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Surface vibrations in alkanethiol self-assembled monolayers
of varying chain length
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The James Franck Institute and Department of Chemistry, The University of Chicago, Chicago, lllinois 60637
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The effect of chain length on the low-energy vibrations of alkanethiol striped phase self-assembled
monolayers on A(L1l) was studied. We have examined the low-energy vibrational structure of
well-ordered, low-density 1-decaneth{@10), 1-octanethio[C8), and 1-hexanethidIC6) to further
understand the interaction between adsorbate and substrate. Dispersionless Einstein mode phonons,
polarized perpendicularly to the surface, were observed for the striped phases of C10, C8, and C6
at 8.0, 7.3, and 7.3 meV, respectively. An overtone at 12.3 meV was also observed fofT16JAu

These results, in concert with molecular dynamics simulations, indicate that the forces between the
adsorbate and substrate can be described using simple van der Waals forces between the
hydrocarbon chains and the Au substrate with the sulfur chemisorbed in the threefold hollow site.

© 2004 American Institute of Physic§DOI: 10.1063/1.1643353

I. INTRODUCTION The majority of these scattering studies have been con-
ducted on physisorbed species, such as alkanes or alkanethi-

Self-assembled monolaye$SAMs) formed from or-  ols on Au111) or Cu111).**-8 Of particular interest due to

ganic thiols on A@111) have been studied extensively for their similarity to SAMs are alkanes/Clll) and phys-

over a decad&:® The strong interest in SAMs comes from isorbed alkanethiols/Gu00) which have been found to have

their robust potential for many chemical, physical, and bio-low-energy FT vibrational modes at 7.2 and 6.0 meV, re-

logical applications. The surface chemistry and structure of apectively, that are independent of chain lengt# This FT,

SAM can be tuned by changing functional groups. Tyingvibrational mode has also been found to exist in a chemi-

these powerful properties of self-organization and adaptabilsorbed 1-decanethiol SARIIn this paper we look at the

ity together, SAMs have been used for lithography, tribology.effects of varying the chain length of chemisorbed alkanethi-

nano-electronic and biological sensor applicatiosAl- ols on Au111). By doing this we aim to expand our com-

kanethiol SAMs in particular have been studied as a modgbrehension of the influence of the chemisorbed sulfur group.

system for self-assembly. Fundamental studies have focusdthis experiment will also help to better characterize the

on the structural phase diagram of alkanethiol SAMs. Twochain—chain and chain—substrate interactions that control the

basic phases have been found to be prevalent, a high-densiglf-assembly process.

c(4%x2) phase formed from large exposures to the al-

kanethiol, in solution or via vapor deposition, and a low-

density pxXv3) phase created with smaller doses. There are

a variety of other intermediate and low-density phases|l. EXPERIMENT

which have varying degrees of overlap between alkanethiol ) _ _

chains®® The low-density striped phases studied here are all Experiments were conducted in a high momentum- and

the lowest density phase for that particular chain length. ~€nergy-resolution helium atom scattering apparatus. Elastic
To better understand the self-assembly process it is neénd melasyc scatt(_armg events are observed through _d|ffrac—

essary to delve deeper into the molecular interactions. Hdion and time-of-flight (TOF) measurements, respectively.

lium atom scattering is a unique tool that can be used to gaiff NS instrument has been described in gzetall elsewhere, and

insight into the dynamics of monolayers and thin films with- It design will only be summarized he_?rje. It consists of a

out damaging the adsorbates. This technique has been usgiyogenically cooled supersonic helium beam source, an

in the past to study thin organic films. For example, Fuhr-UHV scattering chamber equipped with appropriate surface

mannet al. have shown it is possible to extract information characterization toolgsuch as LEED, Auger, ef¢.a precol-

about friction forces from vibrations of alkane monolayers!iSion chopper(chopper to sample distance of 1.554, mnd

on Cu111).1° Other comparable studies have been used t& rotating, long flight path(sample to ionizer distance of

