure 2. STM image showing the herringbone reconstruction (lower groups of PTCDA molecules. This structure is stabilized through
part) of PTCDA together with the intermixed row phase of PTCDA the formatlon of hydrogen bqnds. The IOV\./ contrast appeara}nce
and TAB (upper left) on the Ag/Si(111)/3x~/3 R3C surface. of TAB is due to th_e larger highest qccupled molecular orbital

to lowest unoccupied molecular orbital (HOMQUMO) gap
molecules to the surface without additional heating of the source for this smaller molecule which gives rise to an apparent
material. Images of the resulting surface were acquired using atransparency in the images. According to our model, the
scanning tunneling microscope (STM) operating in constant separation of the center of the TAB and PTCDA molecules is
current mode. The STM was housed in the UHV system and v/3a = 11.5 A. The proposed structure represents a6(3
operated at room temperature. For the STM tips, we used reconstruction with respect to the Si(111) surface.
electrochemically etched W wire. The tips were cleaned in the  In our proposed model, the oxygen atoms of the anhydride
UHYV using electron beam heating prior to use. groups are in close proximity to the hydrogen atoms of the amine

The deposition of sub-monolayers of PTCDA on the Ag/ groups of TAB, and we argue that the resulting hydrogen
Si(111)+/3x+/3 R30 surface leads to the formation of three bonding stabilizes the row structure. This hydrogen bonding
phases with square, herringbone, and hexagonal packing agunction has not previously been reported, possibly because in
described in our previous wopk.Following a short (typically the solution phase amines are known to react readily with
a few minutes) exposure of the surface to TAB, the PTCDA anhydride group3 We have therefore used ab initio density
islands are found to coexist with a new phase in which extended functional calculations to verify that the proposed anhydride
parallel rows with alternating apparent brightness are formed. amine interaction leads to an energetically favorable intermo-
As we show below, this corresponds to an intermixed PTCDA/ lecular bond.

TAB phase. An image showing the herringbone reconstruction ~ Calculations were performed using the SIESTA packddgé.
together with the new intermixed row phase is shown in Figure The code implements density functional theory (DFT) within
2. By comparing these images with our previous work on the the linear combination of atomic orbitals (LCAO) approxima-
pure PTCDA herringbone phadkwe may readily identify the tion. The PerdewBurke—Enzerhof generalized gradient ap-
row direction and spacing within the new phase. The rows are proximation was implementeg.

parallel to the [10] direction (see Figure 2) and have a spacing  Core electrons were represented by core-corrected pseudo-
corresponding to8wherea = 6.65 A is the lattice constant of  potentials constructed according to the method described by
the Ag/Si(111)+/3x+/3 R3C surface. Troullier and Marting8 while double¢ basis sets with polariza-
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Figure 3. (a) Large area STM image showing domains of the intermixed row phase of PTCDA and TAB following overnight deposition of TAB.
(b) Higher magnification image showing intramolecular contrast within the rows.



Letters J. Phys. Chem. B, Vol. 110, No. 25, 20062209

(stabilization energy 1.07 eV) but predicts a PTCBDPAB
spacing of 10.26 A which is not consistent with the measured
spacing.

The complete conversion of all PTCDA domains to the mixed
row phase is of particular relevance to the formation of
molecular templatesWe have previously shown that perylene
tetracarboxylic diimide (PTCDI) interacts with melamine to form
a honeycomb network. However, it is not generally possible to
convert all PTCDI domains into the intermixed honeycomb. The
reason for this is that the single component PTCDI islands are
stabilized by a double hydrogen bond between adjacent diimide
groups'#2! Although the melaminePTCDI interaction is
stronger, since it is arises from a triple rather than a double
hydrogen bond, the competition between the PT€RElamine
and PTCDH+PTCDI intermolecular interactions limits the
incorporation of PTCDI in the honeycomb network which in
turn limits the maximum surface coverage of the PTEDI
melamine network. The complete incorporation of PTCDA in
the row phases may therefore be understood as a consequence
of the much weaker PTCDAPTCDA interaction and the
absence of an effective competition between homomolecular
and heteromolecular interactions. Accordingly, this result implies
that the anhydridediamine hydrogen bonding junction might
be well-suited to the formation of honeycomb networks with

I =2 0 O

Figure 4. Schematic diagram of the proposed PTCBPAB network
on the Ag/Si(111)v/3x+/3 R3( surface.

