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Abstract: Self-assembled monolayers (SAMs) of two w-(4'-methylbiphenyl-4-yl)alkanethiols (CH3(CesHa)2-
(CH2),SH, BPn, n = 4, 6) on Au(111) substrates, prepared from solution at room temperature and
subsequently annealed at temperatures up to 493 K under a nitrogen atmosphere, were studied using
scanning tunneling microscopy (STM), high-resolution X-ray photoelectron spectroscopy (HRXPS), and
near-edge X-ray absorption fine structure spectroscopy (NEXAFS). In striking contrast to BPn SAMs with
n = odd, for which only one phase is observed, the even-numbered BPn SAMs exhibit polymorphism.
Irreversible phase transitions occur which involve three phases differing substantially in density and stability.
Upon annealing, BP4 and BP6 transform into a -phase, which is characterized by an exceptionally high
structural quality with virtually defect-free domains exceeding 500 nm in diameter. Exchange experiments,
monitored by contact angle measurement, reveal that the S-phase exhibits a dramatically improved stability.
The fundamental differences in the phase behavior of even- and odd-numbered BPn SAMs are discussed

in terms of two design strategies based on cooperative and competitive effects.

I. Introduction
Self-assembled monolayers (SAMs) of thiols have played a

One of the key issues facing nanotechnological applications
of aromatic SAMs is the extent to which control over their

crucial role in diverse areas of nanoscience for more than a Structure and properties can be achieved. Since SAM structure
decade. While the majority of work has concentrated on aliphatic 1S determined by a complex interplay of factors such as

systems; 3 the emerging field of molecular electronics and the

intermolecular interactions, molecutsubstrate bonding, and

efforts in lithography to address the ultrashort length scale have Mismatch between the lattices of SAM and substrate, a rational

been major driving forces in the studies of SAMs of aromatic
thiols#5 Experiments performed in recent years have demon-
strated that aromatic SAMs allow the control of charge transfer
and the tailoring of electronic functionalfty!” and offer new
opportunities in lithographjg—24
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design of SAMs requires precise knowledge of these factors
and their relative importance. While purely aromatic tHioi°
yield SAMs of fairly low structural quality, significantly lower
than that of well-known aliphatic systems, the introduction of
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annealing. While fom = odd only a gradual increase in film
quality is observed but no obvious change in the molecular
packing occurs, an unexpected phase transition is observed for
the even-numbered BP4 system, resulting in a structure of
significantly lower density. Besides a dramatic increase in the
level of quality38 resulting in domains exceeding30n?, this
phase transition causes a surprising increase in stability against
exchange by other thiols when immersed in corresponding
solutions. The phase transition seen for these biphenyl-based
organothiolate adlayers is markedly different from the temper-
ature-induced structural transitions into the low-density “flat-
lying” phases known for alkanethiolate adlay®@ré* with
respect to both molecular orientation and stability.
Carrying on from our earlier communication, which reported

' : the unexpected phase transition for B®4he present work
Figure 1. Structure ofw-(4'-methylbiphenyl-4-yl)butanethiol (BP4) and represents an in-depth study of tworB§ystems (BP4 and BP6),
definition of coordinate system and anges for the biphenyl moretyis focusing on both the microscopic and spectroscopic details of
perpendicular to the ring plangrefers to the dihedral angle of the phenyl - o : o
rings. their phase transitions. To do this, a combination of several

. . complementary techniques, including scanning tunneling mi-

an alka}ne spacer chain between the thiol headgroup and thecroscopy (STM), high-resolution X-ray photoelectron spectros-
aromatic moiety (Ckt—(CeHa)2—(CHz)a—SH, Bf, n > 1; see copy (HRXPS), and near-edge X-ray absorption fine structure
Figure 1) results in high structural quality. This striking spectroscopy (NEXAFS), has been employed. In addition, we

difference has been explained in terms of differences in the WaySperformed exchange experiments and monitored them by water
the systems can cope with misfit between the lattice of the ¢oniact angle measurements.

aromatic moieties and the substrate latfté€or the purely
aromatic systems, the misfit giving rise to stress is predominantly !I- Results
resolved by introducing defects in the monolayer, i.e., domain ~ STM Experiments. Experimental details are given in the
boundaries, dislocation faults, or point defe®tn contrast, in Supporting Information. Figures-5 summarize STM data
the B system® 35 (characterized by the combination of obtained for BP4 and BP6 SAMs which were first prepared at
aliphatic and aromatic moieties), additional degrees of freedom room temperature from solution and subsequently annealed at
(e.g., conformational) are introduced, providing other pathways different temperatures. Comparison of larger scale images, as
to reduce stress. presented in Figure 2a,d,g, Figure 4a,d,g, and Figure 5a, with
The pronounced improvement of film quality upon introduc- respective STM data for samples prepared without annealing
tion of the alkane spacer is only one aspect. Another, less clear(see Figures 6¢ and 7c in ref 35 for direct comparison) shows
aspect is the striking influence of the number of methylene a pronounced reduction in the density of substrate depressions
groups in the alkane spacer chain on the structure of the (black islands in our STM data), characteristic for thiol
monolayers. Our previous spectroscépféand microscopit3° adsorption on Au(1114-47 This well-known effect of thermally
data have revealed that BPSAMs exhibit a pronounced induced Ostwald ripening of these vacancy isldhé%is
alternation in molecular orientation and coverage with the particularly striking here, as an essentially complete absorption
change betweem= odd anch = even. This odeteven variation of the vacancy islands into steps occurs even on extended
is also reflected in a number of properties of thenBfystem, terraces (Figures 2g and 4a). Another obvious feature already
such as stability against exchange by other thloland resolved at this large scale is a contrast variation seen as dark
electrochemical stabilif#3¢ as well as resistance to electron- lines or extended areas such as the ones lalgkiedrigure 2a.
induced modification of the film structuf®. However, most As detailed below, these contrast variations arise from structural
striking for this class of SAMs is the odgkven difference upon  transitions in the SAM. While the coexistence of different SAM
structures is typical for intermediate temperatures, the contrast
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I5h@ 373K 15h@ 383K