advance theories on phase transitions, adsorbate diffusiop;005 M quadrupole mass spectrometer detector. The angu-
and energy exchandd: 4 lar collimation yields a resolution of 0.22° and the /v for

most beam energies used is less than 1%. ThH@X crys-
. . o _ tal used in these studies was cleaned by repeated cycles of
dpresent address: Materials Science Division, Argonne National Laboratorysputtering with 0.5 keV Né& ions followed by annealing
9700 South Cass Avenue, Argonne, lllinois 60439. . .
YAuthor to whom correspondence should be addressed. Electronic mai@bovejso_ K_um" Cont_ammant Ie_Ve_IS were bel(_)W_Our Auger
s-sibener@uchicago.edu detection limit and helium reflectivity was maximized. Sur-
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TABLE I. A listing of parameters for the VENUS intermolecular potential. Au(111) surface with the chain parallel to the surface and
The stretch parameterk (andr,) are in mdyn/A and A. The bend param- runnina along the110 direction. This adsorption site and
eters k, and ) are in mdyn A/raéand deg. The dihedral parametéksand hai 9 . tgt' & O> ith : . ¢ |p d th tical
¢) are in kcal/mol and deg. The Lennard-Jones paramétets &, and o) c am orientaton aQree wi e).(pe”men a azg p eqre Ica
are in kcal/mol A2 kcal/mol A8, kcal/mol, and A. studies of low-density alkanethiols on &111).7><" While

holding the Au surface atoms rigid, the thiol chain position is

Interaction Parameter energetically minimized. An analysis at a surface tempera-
C-C stretch k,=4.86,r,=153 ture d O K with no zero point energy was used to extract the
C-S Stretch k=570,r=1.82  vibrational frequencies and modes for the different chain
C-C-C Bend ky=0.862,0,=109.5  |angths. Since the vibrational modes of interest are low in
gi_hcéc?ra?eg-dc-c-c oF S-C-C-C k1:3.705"‘:’;236k22’:9°_=&g£ energy, state populations were assumed to be sufficiently

$,=180,ks=1.571,4,=0  large at temperatures of 100 K to allow for experimental

CH,-CHj, Lennard-Jones a=7204000b=2032  annihilation events and verified via Boltzmann distribution
CH,-CH, Lennard-Jones a=5915000b=1668  calculations. While experimental data were collected only for
CHg-S Lennard-Jones a=4859000b=1825  Cg, C8, and C10, normal modes calculations were performed
CH;-S Lennard-Jones a=59170000=2226 {5 1_pytanethiolC4) and 1-dodecanethi¢C12) along with
CH, & CH3-Au Lennard-Jones 0=3.28,6=0.429

Ce6, C8, and C10.

face crystallinity was confirmed by helium diffraction from
the (23xv3) Au reconstruction with average domain sizes|||. RESULTS
greater than 400 A.

Alkanethiols  (1-decanethiol,  1-octanethiol, and The structural characterization of the C10 (21B)
1-hexanethiglwere purified by repeated freeze—pump—thawlow-density phase on Atll) is shown in Fig. 1a). The
cycles and dosed by backfilling the scattering chamber, fronstriped phase was created via vapor depositior-20 L of
a base pressure of 18 Torr to pressures of approximately C10 onto the reconstructed &ill) and exhibited domain
108 Torr. High quality striped phase SAMs with domain sizes larger than 400 A after annealing near the desorption
sizes as large as the underlying gold terraces were preparéeimperaturg~400 K). After confirming the quality of the
by dosing at a surface temperature of 280 K followed by a 10C10 SAM by helium atom diffraction, the sample tempera-
min anneal below the desorption temperaturd00 K). Dif- ture was raised to 100 K for inelastic scattering. A represen-
fraction scans from the SAMs were obtained at surface temtative TOF spectrunjFig. 1(b)] and a dispersion pldtFig.
peratures of 80 K to optimize the signal to noise ratio of thel(c)] constructed from the data are also shown. The structure
elastic diffraction by minimizing Debye—Waller attenuation. and vibrational modes of C10 have been explored
TOF spectra for C10, C8, and C6 were taken at a surfacpreviously>?® The vibration was identified as an Einstein
temperature of 100 K to increase the excited vibrationamode with an energy of 8:00.3 meV and assigned as a
population thereby increasing the probability of an annihila-frustrated translation perpendicular to the surface,.FT
tion event. The surface temperature of C6 was varied for  Further studies were conducted on the C8 striped phase,
Debye—Waller measurements and TOF spectra to probe tHa0xv3), on Au(111). The striped phase of C8 also exhib-
dependence of the overtone’s intensity on temperature. Aited domains larger than 400 A. Figure 2 shows a represen-
data were recorded with scattering along {#&0 azimuth. tative diffraction scan from the C8/AL1l) striped phase as

