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A method is presented for depositing mixed self-assembled monolayers (SAMs) of dodecanethiol (C12) and 4

methyl-1,1-biphenyl-4-butane (kC—CsHs—CsHs—(CH,),—SH, BP4) by insertion of BP4 into a closely packed SAM

of dodecanethiol on Au(111). Insertion takes place at defect sites such as domain boundaries or etch pits in the gold
surface that are characteristic of C12 monolayers on gold. With a lower probability, insertion also occurs beside defect
sites inside dodecanethiol domains. Insertion at defect sites results in domains of BP4, whereas insertion into C12
domains leads to isolated BP4 molecules. The isolated BP4 molecules are shown not to move at room temperature.
By comparing the apparent height of the isolated BP4 molecules and BP4 domains, it is proposed that the isolated
molecules have the same conformation as in the full-coverage phase. A simple two-layer model is proposed to
characterize the current transport through BP4. The decay coyistanthe phenylene groups is deduced from the
apparent STM heights of the inserted BP4 islands compared to the STM heights of the C12 closely packed monolayers.

Introduction different terminal group$-14 or decanethiol and an amide-

Thiol-based self-assembled monolayers (SAMs) are an ef- containing alkane_thiol of similar lengffi.Bain et al'2 showed
fective tool to use in tailoring the surface properties of metdls. ~ that the composition of the monolayer does not fully correspond
The applications of SAMs range from wetting conttof, to the composition of the scl)lutlon. and that longer chains are
corrosion inhibitior?, protein adsorptioRand lateral structuriiy ~ Préferentially adsorbed, which points toward thermodynamic
to molecular electronic¥ For most of these applications, SAMs ~ control of the adsorption process. This was confirmed later by
that consist of more than one component (mixed SAMs) are used? theoretical studs
because these SAMs exhibit more degrees of freedom (i.e., the Another method is the adsorption of asymmetric disulfiie®:
surface properties can be adjusted by the ratio of the different BY this method, different mixed SAMs have been prepared (e.g.,
constituents in the film). This approach is especially promising Mixed SAMs of alkanethiols having different tail grodp$’and
for molecular electronics. Weiss et al. were the first to characterize chain lengthg? symmetrical and asymmetrical alkyl and per-
electronic transport properties of single molecules via an STM fluoroalkyl disulfides}® 20 asymmetrical diethylalkanoat disul-
setup by using mixed SAMs. A molecular wire candidate, a fides?! and diacetylene disulfide.
conjugated organic molecule, was diluted in a SAM of doce-  Incontrastto the two previous methods, which always consist
canethiol!® Thereby, the molecular wire was indeed shown to of a single deposition process, a two-step deposition process is
be highly conductive compared to the alkanethiols. mainly used for isolating electrically active molecules in a host

There are several ways to prepare mixed SAMs. One methodmatrix.1%-24-31 For this method, a preassembled, closely packed
is to assemble the film from a mixture of different substances SAM (mostly consisting of insulating alkanethiols) is dipped in
(coadsorption). Various mixed SAMs have been realized using