Figure 2. SAM of BP4 on Au(111). STM images at different resolutions showing samples prepared at room temperature and subsequently annealed in N
atmosphere for 15 h at 373+a), 383 (d-f), and 423 K (g,h), 3, andy indicate areas covered by different phases as described in text. In (c) and (f), white
lines indicate translational domains. In (g), arrows indicate domain boundaries.

formation of a rectangular<83x3 structure with eight mol-
ecules per unit cell and an area per molecule of 27 DDAtails

of this a-phase are presented in Figure 3. Data presented in
Figure 2b,c show that annealing of a BP4 SAM at 373 K for
15 h creates areas where thiphase transforms into an oblique
6+/3x2+/3 structure® This S-phase also contains eight mol-
ecules per unit cell, but because the unit cell is significantly
larger, the area per molecule increases to 324Figure 3).
Referring to Figure 2b,c we note that thehase formed during
the annealing process exhibits a very high structural quality,
whereas the neighboring-phase is characterized by a mesh of
translational domain boundaries separated by only about 10 nm
(see markers in Figure 2c). A further increase in the structural
complexity of the BP4 SAM is seen upon annealing for 15 h at
a slightly higher temperature of 383 K. As shown in Figure
2d—f, an additional structurey¢phase) emerges. This new
structure can be described as an obliqué32+/13 structure
with an area per molecule of 25.22&see Figure 3). The
relationship between the unit cell vectors of thef, andy
structures &,,.00,5,) and the unit cell vectors of Au(111)

Figure 3. SAM of BP4 on Au(111). High-resolution STM images showing  (8au,bau) is quantitatively described by
structure of the phases(a), 5 (b), andy (c). (d) Schematic drawing of the

relative size, orientation, and molecular packing of unit celg3%3, a, a
6v/3x2+/3, and 2/3x+/13, corresponding tax-, -, and y-phases, b By | = Mg bA” (1)
respectively. B,y PY\Day

Finally, a closer look at step edges reveals the occurrence ofwhere
both thel[1100directions, i.e., the one observed for the clean
Au(111) substrate, and th211[directions. The latter can even _ (3 0 ) M. = (4 2 ) M = (4 2)
come to dominate, as evidenced in Figure 4g for a BP6 SAM. « \5 10/’ B \6 12) 4
It is also noted that the step edges along E#E Odirections
correspond to the borderlines of the dark areas, and theirand graphically illustrated in Figure 3d.
emergence is associated with the structural transitions giving The data presented in Figure-2ftishow that, in contrast to
rise to the contrast. the 5-phase, the/-phase has a dense network of very regular
To address in more detail the structural changes in BP4 andtranslational domain boundaries. This is similar to ¢hphase
BP6 films upon annealing, we turn to high-resolution STM despite the differences in their regularity. Analysis of the STM
images, which allow the identification of single molecules. As data shows that the translational domain boundaries of the
has been demonstrated in our previous stu#iésformation y-phase run along the longer side of the obliqué3x /13
of the BP4 monolayer at room temperature results in the unit cell (vectorb, in Figure 3d), i.e., along th& 14 directions.

13870 J. AM. CHEM. SOC. = VOL. 128, NO. 42, 2006
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15h@ 373K 24h @423 K

15h@ 383K

N

Figure 4. SAM of BP6 on Au(111). STM images at different resolutions showing samples prepared at room temperature and subsequently annealed in N
atmosphere at 373 K for 15 h+&), at 383 K for 15 h (e-f), and at 423 K for 24 h (g,h)x and/ indicate areas covered by different phases as described
in the text. Circled area in (a) marks the emergence ofjtiphase. Inset in (h) shows high-resolution STM data of pltaséth unit cell marked.

The structural quality, i.e., domain size and level of defects,
of the5-phase at this point is exceptionally high. In this respect,
it exceeds all other organothiol SAMs for which morphological
data have been reported so far. Domains extending over 0.5
um are routinely observed. Inspection of Figure 2 reveals that
itis, in fact, quite difficult to locate defects (marked by arrows)
within these ultrathin organic layers.

For BP6, an annealing behavior similar to that of BP4 is
observed, as illustrated by the corresponding data of Figure 4.
Our previous investigatiodsshowed that this system exhibits
the same §3x3 structure at low temperature as the BP4
system. In an analogous manner to the BP4 system, annealing
at 373 K for 15 h also causes a new phase, seen as dark areas
in Figure 4a-c, to appear. Analysis of the STM data yields the
same oblique §/3x2+/3 structure as that observed for the
[B-phase reported above for the BP4 system (see data presented
in Figure 4h). As found in the BP4 system, the quality of the
pB-phase is significantly higher than that of the coexisting
Figure 5. SAM of BP4 on Au(111). STM images at different resolutions a-phase, showing narrow, rectangular domains with the long
(a—c) showing samples prepared at room temperature and subsequently__. = . . . .
annealed in Natmosphere for 1.5 h at 493 K. axis along the1100directions. This anisotropy has also been
reported® in our previous experiments for the BP6 samples
prepared from solutions at elevated temperature.

It is worth noting that the rectangular domains exhibit a
symmetry which is different from the threefold symmetry of
the Au(111) substrate. This implies the presence of three
different rotational domains; the boundaries between these
different rotational domains will, of course, contain a large

A final but important point to mention about thephase is
that this structure is temporary inasmuch as it only appears in
addition to the other two phases. Upon further increase of the
annealing temperature up to about 393 K (keeping the same
annealing time of 15 h), this phase disappears, leaving only the

o and3-phases (data not §hoyvn). We note at this point that, number of defects. The only way to avoid such defects would
since they-phase has domains in the nanometer range and Wasy . 4o use a substrate with two-dimensional Ssymm@try

only observeq toggt.her with th(.e other two ph‘?‘s?s' th|§ phase Increasing the annealing temperature to 393 K (with the same
cquld only be identified by STM’ a spectroscop|_c investigation annealing time of 15 h) results in an increase of the area of the
with XPS or NEXAFS was |mp0_53|ble. Eor this reason, the B-phase. A temperature of 423 K and an annealing time of 24
struct_ural model presented for thisphase is somewhat more h are sufficient for a complete transition to tfephase. The
Fentatlve than those for the two other phaseandﬁ - Onfurther formation of thef-phase is accompanied by the pronounced
increase of the annealing temperature, the fraction gfthkase formation of step edges along tigl1Cdirections. While BP6

was found to Increase at the expense of dhghase. I_:!nally, and BP4 SAMs are very similar with respect to their and
as demonstrated in Figure 2g,h, a complete transition to the

p-phase can be obtained by annealing for 15 h at 423 K. (50) Lukas, S.; Witte, G.; Wiy C. Phys. Re. Lett.2002 88, 028301-028304.
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S2p BP4-x HRXPS

