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Here, we report a helium atom diffraction study of 11-hydroxyundecyl octadecyl disulfide
(CH3—(CH3)17—S—S—(CH3)1;—OH, HOD) self-assembled monolayers (SAMs) produced by supersonic
molecular beam deposition (SMBD). Two different lying down monolayer phases were observed depend-
ing on the substrate temperature. At low temperatures a poorly ordered phase was observed, while the
diffraction patterns of the film grown at high temperatures were similar to that of mercaptoundecanol
(MUD) SAMs reported previously in the literature. The transition from the low temperature phase to the
high temperature phase is due to S—S bond cleavage at the surface. Desorption from several different
chemisorbed and physisorbed states were observed with energies in the same range as observed for MUD
and octadecanelthiol (ODT) SAMs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Thiol self-assembled monolayers (SAMs) on Au(11 1) surfaces
continue to attract attention due to their uses in many differ-
ent applications and their role as a model system in fundamental
surface science [1-4]. Their fundamental properties, like crystal
structures, adsorption dynamics and mechanism are very impor-
tant to understand to improve the performance of the applications
that utilize these SAMs [1-5].

Alkanethiol SAMs on Au(11 1) are well studied systems and at
low coverage they adopt lying down striped phases with (p x /3)
rectangular unit cells where p is the stripe periodicity, as depicted
in Fig. 1, which depends on the alkyl chain length.[1,2,6] At
full coverage, however, thiol molecules stand up and form the
well-known (/3 x +/3)R30° structure [1,2]. Unsymmetric disulfide
(R—S—S—R’, will be referred to UDS) SAMs, on the other hand,
are particularly important for preparing mixed monolayers and
for understanding thiol film formation mechanism and Kkinetics.
To this end, disulfides where the unsymmetry was provided by
using alkyl groups with different chain lengths or with different
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functionalities (like hydroxylated and fluorinated ones) were
intensively studied [7-16]. One of the main motivations in these
studies was to elucidate whether a phase separation takes place or
not, which has implications in preparation of patterned surfaces
and which is a way of determining if S—S bond cleaves during
adsorption. In all of these studies disulfides was grown from
solution and the film coverage was controlled by adjusting the
concentration of the solution and/or the immersion time. Resulting
films were mostly studied by scanning probe microscopy and spec-
troscopy techniques. While in many cases no phase separation was
observed for the as grown full coverage (high density) UDS SAMs
[11-13], phase separation after annealing have also been reported
[14,15]. In addition for 11-hydroxyundecyl octadecyl disulfide
(CH3—(CH3)17—S—S—(CH;);;—0H, HOD) SAM phase separation
was reported at low coverage evidenced by the formation of two
different corrugation periodicities consistent with the lengths of
separated thiolates [10].

Here we present a helium atom diffraction study of the HOD
SAMs grown in vacuum by means of supersonic molecular beam
deposition (SMBD) which allows a very precise control of film cov-
erage. Using helium diffraction enabled us to monitor film growth
in real time and follow the evolution of film structure as a function
coverage and substrate temperature. We identified two different
lying down monolayer phases one of which was observed only
when the film was grown at low substrate temperatures (T~ 200 K).


dx.doi.org/10.1016/j.apsusc.2014.05.128
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.05.128&domain=pdf
mailto:danisman@metu.edu.tr
dx.doi.org/10.1016/j.apsusc.2014.05.128

644 E. Albayrak et al. / Applied Surface Science 311 (2014) 643-647

\\\\\\Q\\ng?[;
BREAERLRLEALL AL T :
l\\‘\\ﬁ\\‘\

Qu-geev

g
QN\‘shﬁ\vv'
RS sS LA v"“."\“ o Y

e sss‘.\ AN Y c\-
S \‘c L AR e A g \':..‘ 'v-\\

2 3

Fig. 1. Left panel: real space model of (/3 x /3)R30° and (p x /3) unit cell structure of octadecanethiol SAMs on Au(1 1 1). For octadecanethiol striped phase p=18. (Sulfur
atoms, indicated by yellow color, are placed on top of gold atoms for simplicity and this position does not correspond to the actual adsorption site.) Right panel: corresponding
reciprocal space map. Red dots indicate gold diffraction peak positions, blue circles indicate (p x /3) diffraction peak positions and the brown squares indicate (/3 x /3)R30°
diffraction peak positions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

This low temperature (LT) phase irreversibly transformed into a dif-
ferent phase after annealing to 300 K. This high temperature (HT)
phase could also be formed directly by depositing the HOD SAM at
300K or higher substrate temperature. While both phases had poor
helium diffraction patterns, upon annealing to 400K, diffraction
patterns of the HT phase improved considerably. A comparison of
the diffraction results with that of pure mercaptoundecanol (MUD)
and octadecanethiol (ODT) SAMs that we studied in the past [17]
enabled us to comment on the crystal structure of the HOD SAMs.
Finally we were able to determine desorption energies for sev-
eral different chemisorbed states which were in the same range
observed for pure MUD and ODT SAMs.

