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The structure of the self-assembled monolay€38&Ms) of n-alkanethiols| CH;(CH,),SH, n
=3-11, 13-15, 1fon Au(111) has been studied using broad-bandwidth sum frequency generation
spectroscopy. Sum-frequency vibrational spectra show three pronoungediational modes for

all alkanethiol investigated, indicating that the commonly accepted picture that the alkyl chain for
the long-chain alkanethiol SAMs has the @lins conformation applies even to the short chain
SAMs. The chain-length dependence of the ratio of the intensity for thes@kimetric vibrational
mode to that for the Cklasymmetric mode clearly shows the odd—even effect due to the difference
in the direction of methyl group for SAMs with odd and everalso supporting that the alkyl chain

of SAMs has the altransconformation. An analysis of the vibrational intensities with respect to the
angle between the main axis of the methyl group and the surface normal reveals that the structure
of the alkanethiol SAMs gradually changes with © 2003 American Institute of Physics.

[DOI: 10.1063/1.1531098

I. INTRODUCTION tion (GIXD).2 They also found that the temperature of phase

The structure of self-assembled monolaye8aMs) of transition forn=11 alkanethiol SAMs is 50 °C.Recently,
alkanethiols on gold has been studied using a number gfe found that there exists a sharp be”?’ in the chain-length-
methods such as vibrational spectroscfipyrared (IR) and dependence of the FWHM of the reductive peak for the elec-
Raman,! diffraction (x-ray, electrons, and He atoifs® and trochemical desorption of-alkanethiols on A(l1l) at n
scanning probe microscofylt has been demonstrated that =9,° suggesting a possible phase transition. Despite the pre-
the SAMs form highly oriented and densely packed filmVious reports, it is still unclear how the structure of al-
commensurate with the structure of a gold surface. Howevefanethiol SAMs vary with the chain length.

there exist many intriguing features that await further expla- 'R Spectroscopy has played Balgelrzltral role in determining
nation. the structure of SAMs on golt®1°-12By comparing the

The structure of the SAMs is influenced by several fac-ntensities of the methylene vibrational modes of alkanethiol

tors such as the attractive force between alkyl chains, th&AMs with those in the bulk phase, both the tilt angle from
adsorption site of A(111) surface where an S atom makes asurface normal of the alkyl chain and the rotation angle
covalent Au-S bond, and the surface-S—C ang'e_ For |on§round its main axis were determined. This method is suit-
chain alkanethiol SAMs on gold, the structure is known toable for long-chain alkanethiol SAMs. Although the methyl
resemble the crystal structure of bulk odidlkanes, suggest- Vibrational modes of the SAMs can be resolved even in the
ing that the van der Waals interaction between alkyl chainghort-chain SAMs, no quantitative analysis has been made
plays a important role in determining the structtifédn the ~ regarding the tilt and rotation angles.
other hand, with the decreasesnirand in the van der Waals Sum frequency generatid8FG spectroscopy, which is
interaction, the structure is expected to become more flexone of the second-order nonlinear optical techniques, is a
ible. Porteret al. found that alkanethiol SAMs with different powerful tool to obtain vibrational spectra at the
chain length on gold fall into two groups at room interface'®!*SFG is more sensitive to the orientation of the
temperaturé. The number of methylene unih, separating methyl group in alkanethiol SAMs than IR because SFG
the two groups was reported to be 5-11 by using severalignal depends not only on c@sterm but also on higher
method< They concluded that in the longer chain length theorder terms such as d#s™ whereé is the methyl angle, that
SAMs are in a crystallinelike state and in the shorter thds, the angle between the main axis of the methyl group and
SAMs are in a disordered state, though the details on théhe surface normal. Furthermore, SFG is selective only to
structure were not obtained. Fentral. found that the tilt  molecules adsorbed at interfaces because the second-order
angle and tilt direction of the alkanethiol are different for the susceptibility becomes zero in the media with inversion sym-
alkanethiolsn<13 andn=15 due to the difference in the metry under the electric dipole approximatitfhAlthough
crystal structures by using grazing incidence x-ray diffrac-the sensitivity to the orientation and the selectivity to mol-
ecules at interfaces can be utilized to infer the orientation of
dAuthor to whom correspondence should be addressed. Electronic maiﬁllkanethiOI SAMs on go|a?—19 its potential usefulness has
kakiuchi@scl.kyoto-u.ac.jp not yet been fully exploited.
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Broad-bandwidth sum frequency generatiBBSFQ
spectroscopdf 22 used in the present work is a variation of
SFG, where a spectrum with the bandwidth of fs IR pulses
can be measured-28 This advantage eliminates artifacts in
the spectra resulting from the correction of IR pulse intensity
and the alignment of the IR beam in varying IR wavelength,
making BBSFG suitable to a precise analysis of the orienta-
tion of the SAMs.