HRXPS

Cils =350 eV 7 Cils
=350 eV =350 eV

Intensity (arb. units)
Intensity (arb. units)

Bindi Bindi 287 286 285 284 283 282 165 164 163 162 161 160
ng energy (eV) nding energy (eV) Binding energy (eV) Binding energy (eV)
Figure 6. Normalized C 1s (left panels) and S 2p (right panels) HRXPS Figure 7. Normalized C 1 (eft panels) and S 2p (right panels) HRXPS

spectra ofx-BP4/Au (upper panels) art#BP4/Au (bottom panels) acquired )
at a photon energy of 350 eV. The spectra are decomposed into individual spectra ob-BP6/Au (upper panels) ariiBP6/Au (bottom panels_,) acquqed
at photon energy of 350 eV. The spectra are decomposed into individual

emissions or doublets (see text for details). emissions or doublets (see text for details).

1 1 1 H
287 286 285 284 283 282 165 164 163 162 161 160

pB-phases, they are very different with regard to fhphase,
which over the whole temperature range studied was only
observed for BP4 but not for BP6.

To conclude this section, we note that even prolonged

film preparation seems very unlikely here, as there is no
indication of any decomposition from the other characterization
techniques employed. In addition, the absence of any oxygen
signal in XPS strongly suggests that the layer remains intact.

immersion of B SAMs exhibiting thef-phase in solutions £ thermore, as discussed below, the change in film thickness
of the respective Birunder conditions where the-phase forms upon phase transition is also not compatible with a partial

on a clean Au substrate does not lead to any significant StrUCFuraldecomposition of the SAM. Since a change in hybridization of
changes. This suggests that thphase is either thermodynami-  ha s_atom orbitals can give rise to a core-level 8hidnd, as
cally more stable than the-phase also at room temperature or - giscyssed in more detail below, the molecules used here must
that the transmon'from the Iovy-cqvera@ephase to the hllgher-. have a different bonding geometry from normal thiols, the
coveragex-phase is severely kinetically hindered (see discussion geong possibility appears most likely. However, the full details
below). remain to be established.

The transition from thew- to the -phase is determined by For BP6 (Figure 7), the situation is essentially identical to

both temperature and annealing time. This is demonstrated byt for BP4 except that the intensities are smaller due to a larger
the d_gta presented in Figure-5a As shown, the fu_IIa—»ﬁ attenuation of the S 2p signal by the thicker BP6 films. The
transition in the BP4 system can be performed 10 times faster ¢, width at half-maximum of the S 2 1/,COMpoNents is quite
(1.5 hinstead of 15 h) by increasing the corresponding annealingg a1 for both BP4/Au(111) and BPé/Au(lll), 0.50 and 0.48

temperature frpm 423 to 493 K. However, With.ilncreasing eV for the a- and S-phases, respectively, indicating the high
temperature, time becomes more and more critical as thequality of the films

desorption channel becomes increasingly available. The C 1s HRXPS spectra of the and f-phases of BP4/

HRXES Experimgnts.ExperimentaI details are given in the Au(111) and BP6/Au(111) also look very similar. The C 1s
Supporting Information. The S 2p and C 1s HRXPS spectra of spectra show a main emission peak at a BE of 28284.2

the a- and f-phases of BP4/Au(111) and BP6/Au(111) are eV, assigned to the aromatic backbone, and a shoulde0 &t

presented in Figures 6 and 7, respectively. The spectra aregy, pigher BE. Similar shoulders were observed previously for

normalized to the intensity of th? incident X-r.ay beam and the different aromatic SAMs and alternatively assigned to the carbon
number of scans so that a direct comparison between the,, 1 \onded to the sulfur headgroup or to shake-up pro-

individual spectra in 'Fhe same §pectral range is possible. Thecesseg_&%gﬂ The most recent HRXPS study of thiol-derived
result_s of_a quantitative analysis of the presented spectra are; . omatic SAMs suggests that the former assignment is more
compiled in Table 1. likely.52

The S 2p HRXPS spectra are dominated by the $2p
doublet at a binding energy (BE) 0£162.00 eV (S 2p»),
commonly assigned to the thiolate spedegijth no evidence
for disulfides, alkylsulfides, or oxidative products. However,

there is also a weak signal at161 eV whose origin is not

The intensity of the C 1s emission in the respective spectra
in Figures 6 and 7 is not fully representative of the thickness
of the corresponding films due to the saturation effect at this

(52) Shaporenko, A.; Terfort, A.; Grunze, M.; Zharnikov, M. Electron

understood at present. This feature has been repeatedly observed ~ Spectrosc. Relat. Phenoi2006 151, 45-51.
Ishida, T.; Mizutani, W.; Azehara, H.; Hokari, H.; Akiba, U.; Fujihira, M.;

: . ) (53
for other thiol SAMs and two different assignments have been Kojima, 1.+ Tokumoto, H.Appl. Surf. Sci1999 145 439-444.

)
)
suggeste@? either to atomic sulfur or to a thiolate species (54) g‘d?h?s_iggfg.;ggin%é_sﬁ I\Y/Iast, M.; Schertel, A.; Grunze, M. I\WG.
. . . . . urf. Sci. , .
different from the majority thiolate species in the SAM. The (55) Whelan, C. M.; Barnes, C. J.. Walker, C. G. H.; Brown, N. M.,
Sci. 1999 425, 195-211.
(56) Whelan, C. M.; Smyth, M. R.; Barnes, C.LBangmuir1999 15, 116—
126.
(51) Heister, K.; Zharnikov, M.; Grunze, M.; Johansson, L. SJ@Rhys. Chem. (57) Frey, S.; Stadler, V.; Heister, K.; Eck, W.; Zharnikov, M.; Grunze, M.;
B 2001, 105 4058-4061. Zeysing, B.; Terfort, ALangmuir2001, 17, 2408-2415.

presence of atomic sulfur as a result of decomposition during
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Table 1. Summary of HRXPS Data for the BP4 and BP6 Films on Au(111) in the a- and S-Phases?