Normal modes analysis of the SAMs was performed uswell as inelastic data in which a single dispersionless phonon
ing the molecular dynamics code VENUJ%* The potential  event was observed. The beam energy was varied to optimize
energy surface was created using a united atom method andlz signal to noise ratio of the single phonon scattering. The
simple force field potential to account for the harmonicenergy of the creation and annihilation events Wds= 7.3
stretches, dihedral angles, and Lennard-Jones interaction, =0.2 meV and this mode is identified as a,fihonon in

agreement with prior work on alkanethiols and alkanes on a

r—ro)? 0— 6o)> variety of substrate!2°

ve S W U s (00 y |

stiehes 2 §5hs 2 Data for the C6/A@1l) SAM system are shown in

. Fig. 3. The diffraction in the110 direction matches the
[1+cognep—dy)] 0.275 A1 spacing in parallel momentum space established

+dihedralsn:1 n 2 as the low-density striped phase conformafidNe believe
this to be an (8.3v3) structure based on the reconstructed
+ > (alrt?—b/r"). (1) (2_3><\/3) Az% nearest nelghbo_r spacing as dlscusseq in_our
Lennard-Jones prior work=® The representative inelastic spectrum in Fig.

3(b) shows two dispersionless modes/ME=7.3+0.4 and
The parameters used, shown in Table |, were taken fromi2.3+0.4 meV. The lower energy mode we assign to the FT
prior theoretical work on SAMs and alkane films on mode found in the longer chain alkanethiol systems. We at-
gold 142 tribute the higher energy mode, which is also dispersionless
The system is modeled with a single thiol chain with the[see Fig. &)], to the first overtone of the 7.3 meV FT
sulfur chemically bound in the threefold hollow site of a phonon. This overtone assignment is discussed later.

Downloaded 14 Sep 2004 to 143.106.6.126. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



3882 J. Chem. Phys., Vol. 120, No. 8, 22 February 2004 Rosenbaum et al.

25 4
(@) (a)
20 1 3
_ [/2]
g g
3 15 4 <
T g 7
()]
S 10] @
n ;|
5 i
/\__/\J\_j\/) 0 ' ‘ ‘
0 ‘ , -1.00 -0.50 0.00 0.50 1.00
-1.00 -0.50 0.00 0.50 1.00 AK (A1)
AK (A
S
< £
g 2
£ e
[72] —_
Q o]
[®] C
- =y
© 5]
C
2
w
10
8
10 6
g | 4
6 - E 2
4 £ 0
% 21 < A O Annihilation
é 0 6 <> Creation
w - 0/ AR e
<] 8
4] O Annihilation 10 |
-6 {> Creation -1 05 0 0.5 1
81L5---- /®/ ------------------------ AK (A1)
-10 T .