2. Experimental

The experimental setup was extensively described before
[18,19] and here we give only a brief description related to the
present experiment. The SMBD source is made of a Pyrex tube with
a ~100 wm diameter nozzle which is housed in a vacuum cham-
ber connected to the main chamber of the diffraction apparatus.
Inside the tube, a small Pyrex reservoir contains the organic mate-
rial, outside the tube a coil heater increases the source temperature
causing the sublimation of the organic material and its vapor mixes
with the helium carrier. This mixture expands through the nozzle
and forms a seeded beam. In front of the nozzle, a skimmer selects
the central part of the flow which enters the main chamber of the
diffraction apparatus where at its center is located the surface of
the substrate. The SMBD temperature determines the partial pres-
sure of the organic vapor and, for source temperatures in the range
160-180°C, reasonable HOD flux values were obtained. Although
the impinging energy of the HOD molecules were not directly mea-
sured, for a thiol concentration of less than 1% and assuming ideal
expansion conditions to calculate the terminal speed of the carrier
gas, the maximum incident kinetic energy has been estimated to
be in the range 5.2-11.9eV [20].

The diffraction experiments on the deposited films were car-
ried out by using the primary supersonic beam of helium (purity
99.9999%). The source temperature was set to about 70K which
corresponds to a kinetic energy of 14meV and hence the most
probably wave vector was k;=5.13 A1 with a velocity spread of
2%.1In order to reduce the effect of vibrations, diffraction intensities
were collected for substrate temperatures between 60K and 80K
along different crystallographic directions to reconstruct the unit
cell of the structures. The detector is a Si bolometer, cooled to

about 2 K with a pumped liquid helium cryostat, which can rotate
around the sample in the plane containing the incident helium
beam and the surface normal. For the analysis, the angular scale
was converted to parallel momentum AKjscale by using the
equation AKj, =k;(sinf—sind;) where 6; and 6 are the incident
angle and the detector angular position with respect to surface
normal, respectively. The Au sample was purchased from Mateck
GmbH with an orientation accuracy of <0.1° from the (111)
surface. Before each experimental run, the surface was sputtered
and annealed and to assess its cleanness the presence of the gold
reconstruction in the diffraction pattern with specular reflection
intensity of at least 25% of the incident beam was checked.

Desorption energies were investigated by recording helium
specular reflection (SR) intensity as a function of surface temper-
ature. In fact, the SR intensity decreases with temperature due to
Debye-Waller effect and, above 400K, to the decrease of the sen-
sitivity of our detector. Since the substrate surface is smoother and
harder than the film one, when the film starts to desorb the SR
intensity increases until the whole film is desorbed and the SR
intensity starts to decrease again due to the Debye-Waller fac-
tor of the substrate. The derivative of the SR intensity, corrected
for Debye-Waller effect and detector sensitivity, vs. the sam-
ple temperature yields a conventional temperature programmed
desorption peak [21]. The estimation of adsorption energies of the
desorbing species is obtained by a Redhead analysis [22] and a first-
order desorption and a coverage independent desorption energy
were assumed (assumptions generally used in literature for similar
analysis). The experiment was performed with crystal tempera-
ture ramps of 0.8-1.3K/s and the error bars on the temperature
measured by a platinum thermometer were estimated to be +5K.

HOD was synthesized as follows by following the procedure pro-
posed by Flores etal.[11]: Octadecanethiol (3.5 mmol) was added to
the solution of diethylazadicarboxylate (DEAD) (3.5 mmol)in 20 ml
of diethyl ether at room temperature. The reaction mixture was
stirred for 3 days. After evaporation of solvent at reduced pres-
sure, the crude mixture was dissolved in 20 ml of dichloromethane
(DCM). The mixture of reaction was added mercapto undecanethiol
(3.5 mmol) and refluxed for 2 days, monitored by TLC. The solvent
was concentrated under vacuum and the crude product was puri-
fied by column chromatography on silica eluting with hexane and
ethyl acetate (v/v, 3:1) to yield as a white solid. Yield: 38%; mp
71-73°C; 1H NMR (400 MHz, CDCI3, ppm) § 3.64 (t, J=6.6 Hz, 2H),
2.68 (t, J=7.3Hz, 4H), 1.66 (td, J=14.9, 7.3Hz, 4H), 1.61-1.51 (m,
2H), 1.45-1.19 (bm, 44H), 0.88 (t, J=6.8 Hz, 3H).
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Fig. 2. Deposition curves showing helium specular reflection intensity as a function
of HOD coverage on Au(1 1 1) at different substrate temperatures.