BP4 BP6
peak a-phase f-phase o-phase [-phase
BE
Cls 1 284.24 (0.70) 284.24 (0.70) 284.32 (0.69) 284.32 (0.74)
2 285.02 (0.70) 285.00 (0.70) 285.09 (0.70) 285.03 (0.70)
S2p 1 162.03 (0.50) 162.01 (0.48) 162.05 (0.50) 162.04 (0.48)
2 161.05 (0.50) 161.01 (0.48) 161.05 (0.50) 161.04 (0.48)
thickness (A) 16.2 14.4 18.9 17.4

aBinding energy positions and the fwhm'’s (in parentheses) are in eV. For details of the thickness calculation, see text.

relatively low photon energy. Therefore, the thickness of the
BP4 and BP6 films was evaluated on the basis of the Au 4f
spectra and C 1s spectra acquired at a photon energy of 580 eV
(not shown). A standard expression for an exponential attenu-
ation of the photoemission signal was assufffethe attenu-
ation lengths of the C 1s (11.4 A) and Au 4f photoelectrons
(15.9 A) were taken in accordance with the data reported by
Lamont et ak® The derived film thicknesses (deviatiar0.7
A) are presented in Table 1.

Comparison of the thickness values shows that the density
of thea-phase is about 10% higher than that of faphase for
both BP4 and BP6. While this difference in packing density is
in qualitative agreement with the less dense packing seen for
thes-phase in the STM experiments, this is lower than the 20%
reduced density expected from the structural models shown in
Figure 2, which yield an area per molecule of 27.05iithe
a-phase and 32.4Ain the 8-phase. Considering this apparent
discrepancy, one has to keep in mind that the densities derived 280 200 300 310 320
from the structural model refer to perfectly ordered areas. The Fiteton Enewy (V)
STM micrographs clearly demonstrate that the defect density Figure 8. C 1s NEXAFS spectra for the- and-phases in the BP4/Au-
is significantly larger for thex-phase than for thé-phase. As (111) and BP6/Au(111) samples acquired at X-ray incident angles ‘of 90

. . and 30 (shadowed).

a result, the XPS thickness of thephase is expected to be
somewhat reduced relative to that of fliphase, which accounts
for the apparent discrepancy. at higher photon energies. As is evident by the difference in

NEXAFS Experiments. Experimental details are given in  the NEXAFS spectra taken at X-ray incidence angles d¢f 90
the Supporting Information. NEXAFS is a synchrotron-based and 30, all investigated BP4 and BP6 samples exhibit a
spectroscopic tool to probe electric dipole transitions from core pronounced linear dichroism, which is a fingerprint of the
levels to unoccupied molecular orbitals close to the contin®fum. orientational order. To determine the average tilt angles of the
The respective absorption resonances give a clear signature obiphenyl backbones in the- ands-phases of the BP4 and BP6
a characteristic bond, a functional group, or a molecule. films, entire sets of the spectra acquired at different incidence
Moreover, since the cross section of the resonant photoexcitationangles were used. For this purpose, the interisitf/the most
process depends on the orientation of the electric field vector pronouncedsry* absorption resonance was monitored as a
of the linearly polarized synchrotron light with respect to the function of the X-ray incidence angieand evaluated according
molecular orbital of interest (so-called linear dichroism in X-ray to the following theoretical expression (for vector-type orbital
absorption), information on molecular orientation can be derived and substrate with threefold symmetfy):
from the experimental dafd.

In Figure 8, C 1s NEXAFS spectra of the and-phases 1(p,0) O Pl 1+ 1(3 cog 0 —1)(3codp—1)| +
for BP4/Au(111) and BP6/Au(111) acquired at°98nd 30 32
X-ray incidence angles are presented. The spectra exhibit (1- p)l sin? p (2)
characteristic absorption resonances due to the pheny¥fids 2
(marked in the top part of Figure 8).

The most prominent is the;* resonance at-285.0 eV, which
is accompanied by the weakes* resonance at-288.9 eV, an
R* resonance at-287.5 eV, and several broad resonances

Intensity (arb. units)

BP6-f

whereP denotes the polarization factd? & 82%),p as defined

in Figure 1 corresponds to the angle of the transition dipole
moment (TDM) for the transition in question relative to the
surface normal, and the incidence anglef the X-ray beam is
defined with respect to the surface plane. To avoid normalization

(58) Himmel, H. J.; Weiss, K.; 3gr, B.; Dannenberger, O.; Grunze, M.;"lJo
C. Langmuir 1997 13, 4943-4947.

(59) Lamont, C. L. A.; Wilkes, JLangmuir 1999 15, 2037-2042. (62) Azzam, W.; Wehner, B. |.; Fischer, R. A.; Terfort, A.; Wd. Langmuir

(60) Stdr, J.NEXAFS Spectroscop$pringer-Verlag: Berlin, 1992. 2002 18, 7766-7769.

(61) Fuxen, C.; Azzam, W.; Arnold, R.; Witte, G.; Terfort, A.;"W&. Langmuir (63) Hitchcock, A. P.; Fischer, P.; Gedanken, A.; Robin, MJBPhys. Chem.
2001, 17, 3689-3695. 1987 91, 531-540.
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Figure 9. Angular dependence of the* resonance intensity ratid(6)/
1(30°), for the BP4/Au(111) and BP6/Au(111) samples in thga,b) and
B-phases (c,d), respectively @denotes X-ray incidence angle). Data are
presented together with the best theoretical fits (solid line). The values of
the derived average TDM tilt anglg@)(are given at the respective fits.