In the present paper, we report the structure of
n-alkanethiol SAMs on A(l11) studied using BBSFG spec- Y \ , ,
troscopy by systematically changing the alkyl-chain length. 1'(b)
The results of SFG spectroscopy will show the existence of
odd—even effects in the wide range of the chain length and
the gradual change in the structure with the decrease in
The origin of the change in the structure depending on the 0 : N n I — }
chain length will be discussed in terms of the competitive (c) ;
interactions of the van der Waals interaction and Au-S inter- 1.5¢ v T

action in determining the structure.
1.0 Lﬁ/\ A

0-5 [ 1 1 1 1 f 1 i N

n-alkanethiols[ CH3(CH,),SH, n=3-11, 13-15, 17 2700 2800 2900 3000 3100
were purchased from AldrichnE3,9,14,17), Tokyo Kasei W ber / cm”!
(n=4,6,7,10,13,15), and Waka€&5,8,11) and were used avenumber
as received. The substrates with alkanethiol SAM on theIG. 1. (a) Sum-frequency vibrational spectfapen circl¢ for pentade-
Au(111) surface were prepared as described elsewherecanethiol =14) SAM on Au111) and fitted curvegfull line) using Eq.
Briefly goId was vapor-evaporated to a freshly cleaved micé3); (b) decomposed broad-bandwidth IR pulses; érdthe total second-

' . . order susceptibilityy(Z), normalized byy(2). Dotted lines in(c) are 2877,

surface, which was subsequently annealed at 530 °C for 8 937, 2964 cm’, respectively.
The formation of Aylll) terraces was confirmed by scan-
ning tunneling microscopy. The substrate was then immersed
. 3 . .
er]:ntgi lhO mol/L ethanol solution of alkanethiol for more o sample and the bandwidth200 and 12 cm?,

L (a)

SF intensity / a.u.

I/ a.u.

/ a.u.

Il. EXPERIMENT

@
tot

X

A. Materials

respec-
tively. All IR and visible pulses as well as analyzed sum-
frequency(SF) light were p-polarized. The visible light was
B. SFG system separated from the SF light using three dichroic mirrors. The
Our system used for BBSFG measuremgiiiskyo In-  SF light was dispersed by a Czerny—Turner-type monochro-
struments, Ing.is similar to that described by Richtet al?>  mator (MS7504, SOLAR Tl and detected by a charge-
A Ti:sapphire regeneratively amplified laser systemcoupled devicéDU420-BV, Andop cooled at—80°C.
(CPA2001, Clark-MXR producing pulses with the wave- The substrates were rinsed with ethanol and dried in air
length of 775 nm, the pulse width of 150 fs, the energy offor a few minutes before the measurements. SFG measure-
800 wJ/pulse, and the repetition of 1 kHz, was used. Anments for a sample was usually made within 40 min after
optical parametric amplifier(IR-OPA, Clark-MXR was taking out from the ethanol solution. We confirmed that the
pumped by the pulses from CPA2001, and it generated sign&@F signals, both nonresonant and resonant components of the
and idler pulses. At an AgGaSrystal, different frequency second-order susceptibility, were stable in this time scale.
mixing of the signal and the idler pulses occurred, and reTypical time for the SFG signal acquisition was 5 min. The
sulted in IR pulses with the central wavenumber ofazimuthal angle dependence of the SF signal intensity
~2900 cm 1. For visible pulses, approximately 10% of the showed that the intensity reached a maximum or a minimum
energy before the pulse compressor in CPA2001 was takeevery 60° turr?® The dependence indicates that the sub-
out from another port. The bandwidth of the output pulsesstrates have £ symmetry, proving that macroscopically the
(duration—150 ps, bandwidth—6 nm, energy—200SAM-modified gold surface retains the symmetry property
pJdlpulse) was compressed by a custom-made bandwidibriginated from Ag11l) surface. All samples were measured
compressor using a grating to obtain narrow-bandwidth visat the azimuthal angle where the signal reached a maximum
ible pulses (duration—10 ps, bandwidth—12 ¢m, signal-to-noise ratio. All measurements were made at 22
energy—2.5uJ/pulse). The IR and visible beams were made+ 1 °C.
coaxial using a dichroic mirror that reflected the visible light
but transmitted the IR light. Both IR and visible pulses were
introduced to the SAM on AW1l) surface at the incident
angle of 60° and overlapped temporally and spatially. The Figures 1a) and 2a) show the sum-frequency vibra-
energy for IR and visible pulses are 1.5 and 2.Bpulse at tional spectra for the pentadecanethieiven n) and the