this approach: alkanethiols with different chain lengtidand (12) Bain, C. D.; Whitesides, G. Ml. Am. Chem. Sod.989 111, 7164.
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a second step into a solution of the electronically active molecules.are large enough so that the STM height difference between
In this second step, molecules of the host matrix are exchangedseparate domains in a mixed SAM can be interpreted in terms
by the electrically active molecules. It was shown that this process of the transconductance of different molecules without having
mainly takes place at defects in the host mat?it-2>Studies uncertainties in the measurements on embedded single mol-
on the insertion of linear conjugated molecules have shown thatecules?”
the number of molecules incorporated into the monolayer is a  Probably the most studied SAMs are SAMs of alkanethiols
function of immersion tim@&5 The rate-determining step is the  on gold! These SAMs are known to form a/@ x +/3)R30
replacement of host molecules by molecules from the secondoverlayer on the (111) gold surface, which is further structured
molecular solutiory? by a c(4 x 2) superstructuréd43 The superstructure is
The use of the two-step deposition process is not limited to characterized by the systematic arrangement of molecules
embedding electrically interesting molecules into an insulating showing distinct height differences in STM images. Vertically,
SAM but is rather a more general tool for the construction of the alkane chain s tiltee/30° with respect to the surface nornfal.
molecular devices in a bottom-up approach. For example, complex In comparison to alkanethiols, which are highly insulating,
dendrimer moleculé333 and nanosize molecular cagthave self-assembled monolayers of biphenylthiols;QHCeHs—
been inserted into a preassembled SAM. CeHs—(CH2)n—SH, BPn) are supposed to show more interesting
Depending on the preparation technique and the molecularelectronic properties. Because of the conjugation in the upper
species used, the monolayers are either homogeneously mixegpart of the molecule, the transconductance of the molecules should
or the different molecules segregate into separate domains. Foie higher than that of alkanethiols. The structure of biphenylthiols
some applications, uniformly mixed monolayers are preferred, on (111)-oriented gold has been examined by Azzam et al. In
so a kinetically trapped method to prepare truly molecular-scale particular, they show that BP4 adopts a/®x 3) structure’®
mixed SAMs has been develop¥dsimilarly, the deposition of ~ The orientation of the molecules perpendicular to the substrate
mixed monolayers from asymmetrical disulfides results in uniform has been examined by Rong e&lt is shown that, for an even
mixed layers at room temperatui@l’-1%At higher temperatures ~ number of carbon atoms in the alkyl chain, the alkanethiol group
(100°C), Ishida et al. observed phase separation in a SAM formed adopts a rather upright orientation whereas the biphenyl group
by an asymmetric disulfide with hydrocarbon and fluorocarbon is tilted by approximately 45out of the surface normal (Figure
chains®*whereas Schtherr et al. observed no phase segregation 7).
in mixed alkyl fluoroalkyl disulfideg? Biphenylthiols are ideal substances to insertinto an alkanethiol
In most of the molecular electronic studies that measure the host matrix. Compared to the conjugated molecules used by
electronic transport along a molecular wire, the electronically Bumm et all% BP4 can better adapt to the alkanethiol lattice
active molecules are also rather isolated in the host matrix thanbecause of the higher flexibility of the alkane chain. This can
surrounded by a segregated domain of the same mole-be particularly important in the rate-determining exchange of
cule10.24-26.2829|n some of these studies, the apparent height in alkanethiols by biphenylthiols. However, alkanethiols and
the STMimages of the molecules above the host matrix is related biphenylthiols show sufficient differences in their molecular
to the current transport properties. This is possible because thestructure to cause phase segregatfohs described above, the
STM height does not solely reflect the physical height of the height difference of these domains measured by STM can be
molecule but also comprises the transconductance of the moleculeinterpreted as a combination of the physical height difference
However, the exact conformation of embedded single mol- and the difference in transconductance of the molecules.
ecules is mainly unknown, and there exist only a few studies that Compared to the molecules used by Ishida et’&f:BP4 and
have addressed this questfrizurthermore, the molecules are  C12 have the same top and bottom groups, which simplifies the
inserted at a variety of defects in the host matrix, which may interpretation. Therefore, we prepared mixed SAMs consisting
affect the electrical properties of the molecules. This lack of ©Of isolating dodecanethiol (C12) and BP4 by a two-step process
information makes an exact interpretation of the current transport With the aim of characterizing the current transport through
along these molecules difficult. In contrast to embedded single biphenylthiols.
molecules, the structure and conformation of molecules in closely
packed SAMs are studied in more detdfl These structures

should prevail in phase-segregated mixed SAMs if the domains C12 and absolute ethanol are purchased from Aldrich and used
as received. Analytically pure BP4 is synthesized according to Buck

(25) Dunbar, T. D.; Cygan, M. T.; Bumm, L. A.; McCarty, G. S.; Burgin, T. €t al. via a Grignard €C coupling reaction of the corresponding
P.; Reinerth, W. A_; Jones, L., II; Jackiw, J. J.; Tour, J. M.; Weiss, P. S.; Allara, phenyl- or alkylbromide followed by the conversion of the bromide

Experimental Details

D. E_ée\;'vsgzzhi?seumlsagi?bioﬁ -A?Sj(i)ﬁira \olloids Surf. 42002 168 785 to the thiol via thioured® Characterization of the BP4 is done via
(27) Nakasa, A.; Akiba, U.. Fujihira, MAppl. Surf. Sci200q 157, 326. NMR, mass spectrometry, and elemental analysis.
(28) Moth-Poulsen, K.; Patrone, L.; Stuhr-Hansen, N.; Christensen, J. B.;