‘ ‘ FIG. 2. (a) Helium diffraction scan of the (20v3) C8 phase in th€110
-1.25 0.75 025 0.25 0.75 1.25 direction. (b) Representative time of flight data from the C8 striped phase
AK (A1) taken with a 26.92 meV beam, 100 K surface temperature, and at a range of
incident and final angles. The solid line is a least squares fit of the data
FIG. 1. (8 Helium diffraction scan of the (11:6v3) C10 phase in the Points.(c) A C8 AK vs AE dispersion plot showing the creation and anni-
(110 direction. (b) Representative time of flight data from the C10 striped hilation events. The solid lines are selected scan curves takén=36.92
phase taken with a 32.31 meV beam, 100 K surface temperature, and inodnd 35.92 withd;=38.92 and 33.92, respectively; the dashed lines are the
dent and final angles of 36.02° and 36.82°, respectively. The solid line is &verage value of the phonon energy.
least squares fit of the data poinfs) A C10 AK vs AE dispersion plot
showing the creation and annihilation events. The solid lines are selected
scan curves taken & =36.02 with §;=30.82 and 40.82; the dashed lines mentally increased, at three different incident beam angles.

are the average value of the phonon energy. The peak intensity is related W(Ts) by
| =1,e™2WMTs) 2
The Debye—Waller factoWW(Ts), was extracted from '
the C6 data by measuring the integrated specular peak intemthere| is the reflected peak intensity ang is the peak
sity as function of the surface temperature, which was increintensity at a surface temperature of 0 K. The Debye—Waller
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FIG. 4. (a) Plot used to determine the Debye—Waller facit(Ts). The
lines through the data are linear regressions giving a slope for different
incident scattering anglegb) The threeW(T,) values as a function of
incident angleg; . The line is a linear regression fit used to determine the

d(U?)/dT.
S
£
w O Annitiation The specular diffraction peak has no contribution frad,,
< <> Creation | forcing one of the above terms to zero. The expression for
[] overtone Ak, is given by
........................ D\ 12 D\ 2
AkZ:ki (CO§ 0I+E + COS2 0f+E } (4)
03 ! ks The Beeb§g correction,D, accounts for the added attractive
AK (AT) potential between the He atom and the surfé&eand 6 are

. - _ the kinetic energy of the He atom and incident or final angle
FIG. 3. (a) Helium diffraction scan of the (8:8v3) C6 phase in thé110 " £ | Usi he Deb Waller f d
direction. (b) Representative time of flight data from the C6 striped phase rom surface normal. Using the Debye—Waller factor and a

taken with a 28.00 meV beam, 100 K surface temperature, and at a range 8eeby correction of 8 meV taken from prior theoretical work
incident and final angles. The solid line is a least squares fit of the datgn SAMS,15 the mean square displacement perpendicular to

points.(c) A C6 AK vs AE dispersion plot showing the creation and anni- the surface can be determined as a function of temperature
hilation events for the fundamental and creation event for the overtope FT '

phonon. The solid lines are selected scan curves takeh=a85.92 with d<U§>_/dT' Figure 4a) ShOWS_the_ normalized natural log of
9;=29.92 and 39.92; the dashed lines are the average value of the phondR€ Signal(background contribution subtracjedersus sur-
energy. face temperature plots from which the Debye—Waller factors
were extracted. Figure (B) shows W(T,) as a function
of incident angle, used to better characterize Atig in ex-

factor has components from the normal and parallel momerifacting the mean square displacement. The perpendicular
tum transfersAk, andAk, , and mean square displacements,Meéan square displacement calculated for CeIAD

(U2) and(U?) is 0.68<10 4 A2K™1, as compared to our value of
‘ - - 2.16x10 4 A2K™! for C10/Au11l). A similar value of
2W(Ty) = Akz(U7) + AK(U). (3 1.40<10* A2K~! was reported for C11/Aa11).%°
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energies and further explored the Einstein mode by deuterat-