H H H H

o o K H H 9 AN o high surface coverage if incorporated in molecules with suitable
I AN I e

Q Q.O R 8 Q.O ° In conclusion, we have shown that hydrogen bonding between
K S E A E 4 o diamine and anhydride groups can stabilize intermixed surface
H HH H H HH H phases of organic molecules. This junction has not previously
1153 been observed in other branches of chemistry and the stability
E=-0844eV I i and geometry of the proposed structure have been verified using

Figure 5. Diagram showing the calculated separation of PTGDA  density functional calculations. The complete conversion of all
TAB—PTCDA molecules. surface adsorbed PTCDA into the intermixed row phase makes

this junction a promising candidate for the formation of two-
tion functions were used to describe the valence electrons. Thedimensional molecular templates.
radius within which the atomic orbitals are strictly localized is
defined in the SIESTA code by the energy shift, which in our ~ Acknowledgment. This work was supported by the UK
calculations was set to 0.1 mRy. Engineering and Physical Sciences Council under Grants GR/

Geometry optimization was performed using the conjugate S97521/01 and GR/R34608/01.
gradient method. The geometry was considered to have con-
verged when the forces on the atoms differed by less than 0.1
eV A-L A default convergence tolerance of F0eV was (1) Theobald, J. A.; Oxtoby, N. S.; Phillips, M. A.; Champness, N.

employed for the self-consistent field cycle at each stage of the R- ‘?Stod”é Svil';"Nﬁ“ﬂéeerzr?gg* éz“sjgflz H. Vanadi. H.: Schietwein. D.
optimization. The basis set superposition error is known 0 yan"s. 's: Baratoff, A.: Guentherodt, H.-J.: Jung%] T.GhemPhysChem.

introduce errors in calculations employing localized basis sets. 2002 3, 881.

Counterpoise corrections as described by Boys and Befflardi J(f”)DGESqltJier% Ag;_Jdonghre]ijm, P-?FHg‘?bﬁ”z_F- JE ’r\\/lrﬁ;nsclt]et?rzﬂcr)lgzl A.P.
have therefore been used in this work to reduce the numerical4'1'1’75fe EYIET . 5. € SCyver, . ., Weer, = Tno Let.

error in the calculation of the interaction energies. We note that ~ (4) Perdigao, L. M. A.; Champness, N. R.; Beton, P. Ghem.

calculations of hydrogen bonding using a similar approach haveconzgugm_?ﬁ _535- Soilma. He Kiebele. A de Wild. M. Seiler. P

29 onitazi, D.; Spilima, H.; Kiebele, A.; de nd, ., oeler, P.;
recently be.en reporté@' . ) Cheng, F. Y.; Guentherodt, H.-J.; Jung, T. A.; DiederichARgew. Chem.,
Calculations were performed using a single TAB molecule Int. Ed.2004 43, 4759.

i i i i i (6) Kampschulte, L.; Griessl, S.; Heckl W. M.; Lackinger, 3 Phys.
interacting with two PTCDA molecules in an arrangement which Chem. B2005 109, 14074,

mim?qs the proposed hydro_gen bonding system (Figure 5). A " (7) Chen, Q.; Richardson, N. \Kature Mater.2003 2, 324.

stabilization energy due to intermolecular interactions of 0.84 (8) Xu, B.; Tao, C.; Cullen, W. G.; Reutt-Robey, J. E.; Williams, E.

eV was obtained, which equates to an energy of 0.42 eV for D- ’\ég;]OB'-ettrt]-Z%O5V5’ 2\/%/07|-( 1 cal C: Gunter P Burdi. L
. .. . . . artn, J. . eckesser, J.; al., . unter, . urgl, L.;

each individual PTCDA-TAB junction. The calculated SPacing  jeandupeux, O.; Kern, Kangew. Chem., Int. E®00Q 39, 1230.

between the centers of PTCDA and TAB was 11.15 A, in close ~ (10) Bohringer, M.. Morgenstern, K.; Schneider, W. D.: Berndt, R.

agreement with the value determined from our STM images, Angew. Chem., Int. EA999 38, 821. _

11.5 A. Overall, these numerical results confirm that the W(:Itlll)SG”elssl\l/’l Sl'égggké”%’“;r' M.; Edelwirth, M.; Hietschold, M.; Heckl,

. U o o . M. Single Mol. , 25.

diamine-anhydride interaction is stabilized by hydrogen bond-  (12) D(:?Feyter’ S.: De Schryver, F. Chem. Soc. Re 2003 32, 139.

ing in agreement with our proposed model for the PTCDA (13) Furukawa, M.; Tanaka, H.; Kawai, Burf. Sci.200Q 445, 1.

TAB mixed phase. We have also considered an alternative _ (14) Keeling, D. L.; Oxtoby, N. S.; Wilson, C.; Humphry, M. J.;

. hich . ith Champness, N. R.; Beton, P. Nano Lett.2003 3, 9.
arrangement in which TAB is rotated by ©8s compared wit (15) Yan, H. J.; Lu, J.; Wan, L. J.; Bai, C. U. Phys. Chem. 2004

Figure 5. This arrangement is also stabilized by H bonding 108 11251.
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