Bourgoin, J.-P.; Bjgrnholm, TNano Lett.2005 5, 783. (36) Rong, H.-T.; Frey, S.; Yang, Y.-J.; Zharnikov, M.; Buck, M.;'Wuy M.;
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Figure 1. STM scang(a) 100x 100 nn? and (b) 30x 30 nn¥}of a C12/BP4 mixed monolayer. The film shows separate BP4 and C12
domains. Higher appearing domains consist of BP4. In the higher-resolution scan, therétructure of C12 is visible (white arrows in

b). Black arrows mark the nucleation of BP4 domains at C12 domain boundaries, and the white arrows in part a mark the nucleation of BP4
domains at holes in the gold surface.
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Figure 2. Scans (50x 50 nn?) of a mixed C12/BP4 monolayer annealed at°64for (a) 90 and (b) 225 min. An increase in structural
order of the BP4 domains is visible in the texture of these domains. The white arrow in part a marks a BP4 molecule inserted into the middle
of a C12 domain.

Gold films are deposited onto mica by a standard procedure that Results and Discussions

results in (111)-oriented gold films with large terrade<12 is In Figure 1, STM images of a mixed SAM consisting of C12
deposited by dipping the gold film iata 1 mMethanolic solution 4 Bp4 are shown. In the large-area scan (Figure 1a), several
of c_;lodecanetmol overnight. The insertion of BP4 is a_ccpmpllshed gold terraces are seen that are covered by separate domains of
by immersing the closely packed SAM of C12for 20 minintoa 100 ppy ang c12. Domains of BP4 and C12 can be distinguished
#M solution of BP4 in ethanol at 7dC. This deposition procedure by the high-resolution scan shown in Figure 1b. In this scan, the

results in phase-segregated islands of BP4 and C12, shorter immersiopower anpearing domains are molecularly resolved. and especiall
times (10 min), and lower temperatures (RT) to yield single embedded . pp 9 y ’ P y

molecules or bundles with a small number of molecules. in the domalns in the upper left corner the o(<2) structure of
alkanethiols on gold can be seen (white arrows). Therefore, the

The films are characterized by ultrahigh vacuum scanning |q\yer appearing domains can be assigned to C12. Additionally,
tunneling mlcrosclc())py (UHV-STM) (JEOL JSPM 450.0) atabase j, ihe large-area scan deep pits corresponding to monatomic
pressure of 3 10~ mbar. Homemadetungsten STMtips are usgd. gold steps are seen, which are characteristic of SAMs of thiols
All STM scans are taken in constant current mode at a tunneling on gold (white arrows in Figure 14.These holes are mostly
voltage 6 2 V .and a tunneling current of 50 pA. surrounded by domains of BP4. Similarly, at domain boundaries
of different C12 domains, islands of BP4 start to grow (black

(46) Lussem, B.; Karthaser, S.; Haselier, H.; Waser, Rppl. Surf. Sci2005
249 197. (47) Poirier, G. ELangmuir1997, 13, 2019.
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Weiss et al. for other electronically active molecuitidowever,
most BP4 domains in this and later measurements grow around
pits so that the exchange of C12 molecules by BP4 molecules
seems to be more effective at these defect sites.

In contrast to domains of C12, BP4 domains exhibit a rather
amorphous texture. To increase the order in these films, we have
annealed the samples at 82 in a vacuum for several hours.
An STM scan of the resulting film after 1.5 h is shown in Figure
2a and afte3 h 45 min inFigure 2b. The appearance of the BP4
islands changes from amorphous and cloudy (Figure 1) to a
more regular shape with sharp boundaries between adjacent C12
and BP4 domains. However, as a consequence of the different
tunneling conditions above a BP4 and a C12 domain, it was not
possible to resolve the BP4 domains molecularly. The tunneling
impedance was chosen to be as high as possible (2 V, 50 pA)
to ensure that in any part of the mixed SAM the tip is not

Figure 3. Height distribution of an STM scan of a mixed C12/BP4  penetrating the molecular monolayer. Whereas for the C12
monolayer. Two peaks that correspond to the different heights of qomains this tunneling impedance yields a high resolution, BP4

the different domains are visible. The distance from the center of
these peaks is taken as the mean height difference of the C12 an

BP4 domains.