Table 2. Orientation of the Biphenyl Moiety Concluded from the
NEXAFS Data for the BP4 and BP6 Films on Au(111) in the a-
and -Phases

BP4 BP6

o-phase [-phase a-phase p-phase
o 64° 68° 66° 70°
¢ (fory = 32°)2 31° 29° 26° 24°
¢ (for y = 61°)P 66° 58° 52 45°

aValue taken from structure of the biphenyl crystal (see text for
details).P Value taken from combined NEXAFS/IRRAS study (see text for
details).

problems, intensity ratio$(p,0)/1(p,30°) were analyzed. The
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Figure 10. Contact angle measurements for titeand S-phases in the
BP4/Au(111) and BP6/Au(111) samples as a function of the incubation
time in a 1 mMethanolic solution ofy»-mercaptohexadecanoic acid at room
temperature (a,c). For comparison, in (b) are shown the corresponding data
for the BP5/Au(111) sample prepared at room temperature and for the BP5/
Au(111) sample prepared at room temperature and subsequently annealed
at 408 K for 15 h.

a value of¢ ~ 60° was estimated, for whicly values of about
66°/52° and 58/45° are calculated for the/s-phase of BP4
and BP6, respectively.

experimental results, together with best fits based on eq 2, are  The NEXAFS results compiled in Table 2 yield a small but
presented in Figure 9 and summarized in Table 2. Average systematic increase of the* TDM angle by Ap ~ 4° for the

values of the angle determined for thex-phases in the BP4
and BP6 films are 64and 66, respectively. The corresponding
values for thes-phases in the BP4 and BP6 SAMs aré &8d

70°, respectively. Since the;* TDM is oriented perpendicular

to the plane of the phenyl rings (see Figure 1), the value of the
angleg, corresponding to the tilt angle of the biphenyl moiety,
is given by the following equation:

cosp

sin = cosd

®3)

where ¢ is the twist angle of the coplanar biphenyl moiety
around the 4,4axis @ = O for 4, 4, z, and,* axes in one

o—f transition of both systems. With a fixed twist angl®) (
and using eq 3, this value can be transferred into a change in
tilt angle ¢. Data summarized in Table 2 show that, fbr

32° (¥ ~ 61°), the tilt anglep obtained for BP4 and BP6 in the
B-phase is smaller by about &nd 14, respectively, compared

to thea-phase. Since our STM and XPS data clearly show that
the f-phase has lower packing density than th@hase, one
would expect an opposite change in the tilt angle, i.e., a higher
value for the lower densitg-phase. We take this discrepancy
as an indication that the simplifying assumption of a phase-
independent constant value ofis not valid. We note at this
point that in our recent systematic studies of terphenyl-
substituted alkanethiols §8s5—(CsHa4)2—(CH2)n—SH, Th, n

plane). Assuming a herringbone arrangement of the biphenyl= 1-6)55 a similar issue arose. From the inconsistency of

moieties, which is typical for aromatic systems, and a twist angle
¥ as in bulk biphenyt* (32° 57.61.656§ ¢ values of 3% and 29

are obtained for ther-phases of BP4 and BP6, respectively.
The corresponding values for thg3-phase amount to 2@&nd

24°. However, from the combination of NEXAFS and IRRAS
data in our previous study of the BPn = 1—6) homologues?

(64) Charbonneau, G. P.; Delugeard, Atta Crystallogr.1976 B32 1420-
1423

(65) Shaporenko, A.; Brunnbauer, M.; Terfort, A.; Grunze, M.; Zharnikov, M.
J. Phys. Chem. B004 108 14462-14469.

(66) Shaporenko, A.; Cyganik, P.; Buck, M.; Terfort, A.; Zharnikov, MPhys.
Chem. B2005 109 13630-13638.
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NEXAFS and XPS/ellipsometry data, it was also concluded that
the twist angle for the aromatic moiety in TP2 is markedly
different from those in the rest of the mRystems. A further
point worth noting is that the dihedral angle(see Figure 1)
between the phenyl rings in biphenyl is known to be very
sensitive to its environment due to the relatively low energy
barrier for rotation (about 62 meV/molecuf®¥8 Therefore, one

can reasonably assume that the change in packing density by
20% upon the transition—/ is accompanied by a noticeable

(67) Bastiansen, O.; Samdal, $.Mol. Struct.1985 128 115-125.
(68) Brock, C. P.; Minton, R. PJ. Am. Chem. S0d.989 111, 4586-4593.
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change in the twist anglé of the phenyl rings. However, it

cannot be determined at present whether the measured twist
angle changes are due to uniform changes of both phenyl rings
and/or by change of the dihedral angle. n

Exchange Experiments.Experimental details are given in
the Supporting Information. To compare the relative stability
of the a- and -phases of BP4/Au(111) and BP6/Au(111)
against exchange by other thiols, a series of contact angle
measurements was performed. For this purpose, respective
samples were incubated at room temperatureai 1 mM
ethanolic solution ofw-mercaptohexadecanoic acid (HS
(CHy)15—COORH) for a given time, and then the drop in contact
angle value (toward the value of about°56btained for
w-mercaptohexadecanoic acid SAMs formed by adsorption on

Cooperative Competitive
interactions interactions

= odd n = even

. - e
clean Au) was used to monitor the exchange process. For E. 5 Eier 5
comparison, the same type of experiment was also performed 1
with BP5 SAMs. In this case, both samples prepared at room \‘/
temperature and annealed at 408 K were investigated. Results
obtained by this procedure are summarized in Figure 10. Data By d Bz d

obtained for samples prepared at room temperature show a clear \./ w

odd—even effect; i.e., the BP5 sample is significantly more

stable against exchange efmercaptohexadecanoic acid than T v P,
the BP4 and BP6 samples. This observation is in agreementFigure 11. Schematic illustration of the cooperative and competitive way
with previous IRRAS and electrochemical measurements of the different energetic factors enter the energy balance inntke odd and
exchange of BR (n = 1 — 6) by hexadecanethiol, where a €ven Bm SAMs, respectivelyEpeng cOrresponds to the energy associated
clear odd-even variation, i.e., a higher StabiIiFy of the odd- ;’xlttehm?oelggg]lgr mteer';\;iiggasb?hned aS/ae?glgeeé)d’isltzgrtlcceol;reeis\?e%nndfng?ect:;s),
numbered systems, was demonstratedoreover, it was shown  andE., corresponds to the coverage.

in this study that the stability of even-numbered systems against

the exchange increases with the length of the aliphatic dfain. S—Au bond (with binding energies in the range of +&0 eV/

This effect is also visible in the exchange experiments presentedmoleculé->%9 is the major driving force for SAM formation
here: the stability of the--phase of BP6 is greater than that of and dominates any other contributions, e.g., from intermolecular
BP4. Comparison of the exchange process for dheand interactions or conformational changes.