3. Results

In Fig. 2 we show deposition curves where helium specular
reflection (SR) intensity is plotted as a function of film coverage
for different substrate temperatures. All the curves are normal-
ized to the specular reflection intensity at zero coverage. A partial
recovery of the SR with a maximum is observed for the major-
ity of the curves and this is due to smoothening of Au(11 1)/HOD
surface upon completion of the monolayer due to overlapping of
the large effective helium cross sections of the adsorbed molecules
yielding a more ordered film. Following the recovery, SR intensity
decreases again with increasing coverage due to formation of disor-
dered physisorbed overlayers. This trend is true for all the substrate
temperatures studied except at 450K for which no recovery could
be observed due to a significant Debye Waller effect.

Diffraction scans from MLs grown at 200K and 300 K, recorded
at 80K substrate temperature, are shown in Fig. 3. The diffraction
pattern of the HOD film grown at 200K (that will be referred to as
low temperature, LT ML) presents very broad features and is com-
pletely different from that of the film grown at 300K (that will be
referred to as high temperature, HT ML). In fact, the HT ML diffrac-
tion pattern shows broad /3 peaks along the (1 1 —2) direction and
more defined diffraction peaks related to the striped phase along
the (1 —10) direction. When the LT ML is annealed to 300K, the
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Fig. 4. Annealing curves that show the SR intensity as a function of surface tem-
perature for different films indicated in the legend. The plots shown here are not
corrected for the detector sensitivity and the Debye-Waller effect. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of this article.)

original diffraction pattern changes and assumes a structure simi-
lar to that of the HT ML (data not shown). To investigate the causes
of formation of different ML structures, we studied the evolution
of the film structure with substrate temperature by recording SR
intensity as a function of substrate temperature (annealing curves
shown in Fig. 4) and recording the resulting diffraction patterns
(Fig. 5). When the annealing curve for the LT ML is examined (black
trace in Fig. 4) a change in the slope can be observed to take place
between 235K and 290 K, which may be due to a phase transition,
while a monotonic decay is observed for the HT ML in the same
temperature range (red trace in Fig. 4). In the latter case no change
is expected since the substrate temperature was already above
235-290 K range during deposition for the HT ML. This phase tran-
sition is most probably associated with the cleavage of S—S bonds
and a readjustment of the molecular fragments: at 200 K, the HOD
molecules adsorb intact resulting in the LT ML structure and during
annealing to 300 K S—S bonds are dissociated into thiolates forming
the HT ML phase. In fact, for dimethyl disulfide SAMs dissociation
was shown to take place between 160K [23] and 220K [24].
When the 400K annealing curve of the HT ML (red trace in
Fig. 4) is further examined, at about 380K an increase in the decay
rate can be observed which is due to the starting of a solid-liquid

Intensity (arb. units)
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Fig. 3. Diffraction scans measured at 80 K along the main azimuthal directions of Au(11 1) for ML films of HOD grown at different substrate temperatures. The arrows in the
left plot indicate striped phase peak positions and the vertical line at AK;, =—2.54 A~ in the right plot indicates the /3 peak position.
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Fig. 5. Diffraction scans of ML film grown at 300 K substrate temperature after dif-
ferent thermal treatment steps. The oscillations in the blue curves, most pronounced
at low intensities, are due to noise as discussed in the text. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

phase transition which was observed before for different thiol
SAMs [6,17,25,26]. After 400 K annealing, the resulting film has an
improved diffraction pattern with sharper and more intense peaks
without a change in the peak positions (compare the black and
red traces in Fig. 5). Further annealing at 400 K, however, does not
improve the diffraction pattern. After annealing at 450K, SR peak
intensity increased considerably and all the diffraction peaks van-
ished except the very broad ./3 peak along the (11 -2) direction.
This is a clear sign that the film underwent a partial desorption
process at 450K. In addition the noise level in the diffraction
data increased due to thiol contamination in the vacuum chamber
caused by this desorption from the sample and the crystal holder at
the annealing temperature which produces condensation of thiols
also on the cold detector. When 450K annealing curve is exam-
ined it can also be seen that there is a change in the slope at 350 K.
This change is most probably associated with the solid-liquid phase
transition which took place at 380K during the 400K annealing.
After the 400K pre-annealing step, the solid-liquid phase transi-
tion temperature shifts to lower values and the transition extends
over a larger temperature range. Finally during annealing of HT
ML to 600K (blue trace in Fig. 4) desorption starts at 470K and
continues up to about 550K.