STM height [nm]

Figure 4. Height difference of BP4 and C12 domains depending
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Jilms are best scanned with a lower impedance (0.5¢50

PA*9). Such a low impedance would cause the STM tip to push
into the C12 domains, thereby limiting the resolution and, most
importantly, inhibiting the interpretation of the height differences
in terms of different molecular conductivities as given in the last
part of this article.

Although the precise molecular structure of the BP4 domains
cannot be deduced, the increase in order can be quantified by
adecrease in the roughness of the film due to annealing. Whereas
the as-deposited film exhibits a roughness (rms value) of 0.12
nm on an area of 58 50 nn?, this roughness slightly decreases
to 0.102 nm for the annealed films.

The increase in order in the film by an additional annealing
step suggests that there is some rearrangement in the BP4 films,
which should result in a change in the height difference of the
BP4 and C12 domains.

To survey the height differences before and after annealing,
the height difference is evaluated as follows. From STM scans
such as those shown in Figures 1 and 2, the histogram of the
height of each image pixel is taken (Figure 3). These histograms
display two distinct peaks: the lower one for the height of the

arrows in Figure 1la and b), indicating that domain boundaries C12 domains and the higher one for the BP4 domains. Both
of the host matrix and pits in the gold surface act as nucleation peaks are fitted to a Gaussian distribution, and the difference in
points for BP4 domains, confirming the results of Cygan and the center positions of the peaks is taken as the mean height
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Figure 5. (a) Enlarged image of BP4 molecules inserted into a C12 domain{@&7 nn?). The red box marks the (8 2+/3) unit cell
of C12 (equivalent to the notation c(4 2)). (b) Distribution of the perimeter of the embedded molecules seen in Figure 2b).
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Figure 6. STM scan of the surface area (a) after 10 min and (b) after 16 min; (&) 50 nn?. No movement of BP4 molecules inserted

into C12 domains is visible (see white arrow). The scale shown in part a is also valid for parts b and c. Part d shows a cross section along
the black line in part c. The inserted single molecules have almost the same height as the BP4 domains.

45° 30 _ All protrusions appear to be smaller than one unit cell of the (3
V ' 1.7 x 2+/3) structure (equivalent to the notation c¢42), see red

box in Figure 5), which consists of four C12 molecules per unit
5.94 cell. This leads to the estimation that the protrusions consist of
12.8 fewer than four BP4 molecules. Considering the relatively larger
; occupied area per molecule for BP4 compared to that for C12
and that the STM image is a convolution of the imperfect STM
4.8 tip shape and surface geometry, the estimation of four molecules
; i can be taken as the upper limit. Furthermore, the distribution of
© - the perimeter of the protrusions is relatively sharp, as shown, for
Figure 7. Orientation of BP4 and C12 in a full-coverage SAM. All  example, for the protrusions of Figure 2b in Figure 5b. The
lengths are given in angstroms. distribution peaks at a perimeter of 1 nm, but a few protrusions
have a perimeter of approximately 2 nm (these protrusions appear

is conducted for several scans, yielding the height differences elliptical; the length of the longer axis has been used). Therefore,

as shown in Figure 4. The height difference slightly decreases V€ ProPOse that the protrusions consist mainly of only a single
from 0.148+ 0.045 nm without heating to 0.1330.03 nm after BP4 molecule with some cases of two molecules per protrusion.
90 min and 0.1 0.021 nm afte3 h 45 min ofannealing. The As already pointed out in the previous paragraph, thexc(4
C12 domains already exhibited their final cfd 2) structure ~ 2) Structure of C12 provides a coordinate system to determine
before heating, making a strong rearrangement of the alkanesthe lateral size and position of the embedded BP4 molecules.
less probable. Therefore, most of the change in the height Thisisespecially advantageous for the study of diffusion processes
difference should result from an increase in order in the BP4 of BP4 molecules within the C12 domains. Figure-8ashows
domains. a scan of the same sample area and provides a comparison of