(@) ing n-octane. The scaling of the vibrational energy of
Up-Down @O )¢ o Q Q n-octane to deuteratetoctane showed an excellent agree-
ment with a simple force constant approximatioR,
~\k/m. The work was then expanded to alkanethiols,
Scissor ® ¢ 8 ¢ 8 ¢ 8 1-heptanethiol and ethanethiol, physisorbed on(1C1)
where a 6 meV FJ mode was found, again showing no
dependence on chain length.
Bowing ©00UU00 In our study of chemisorbed alkanethiols, the C6 and C8
B Aagm modes appear, not surprisingly, to be equivalent. For each
additional methyl group added to the chain the force con-
stant,k, and massm, will increase in proportion keeping the
15 o Exp excitation energyk, constant, with a small perturbation due

Bowing to the effective mass of the sulfur head group. The equiva-
121 Up-Down ------- lence of the C6 and C8 modes implies that the Fibde is
Sclssor ~——— similar to those in the alkanes on @a1) and can be mod-
eled by the simplest of attractions between that of the methyl
groups and A(L11).

The difference in vibrational frequency between the phy-
sisorbed alkanethiols on Cu and chemisorbed SAMs on
3] T e Au(11]) is likely due to a combination of effects. The chemi-
__________ cal bond of the sulfur group to the surface more tightly binds
0 s the nearest methyl groups, thereby increasing the overall vi-

3 4 5 6 7 8 9 10 1 12 13 brational energy. The substrates also play a role in the shift

Chain Length due to their different van der Waals radii. Experiments on

chemisorbed alkanethiols on vicinal Cu surfaces show no

FIG. 5. (a) Sketch showing VENUS generated low-energy normal mode external vibrational modes, though this may be due to a va-

displacements from the equilibrium position for C6. The solid circles repre-iaty, of factors, including a larger sulfur substrate binding
sent the equilibrium position; the open circles represent the maximum dis-

: 20
placement; the circle with an S is the sulfdn) VENUS generated low-  €NErgy and a-13° tilt angler
energy modes and experimentally found phonon energies for differing chain  In contrast to the other molecules, C10 does not conform

length as a f_unction of ca_rbon uni_ts. Four different theoretical modes argg the expected trendEG,;=8.0 meVEg=7.3 meVE¢
show_n, a scissor, a bowing motion, an up—down mode, and aznon- -73 meV). The C10 mode has a slightly higher energy
polarized mode. !
enough to provoke further investigation with the VENUS
normal modes program. The theoretical study was used to
VENUS calculations revealed three distinct low energylook for any qualitative trend in vibrational energy with re-
modes, with polarization components normal to the surfacespect to chain length. A quantitative agreement was not ex-
which were common for all chain lengths; an up—down mo-pected due to the simplicity of the model. Using a single
tion, a scissor, and a bowing motion. Figur@3graphically  chain removed any constraint to the movement parallel to the
depicts the equilibrium position and an extremum of eachsyrface normally introduced by neighboring or overlapping
mode for a C6 molecule, which is representative for all mod-glkanethiols. The relaxed state of the simulated thiol most
eled chain lengths. The calculated energies of the three |0V\!i1<e|y yielded a lower overall vibrational energy, yet trends
energy modes as a function of the chain length are comparef the energy of the sagitally-polarized vibrational modes due
to the experimental energies in Figbh In addition, a low- {5 chain length should remain the same. The low-energy
energy mode parallel to the surface, which is a wag in thengges polarized normal to the surface extracted from

plane parallel to the surface, is also included in Fip)5The  \/eNUS are shown schematically in Figi@ and include an
normal modes analysis was focused on modes with 'argﬁp—down motion, a scissor, and a bowing motion. These

z-polarizations because of the experimentally observed FTmodes. shown in Fig. (6) along with a norepolarized

mode. The planar theorgtical modes do, however., demor}hode, have no discernable trend with respect to chain length.
strate trends in the vibrational frequency due to chain length. The increased experimental energy of the C10/Au mode

indicates that this striped phase is more tightly bound to the

IV. DISCUSSION surface. One possible explanation for the increased binding

The FT, modes for C6, C8, and C10 on Alil) can be energy is a long-range commensurate structure that adds to
modeled by van der Waals forces between the surface aritie van der Waals forces between the hydrocarbon chains
the hydrocarbon chain. The relationship between the~T  and the Alll). We have previously demonstrated that
brational frequency and chain length in this class of system3-decanethiol has a unique unit cell that matches the under-
agrees in part with prior work on alkanes and physisorbedying reconstructed A{i111).?® The (23<v3) unit cell of the
alkanethiols'®2° Witte et al. showed that alkanes of varying reconstructed A{i11) coincides with that of twice the C10
chain length on C{@11) had essentially the same vibrational repeat spacing, but no commensurate relation exists for the