Thermal and structural properties of HOD SAMs deduced from
the results shown in Figs. 4 and 5 are summarized in Tables 1 and 2
along with the properties of pure MUD and ODT SAMs that were

10-2'K ' ' ' ‘ ' E
— T —— MUD
—— ODT
\ —— HOD
m
E 10‘3-\ 3
5
o)
5; \"‘«4\,\\'
£ 10" ;
=
10°
100 200 300 400 500 600
Temperature (K)
1T
<1-10>
—— MUD
2 10° —— oDt
s —— HOD after 400K annealing
2
&
>
5 /*’\
5 -
£ 104 / N
™| i
ﬁf o | Al
A | | |
-2.976 -2.232 -1.488 -0.744 0.000
AK, (A

Fig. 6. (a) Annealing curves for MLs of MUD, ODT and HOD. (b) Diffraction scans
of MLs of MUD, ODT and HOD. Grid lines indicated the expected peak positions for
(11.8 x 4/3) unit cell. HOD diffraction scan is smoothed by adjacent point averaging
for clarity.

reported before [17,27]. The desorption energies reported in Table 2
were determined by performing a Redhead analysis after correcting
the annealing curves shown in Fig. 4 for Debye-Waller effect and
detector sensitivity.

In Fig. 6 diffraction patterns and thermal behavior of HOD, MUD
and ODT SAMs are shown for comparison. Diffraction data sum-
marized in Figs. 5 and 6 indicate that at 300K and higher surface
temperatures (during growth or annealing) HOD SAMs adopt a unit
cell structure identical to that of MUD SAMs. However due to large
size of the HOD molecules the resulting films were more disor-
dered then pure MUD or ODT SAMs and helium scattering signal
measured on HOD SAMs were very poor and the noise level was
high. In previous helium diffraction measurements, too, the film
order for chains longer than 10 carbons was observed to deterio-
rate with increasing chain length due to the increasing flexibility
of the thiol molecules with increasing chain length [17,28]. The
LT ML diffraction pattern, on the other hand, was much poorer
and extracting a crystal structure from the diffraction data was
not possible.

The desorption behavior of the HOD seems to be a combination
of MUD and ODT and a single but broad SR intensity rise can be seen
(Figs. 4 and 6) which is due to desorption from two different states
with close desorption energies. This behavior is similar to what was
observed for MUD previously and the corresponding desorption
energies are 138 kJ/mol and 146 kJ/mol, respectively.
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Table 1
Unit cell parameters for the striped phases of MUD, ODT, and HOD SAMs.

Molecule Length? (A) p Lattice constant (A) Lattice constant/2 (A) Difference® (A)
MUD* 15.8 x11.84 34.0 (0.184A’]) 17.0 1.2

OoDT¢ 23.6 x18 51.9(0.121A-1) 26.0 2.4

HOD 411 x11.8 34.0(0.184A1)

2 Reported values are the theoretical distances, calculated at AM1 level, from the center of sulfur atom to the center of furthest hydrogen atom in thiols and from the center

of H atom at one end to the center of the H atom at the other end in the disulfides.
b Difference of the length of the molecule and the value of lattice constant/2.
¢ Reported values for MUD and ODT are taken from Ref. [17].
d In Ref. [26] p was reported to be 12.

Table 2

Melting temperature and the desorption energies for the striped phases of MUD, ODT, and HOD SAMs.

Molecule Melting temperature? (K) Desorption energy (kJ/mol)
ML
Desorption 1 (kJ/mol) Desorption 2 (kJ/mol) Desorption 3 (kJ/mol)
MUDP 400 118 136, 141 150
oDT 400 135 154
HOD 380 138 146

2 Since the melting transitions are not sharp (see Figs. 3 and 5) here approximate temperatures where melting starts are given.

b Reported values for MUD and ODT are taken from Ref. [17].

4. Conclusion

HOD SAMs grown in vacuum by means of supersonic molecu-
lar beam deposition (SMBD) were studied by helium diffraction.
Two different lying down monolayer phases were identified. The
low temperature (LT) was observed to form only when the film
was grown at low substrate temperatures (T~200K) and irre-
versibly transformed into a different phase after annealing to 300 K.
This high temperature (HT) phase could also be formed directly by
depositing the HOD SAM at 300K or higher substrate temperature.
While the crystal structure of the LT phase could not be determined
due to poor diffraction pattern of this phase, the diffraction pat-
tern of the HT phase was similar to that of mercaptoundecanol
(MUD) SAMs reported before in the literature. For the HT ML phase
desorption from two different chemisorbed states with adsorption
energies of 138 kJ/mol and 146 kJ/mol was observed.
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