B-phases of the BP4 and BP6 samples shows thatithg The surprising behavior of BP4 and BP6 raises a number of
transition results in a pronounced improvement of the film in duestions. What drives the phase transitions? Is it enthalpy or
terms of stability against exchange by other thiols. Interestingly, €ntropy, and to what extent are the formation and stability of
annealing of the BP5 system, which leads to a substantial the (_jifferent phases determined by kinetics and/or thermody-
increase in the size of the domain structures but not to any phasd'@Mics? _ _ _ _
transition, does not affect the exchange process. This indicates 10 ddress these issues, we would like to start with an outline
that the increase in film stability of even-numberedhESAMs of the principal difference in the architecture of the systems

upon annealing is not only related to the reduction in defect presented here which gives rse tq this unusual beha\{lor.
concentration due to growth of the domains, but also can be Referring to Figure 11, one can identify several factors which

driven by the change in the film structure during the phase contribute to th? energy balance o_faSAM. For S|mpl|c_|ty, they
transition have been restricted to what we think are the most obvious ones,

namely the Au-S bond density (or total coverage), molectle
molecule interactions, and the potential related to the bending
of the Au—S—C bonds®2:3538There are, of course, a number
The temperature-induced structural changes reported here foiof additional contributions, such as the conformational degrees
even-numbered BPSAMs are distinctly different from those  of freedom and/or the structure and energetics of thé\®
observed for other organothiolate adlayers on Au substrates.interface. The decisive point in this simple, qualitative model
First, there is a striking contrast to the odd-numberech BP s that it depends on the molecular structure and whether the
homologues, which lack phase transitions. Second athes Au—S—C bending potential can be optimized at the expense

phase transition is characterized by a pronounced increase irPf, Or along with, other factors, such as the coverage, i.e53u
stability of the SAMs, even though the density is reduced by Pond density and intermolecular interactions. For odd-numbered

about 20%. This is in sharp contrast to phase transitions in BPN SAMs and also alkanethiols, there is a strong driving force
alkanethiol$9-44 where lower density phases, e.g., more tilted toward high coverage, as the energies of all three factors are

chains or molecules that lie flat, are not stable when immersed erven toward fi minimum and thus enter into the energy balance
in a cooperatbe way. In contrast, for even-numbered BP

SAMs, the factors enter the energy balance inoanpetitve

I1l. Discussion

in solutions under conditions where a high-density phase forms.

The high stability of the low-coveragg-phase is, in fact,
surprising since it is generally assumed that the rather strong(69) Uiman, A.Chem. Re. 1996 96, 1533-1554.
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way; i.e., coverage and molectlmolecule interaction canonly  to be assumed. When the temperature-induced transition is
be optimized for an AuS—C angle off the optimal value and  complete, thef-phase is unusually stable with respect to
vice versa. As a consequence, molecules of the cooperative typeexchange by other organothiols. This is demonstrated by the
such as odd-numbered BFform layers which are either in or  fact that the water contact angle changes upon immersion of a
close to a global minimum on the energy hypersurface. For g-phase BP4 SAM into solutions of mercaptohexadecanoic acid
alkanethiols which appear to be also of this type, there are only by less than 2 even for immersion times as long as 30 days.
minor structural variations in the stable high-density phase; i.e., We have also not been able to achieve a conversion of the low-
the density of the molecules is essentially uncharf§ed.In coverages-phase back to the-phase by re-immersion in the
contrast, molecules of the competitive type, such as even-respective BR solution under conditions where tlephase
numbered BR, yield SAMs of significantly higher energy and forms on the clean Au substrate. Furthermore, prolonged
will, in general, have different structures with similar energies. immersion of af-phase sample in alkanethiols results in an
For BP4 and BP6 SAMs, this results in the formation of the exchange (as observed in STM micrographs) only at domain
a-phase when prepared at lower temperature, whereas higheboundaries and not inside ordered domains.
temperatures yield the less densphase. While the absence of the reverse conversion of pltase
Two distinctly different models can be envisaged to explain phasen, at least on the time scale of our experiments, raises a
the observed phase transitions. Model 1 assumes that thequestion mark over the presence of kinetic limitations (model
o-phase is the most stable; i.e., its formation is thermodynami- 1), model 2 requires introduction of an enthalpic contribution
cally controlled. Thex—{ phase transition at elevated temper- which favors the3-phase thermodynamically. The decrease in
ature is, in this case, entropy driven, as both desorption of film density by 20% upon the—/ phase transition implies a
molecules into the gas phase and a decrease in density okignificant difference in enthalpy, since the A8 bond, which
molecules in the SAM increase entropy. The observed stability is characterized by binding energies in the range of-1Z8ID
of the 5-phase is then a kinetic effect and is explained by the kJ/mol (1.6-2.0 eV/molecule};>"?is the major driving force
high structural quality of thgt-phase, which makes insertion for SAM formation. The fact that the lower densjtyphase is
of molecules difficult and the reverse conversion to the higher not the one formed right away under standard preparative
densityo-phase very slow. conditions makes it unlikely that an optimized A8—C bond
In contrast, model 2 takes the opposite view and assumesangle (see Figure 11) at lower coverage is the driving force.
that formation of then-phase is kinetically controlled. In this  Therefore, an additional enthalpic contribution is required.
case, heating provides the required activation energy for the One possibility centers on the interaction of the biphenyl
irreversible transition from the metastabtephase to the moieties. In thex-phase their packing is energetically unfavor-
B-phase, which is lower in enthalpy and is thermodynamically able, since it deviates substantially from the bulk structure of
more stable. biphenyl. In the-phase there has to be a significant relative
Which of the models actually applies cannot be unambigu- shift of two biphenyl! units along the 4,4xes and an improved
ously decided at present, since our knowledge of the energeticsinteraction can be envisaged from geometrical considerations,
of the BF phases and kinetics of the phase transitions is still i.e., the upper ring of one BPmolecule matching the lower
too sparse. Nevertheless, we would like to address fundamentaking of the neighboring molecule. Even though we cannot
implications of the models and discuss the different experimental quantify the relative importance of the interaction of the biphenyl
observations with respect to the effects of entropy and enthalpy.units, the change in twist angle upon phase transition, concluded
Model 1 can provide a straightforward explanation for the from the NEXAFS data, is consistent with a sizable contribution
phase transition fronm to 8 upon annealing if one assumes of the biphenyl interaction. However, comparison of this
that thes-phase is kinetically stabilized. Kinetic effects are well  contribution, which can be assumed to be well below the value
known in the formation and structural transition of thiol SAMs.  of 0.2 eV/molecule for the enthalpy of fusion of bipheR¥l,
Examples of this are the slow change of an octanethiol SAM with the energy change associated with the decrease in coverage
from a c(4x 2) to a 6<+/3 structurd® or the stepwise formation  of about~0.3—0.4 eV/molecule due to the change ir-8u
of alkanethiol SAMS*"®which involves a fast step leading to  bond density, shows that other, more important contributions
a disordered adlayer with about 80% of the total coverage andare required.
subsequent steps in which the coverage increases only slightly The only possibility left to provide significant gains in energy
but the orientational order develops. Strong kinetic hindrance is the restructuring of the AuS interface. For simple alkanethi-
is also observed when alkanethiolate SAMs are prepared byols adsorbed on Cu(11)°and Ag(111)° a restructuring of
gas-phase deposition and when the coverage exceeds that ahe substrate has been reported. Also, in the case of Au(111), a
the striped phas®. significant restructuring has been suggested to explain the X-ray
However, to explain the exchange data of thenEfAMs standing wave data for methane- and butanethiolate on Au-
(Figure 10), an exceptional kinetic stability of tephase has  (111)8 Indirect evidence for a restructuring of the Au substrate
upon o—f phase transformation comes from the observation