A closer look at Figure 2a reveals another interesting property this area after 10 min and after 16 min with respect to the initial
of the mixed C12/BP4 film. Some BP4 molecules are not State. For example, one inserted molecule is marked by a white
incorporated into the film at defect sites such as domain boundariesarrow. It can be seen that the inserted molecules are fixed at their
and pits in the gold surface but into the middle of a C12 domain insertion place and do not diffuse. This observationisin agreement
(white arrow in Figure 2a). However, this process has a much with the observation of Cygan et al. for more rigid conjugated
lower probability than the insertion at defect sites. oligomer&*and with the absence of phase segregation in SAMs

Figure 5 shows an enlarged image of an area in which BP4 of asymmetrical disulfides at room temperattité? However,
molecules are inserted into a C12 domain. BP4 molecules appeathere is an ambiguity if the diffusion is significantly increased
as protrusions. Also visible is the c(4 2) structure of the at higher temperatures. Whereas Ishida éb abserve phase
underlying C12 structure, which provides a coordinate system separation in a SAM of an asymmetric disulfide with hydrocarbon
to measure the lateral dimensions of the embedded moleculesand fluorocarbon chains, indicating cleavage of theSSond

difference of the BP4 and C12 domains. This kind of analysis
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and a diffusion coefficient on the order of 18m?s~1, Schimherr
et al. observed no phase segregation in mixed alkyl fluoroalky!
disulfidegCeither due to intact SS bonds or a very low diffusion

Lissem et al.

For a quantitative interpretation, we have to include the vacuum
gap above C12 and BP4 domai 4. = Govac€XP(Lvavad)-
In general, the paramete® vacandfyac Will be different above

coefficient. The setup presented here is highly convenient for C12 and BP4 (leading to paramet&is,ac.c12 Go,vac,8p4 Pvac,cia
solving this problem because the movement of BP4 moleculesandfyacgp). However, following the experiments of Ishida et

relative to the C12 structure can be precisely determined.

al. it has been assumed thatc.c12= fvacsr4 Ishida et al.

Currently, temperature-controlled experiments are underway to have measured the increase in the local barrier height (LBH)

determine the mobility of embedded molecules in a C12 domain
exactly.

between a nonanethiol (C9) SAM and 4-biphenylthiol and
4-biphenylmethanethiol. The latter molecule is especially similar

The mixed monolayer presented here is a system in which to BP4. They observed that the LBH increases only by 0.24 eV

both different BP4 and C12 domains as well as single BP4

for 4-biphenylmethanethiol and by 0.84 eV for 4-biphenylthiol.

molecules embedded into C12 domains exist. These STM scandg3ecause the LBHD is connected with the decay constant by

give us the unique ability to compare the structure of the BP4

®(eV) = 0.952BvadA"Y)]2 and using the literature valygac~

domains, which should approach the structure of full-coverage 2.3 A~,3"the error made by the approximatiffac c12= Bvac,gpa

BP4 monolayers, with that of single embedded molecules. As is less than 8%.

can be seen in the cross section in Figure 6d, the embedded Including the vacuum gap, the tunnel conductance above C12
molecules are almost the same height as the domains of BP4and BP4 domains can be rewritten as follows:

This is an indication that the embedded molecules adopt the

same conformation as the molecules in full-coverage SAMs.
As already mentioned in the Introduction, the height difference

GepsCOyac,gpa™ Go,8pL0 vac 8raXPBerlen.spa — Bprden —

ﬁvacdvac,BPz) (4)

between the BP4 domains and the C12 layer can be interpreted

in terms of different transconductances of these molectilest
the following interpretation, the orientation of BP4 as shown in
Figure 7 is assumed. The biphenyl group is tilted d6t of the

Ge1Gvac,c12= Go,c180vac,c128XPBerlen 12—

ﬁvacdvac,cﬁ

surface normal, whereas the alkane chain has a rather uprighiMeasuring in constant current mode implies 68b:Gvac,gpa=

orientation36 Please note that the twist angle of the biphenyl
group around its molecular axis is chosen arbitrarily. However,
different twist angles would not change the results of the
discussion below.

The conductance of a molecular wire can be expressed by thePrn =

generally used exponential I&##8

G = G, exp(—d) 1)
whereGy is the contact resistancg s the molecule-dependent
decay constant, andlis the molecular length.