Energy (meV)
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FIG. 7. A plot of the experimental ratios of the probabilities of the overtone
to the FT, mode and a theoretical calculation of the ratios. The data are from
a 28.5 meV beam with surface temperatures of 80, 100, and 120 K. The
theoretical data use the experimentally determid(adﬁ)/dT plus a fitting
parameter to account for the parallel mean square displacement.

-20 -15 -10 5 0 the experiment and predicted probability, shown in Fig. 7,
AE (meV) along with prior observations of ETovertones in alkanes

and similar physisorbed systems lead to the assignment of

FIG. 6. A comparison of the C6 ETmode and overtone with respect to the higher energy C6 phonon as an overtbhehe discrep-

temperature. The d_ata were collected with a 28.5 mev beam at a variety qéncy between the expected energy, i.e., twice that of the first

angles. The solid circles are the data after the multiphonon background and 7 . . .

diffuse elastic peaks have been subtracted out, the lines are Gaussian fits%((_:'tat'on' and the observed energy likely is due_ tO. anharmo-

the phonons. nicity. The lack of an overtone for C8 and C10 is likely due
to their larger Debye—Waller factors, which would decrease

the overall probabilityP,,,.

C6 or C8 unit cells[The theoretical calculations assumed a
deconstructed Alll1l) surface and, hence, would not ac- V. CONCLUSION
count for the extra bindingThe relatively small shift in the

energy of the C10 vibration suggests that the increase in thﬁon
van der Waals intermolecular forces is due to a commensu .
rate structure.

We have performed a series of experimental and simula-
studies in order to dissect the forces driving the self-
mbly of alkanthiolate monolayers. The striped phases of
. - N 1-decanethiol, 1-octanethiol, and 1-hexanethiol exhibif FT
The higher energy €6 phonon, e?<h|t.)|ted n Figen)3 phonons at 8.0, 7.3, and 7.3 meV, respectively. The 12.3 meV
and c), was assigned by comparing its intensity to that c)fovertone for the C6/A(1)) striped phase is assigned as the
the fundamental excitation as a function of temperature. Asxcitation of the FT mode. Alkanethiols on A@11) exhibit
simple relationship between the probability of tméh pho- a distinct single phonon inelastic scattering event with a

non transition for oscillators and the surface temperature ha]%rgely invariant energy. The qualitative molecular dynamics

been developed, simulations also suggest that the frequencies of the low en-
(2W(Tg))™m ergy vibrations are relatively constant with respect to chain
m ) length. The interactions responsible for these phonons are
] o . driven by the van der Waals forces between the methylene/
The parametem is the order of excitation an?/(Ts) is the  methyl groups and the Au substrate atoms. We also suggest
Debye—Waller factor determined for C6/MUL]). This rela-  hat the modestly increased energy of the C10 mode with
tionship has bee3r21 used effectively for prior work on nobleegpect to C8 and C6 comes from increased binding due to
gases on A¢L11).” The Debye—Waller factor we derived for the commensurate structure that C10 has with respect to the
specular scattering does not account for the parallel meagy,(111) reconstruction. This work represents a step forward

square displacement and a fitting parameter was used {0 ag; nderstanding the forces that govern interfacial self-
count for the parallel displacement in the probability Calcu'assembly.

lations. Figure 6 depicts the experimental dependence of the

intensity of the C6/Au phonon modes with respect to surface

temperature. The backgrourihear, multiphonon, and dif- ACKNOWLEDGMENTS
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