(70) Noh, J.; Hara, MLangmuir2002 18, 1953-1956.

(71) Lissem, B.; Mller-Meskamp, L.; Karthaser, S.; Waser, R.angmuir2005
21, 5256-5258. (77) Chickos, J. S.; Hesse, D. G.; Liebman, J.FOorg. Chem199Q 55, 3833~

(72) Fenter, P.; Eisenberger, P.; Liang, KPhys. Re. Lett. 1993 70, 2447— 3840
2450

(78) Parki'nson, G. S.; Munoz-Marquez, M. A.; Quinn, P. D.; Gladys, M. J.;

(73) Pertsin, A. J.; Grunze, M.angmuir 1994 10, 3668-3674. Woodruff, D. P.; Bailey, P.; Noakes, T. C. Qurf. Sci.2005 598 209—

(74) Héner, G.; Wd, C.; Buck, M.; Grunze, M.Langmuir 1993 9, 1955- 217.
1958. (79) Driver, S. M.; Woodruff, D. PSurf. Sci.200Q 457, 11—23.

(75) Himmelhaus, M.; Eisert, F.; Buck, M.; Grunze, 8.Phys. Chem. B00Q (80) Yu, M.; Woodruff, D. P.; Bovet, N.; Satterley, C. J.; Lovelock, K.; Jones,
104, 576-584. R. G.; Dhanak, VJ. Phys. Chem. B00§ 110, 2164-2170.

(76) Himmel, H. J.; W8, C.; Gerlach, R.; Polanski, G.; Rubahn, H.lGngmuir (81) Roper, M. G.; Skegg, M. P.; Fisher, C. J.; Lee, J. J.; Dhanak, V. R,
1997, 13, 602-605. Woodruff, D. P.; Jones, R. GChem. Phys. LetR004 389 87—91.
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of major morphological changes. After the transition, monatomic
steps are observed on the Au substrate which run alori@ 1hel
directions. This is in pronounced contrast to clean Au(111)
surfaces, where steps run predominantly along fh#0C]

progressiven—( transformation. This behavior can be under-
stood by taking into account the fact that the SAM is not perfect,
and domain boundaries and other defects where the packing is
less dense do exist. Therefore, at the onset otk phase

directions. Also, for organothiol SAMs, these steps are observedtransitions, ther-phase can expand to form thephase by using

to run along theZ_L:lO[tiirections. The increased number of steps
running along2110s even more prominent for BP6, as can be

up this available space without forming thephase. Only after
consumption of this space does the medium-densighase

seen in Figure 4g. We note that an area showing a high densitydisproportionate into the highy) and low-density §) phases.

of these steps was intentionally selected in order to demonstrateAt sufficiently high temperatures, the entropically favorable
this effect. Since there are variations in step density across thedesorption channel becomes available, which is required to
sample, Figure 4g does not imply that the average step densityeliminate they-phase and complete tlee—f transition. As a

is higher for BP6 compared to BP4.

Another indirect piece of evidence for structural changes at
the Au—S interface comes from experiments investigating the
effect of ion- and electron-induced desorption of aromatic
SAMs. These show that AuS bond scission strongly depends
on the details of the AuS interfac& and where thex—73
transition significantly alters the fragmentation pattern, thus

final remark on the/-phase, we note that the conditions under
which it appears depend on the particulamBm BP4 SAMSs,

the y-phase is observed both upon annealing in a nitrogen
atmosphere and upon preparation at elevated temperatures from
solution (60 h at 363 K, data not shown), whereas in BP6 SAMs,

it is only observed upon preparation from solution. The
sensitivity of the detailed course of the phase transition to

indicating pronounced changes in the relative strengths of the changes in the spacer from four to six methylene units reflects

Au—S and S-C bonds®?
Finally, a restructuring at the-SAu interface is also supported

the complex interplay of factors governing the energetics and
kinetics of the systems. It adds to the differences in the annealing

by electronic structure calculations. Recent DFT studies have behavior of theo-phase which, in contrast to BP4, exhibits a
demonstrated that a thiol bound to an open gold surface is pronounced anisotropy of domains for B#6.

energetically more favorable than one bonded to the unrecon-

structed Au(111) surfac¥.