Decay constants of alkanethigisy have been measured by
various method&’4%->4but less data exists for the decay constant
of phenyleng3p,55-5855-59 Because BP4 consists of an alkane
and a biphenyl part, we have split up the exponential term into

Gc12G\,ac,012Ieading to

In(GO,BPAGO,vac,BPAGO,ClzGO,vac,Cl) +
ﬁCH(dCH,mz_ dCH,BPA) - ﬁvac(dvac,sm_ dvac,(:l;)
Ao

(%)

The difference in the vacuum géhgap= (dvac,sra— Ovac,c12
relates to the observed STM heigttistv and the physical height
difference between BP4 and CIth,nys as follows:

+ Ahg;, =036 A+1.1A=146A (6)

BP4 and C12 have the same top and bottom groups and are
scanned with the same tunneling tip. Therefore, it is assumed
that GOyClZGOyvacyc]_Z% GO’BPLC;OV\/aC’BP4(i.e., BP4 and C12 have

Ahgap= Ahyps

an alkane-dependent and a phenyl-dependent part, leading to ghe same contact resistances). Wold et al. have measured the

two-layer model

Ggpa= Gopa€XP(Bcnden — Bprder) (2
wherefcy andfpn are the decay constants of the alkane chain
and the phenylen rings ard¢y anddpp are the lengths of the
alkane chain and the biphenyl group.
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contact resistances of alkanethiols and phenylenes and state that
the contact resistances are indistinguishable within their ex-
perimental error8® This approximation probably works so well
because only the logarithm of the ratiGoc1Govac,c1?
Go,srfo vac,sr£NtErS the equation so that any error made by this
approximation is small compared to the other summahds.
The literature values gfcy are around unity (ranging from
0.7 to 1.2 A1 374954 50 we have chosen a valueffy = 1.0
A-1 The decay constant of vacuum was takerBas ~ 2.3
A-137 Using these values, it follows th@e, = 0.5 A1 for
through-space tunneling (i.e., tunneling along the shortest
connection between the tip and substrate, the lengths in Figure
7 have been used) afigh= 0.59 A-1for through-bond tunneling
(i.e., tunneling along the molecular backbone). These values
agree well with the experiments of Wakamatsu €t'af0.53
A-lfor STM and 0.55 A for AFM experiments) and are slightly
lower than the values measured by Holmlin eféiyho found
adecay constant of 0.67Aby mercury droplet measurements,
which is slightly higher than the values measured by Wold et
al %5 (0.42 A1 for AFM experiments), implying that the rather
rough approximations we applied seem to be justified. In this
way, the apparent STM heights can be explained in terms of a
higher tunneling conductance of BP4. Assuming through-bond
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or through-space tunneling leads to decay consfaste/ithin to single embedded BP4 molecules. Furthermore, these molecules
the variation of values found in the literature. are fixed in the C12 structure and do not migrate at room

) temperature. Comparing the height of the embedded molecule

Conclusions with the height of the BP4 domains, we propose that the embedded

A method for depositing mixed SAMs consisting of BP4 and single BP4 molecules have the same conformation as in the
C12is presented. The resulting film consists of different domains full-coverage phase.
of BP4 and C12 molecules. Domain boundaries and pits in the ~ The height difference of the domains of BP4 compared to the
gold surface act as nucleation points for BP4 domains, whereasC12 SAM is explained in terms of a higher tunneling conductance
the nucleation at pits seems to be more effective. Annealing of of BP4. A simple two-layer model is proposed by which the
the film at 64°C results in a slight decrease of the height of BP4 current transport through the BP4 group is discussed and the
domains above C12. decay constanfpy, is deduced.

Forthe presented experimental conditions, some BP4 molecules
are found to be inserted into the middle of a C12 domain. The  Acknowledgment. We thank J. Kiesgen, A. Basler, and B.
size and position can be determined by using the underlying c(4 Hahn for preparing the BP4, H. Haselier for the gold substrates,
x 2) structure of the alkanethiols as the coordinate system.and K. Szot for his assistance.
Thereby, it is shown that the protrusions in the C12 domains
contain fewer than four molecules and are most probably due LA052791U