An important issue to be addressed with regard to the two
models is the occurrence of tlyephase. This phase cannot be
prepared separately but always coexists with the and
p-phases. The fact that thephase exhibits the largest density
of all phasesf < a < y) implies that the available area per

A final point of interest concerning the relevance of the
different models is the observation that tfiephase forms
domains of size and quality which are unprecedented for
aromatic-based SAMs. Furthermore, the STM images are
perfectly uniform (Figure 1g) and do not show any height
variations beyond the ones due to the molecular arrangement
(Figure 1h). This is in contrast to the-phase, which shows

molecule and the conformational space are smaller than thosecontrast variations on a length scale of a few nanometers as a

of the other phases and, accordingly, that the@hase is
entropically least favorable. The higher density is also likely to
result in a C-S—Au bond angle which differs more strongly
from the optimum value than in the case of the other, lower
density phases (see Figure 11). Since theSEAu bending
potential contributes significantly to the total energy of the
system (which, in fact, is the origin of the oddven effect in
BPn SAMs®?), the enthalpy of the-phase will also be reduced.

sign of stress resulting from the mismatch between SAM and
substrate lattice®:3° These observations are a clear indication
that thef-phase is a structure which is low in stress. A change
in energy associated with release of stress uponthg phase
transition is another force which can make a significant
contribution to drive the transition. In contrast to the other
observations, which can be explained by both models, the
change in stress favors model 2.

As a result of the entropic and energetic differences, the free |v. conclusions

energy of they-phase will be larger than those of the two other
phases.

Assuming, for the moment, a structurally perfegphase and
no desorption of molecules (see below), the exparftipase
can only be formed from the-phase if at the same time another,
denser phase, thg-phase, forms. Thus, an entropy-based
explanation of the disproportionation of thephase intg- and
y-phases requires that the decrease in entropy upon formatio
of the y-phase is overcompensated by the increase in entrop
due to formation of th@-phase. In the enthalpy-based explana-
tion of model 2, the lowering of the energy in tfiephase by

restructuring of the interface, for example, compensates for the

formation of they-phase with its higher enthalpy.

While in the ideal case thg- and y-phases should form
simultaneously from thet-phase, thegg-phase always appears
first in the experiment, and the-phase emerges only with

(82) Cyganik, P.; Vandeweert, E.; Postawa, Z.; Bastiaansen, J.; Vervaecke, F.
Lievens, P.; Silverans, R. E.; Winograd, 8l.Phys. Chem. B005 109,
5085-5094.

(83) Vervaecke, F. Ph.D. Thesis, Katholieke Universiteit Leuven, 2005.

(84) Molina, L. M.; Hammer, BChem. Phys. LetR002 360, 264—271.

The experiments presented above, together with preceding
experiments on BPSAMSs 27:31.32.38.34.3g|early demonstrate that
control of structure and quality of a SAM requires careful tuning
of the factors which determine the energy balance. The behavior
of BPn SAMs reveals the presence of several important factors
whose relative importance and mutual influence depend inti-
mately on the molecular structure. Two principal strategies for

r}ailoring SAMs can be adopted which differ in how the various
yfactors, such as intermolecular interactions, coverage, and

bonding configuration at the AuS interface (see Figure 11),
enter the energy balance. The first of these, which is usually
pursued and applies also to BBn Au with n = odd, is based

on cooperative effects; i.e., the molecular structure is chosen
such that all relevant energy-determining factors can be
optimized. This scenario will typically result in the presence of
one structure which is significantly more stable than other
_structures with different types of molecular packing. The second
‘strategy, which applies to BPon Au with n = even, is built

on competitive effects. In this case, different factors such as
molecular packing and AuS—C bond angle cannot be opti-
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mized at the same time. As a consequence, different structuredandscapes of thiol self-assembled monolayers has been entered.
with different types of molecular packing result which are To improve our fragmented knowledge about the phase behav-
similar in energy. These structures will differ in coverage and ior, a number of crucial issues have to be addressed, one of
the molecular arrangement within the films. There are many which is the kinetics of the phase transitions, i.e., the time scale
SAMs of the cooperative type which yield only one stable, low- temperature relationship. Another goal is to elucidate the exact
energy structure (or several very similar ofi€§ due to the reason behind the improvement in structure upon transition to
match of factors such as At5—C bond angle and the thep-phase. Itis unclear to what extent the ability of this phase
intermolecular interactior®:32However, it is more interesting  to cope with stress is due to an alteration in the intermolecular
to have a situation with several energetically closely spaced interactions by changing density or due to processes atthaiS
structures, opening up new opportunities in the design and interface, such as restructuring. It is, in particular, the latter
application of SAMs. which we consider the key to understanding what is driving
A pleasing aspect associated with the phase transitions is thethe phase transitions. This is the case since the energies involved
pronounced improvement in the structural quality. This is a quite in the restructuring of the thielsubstrate interface seem to be
distinct difference from other monolayer systems, e.g., S®Ms required to compensate for changes in theAB bond density
or metal-on-metal? where competition between factors such and associated coverage-dependent factors which enter into the
as different lattices also plays a role but results in disorder or energy balance.
defect formation. Another advantage is that preparation under  acknowledgment. This work was supported by The Lever-
normal conditions, i.e., from solution at room temperature, hyime Trust, German Science Foundation, EPSRC, and SHEFC.
results in a metastable structure which transforms into a more p . was a Postdoctoral Fellow of the Alexander von Humboldt
stable one upon annealing. This switch in stability might be Foundation. This work has been supported by the German
exploited for lithographic applications. BMBF (05KS4VHA/4) and European Community (Access to
With the experiments on BP4 and BP6 presented above, anResearch Infrastructure action of the Improving Human Potential
essentially unexplored territory of the energy and structure program).
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