lll. RESULTS AND DISCUSSION
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T T T T ¥ T T To determine the magnitude of the vibrational intensities
- (a) 1 for the methyl vibrational modes of alkanethiol SAMs, a
‘ curve fitting method was employed using the following
model!®2%37The intensity of the SF light,s, can be writ-

ten as the product of the intensity of IR and visible pulses,
lii» lvis, @nd the square of the total second-order susceptibil-

ity of the interface x{2) .4*

—

s |31l vis - (1)

The total susceptibility consists of the sum of the nonreso-
nant componentXﬁF{, and the resonant componenﬁf)y,
for a vibrational modey. Hence,

SF intensity / a.u.

2
I irI vis s (2)

Iir / a.u.

(=]

2 2) i
ls&‘x&%JrE X
14

where ¢, represents the phase difference betwgfp and
x2), both of which contain the Fresnel coefficients for SF,

I\NM IR, and visible light*! Assuming that;, can be represented

=

U
T

A

as the sum of Gaussian functiong, as the delta function,
x\& as constant, ang) as a Lorentzian functiotf,** one
0.5+ . may write the dependence bfr as a function of the angular

2700 2800 2900 3000 3100 frequency of IR,w;, as

Wavenumber / cm™’

@
Aot /au
-
(=]
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FIG. 2. (8 Sum-frequency vibrational spectfapen circle for hexade-
canethiol i=15) SAM on Au11l) and fitted curvegfull line) using Eq.
(3); (b) decomposed broad-bandwidth IR pulses; &r)dthe total second-
order susceptibilityy?), normalized byy{2}. Dotted lines in(c) are 2877, X
2937, 2964 cr!, respectively.

) : ()

wherea,, o,, and vy, are the amplitude, the angular fre-

quency, and the bandwidth of theth Gaussian function,
hexadecanethidlodd n) SAMs on the A111) surface, re- respectively, and\,, »,, andI", the amplitude, the angular
spectively. All other spectra for SAMs with different alkyl- frequency, and the bandwidth of the Lorentzian function for
chain lengths for odd and evenwe used were similar to a vibrational modey, respectively. It should be noted that
Figs. 4a) and ¥a), respectively. In each spectrum, one canA,, is the amplitude normalized by{.%” The vibrational
see a broad-bandwidth envelope with three negative peakstensity of a modey,, may be defined as the ratio of the
having a narrow-bandwidth. The SF signal of the envelopgesonant component to the nonresonant component axjith
can be assigned to the intraband transition of gold that causes,, and thus represented as follows:
the nonresonant component of the second-order susceptibil-

2y3

ity independent of the wavelength in the CH vibrational X(R%)V(wﬁwy)

region®%3! The bandwidth of the envelope corresponds to v= T =A, T, @
that of IR pulses. The wavenumbers of the three negative NR

peaks were 2877, 2937, and 2964 ¢mwhich can be as- The curves represented by EE) were fitted to the ex-

signed to the Ckl symmetric vibrational mode (i), Fermi  perimental data. From a preliminary fitting procedure, it was
resonance between rand the overtone of the GHbending  found to be acceptable in all spectra to fix the value§ pf
(rfp), and CH asymmetric vibrational mode TJ, andw,. The values ofw were fixed to be 2877, 2937, and
respectively? The CH, symmetric and asymmetric vibra- 2964 cm'!, and the values ofF to be 4, 6, and 4 cm' for
tional modes, which should be observed a2850 and r*, riz, and i modes, respectively. The value pfvas also
~2920 cm %, respectively, in the IR spectroscopyould ~ fixed to 40 cm® because the envelope curves caused by
not be discerned in the spectra of all ralkanethiol SAMs  broad-bandwidth IR pulses were reproducibly represented as
studied. When the alkyl chain has #&i&ns conformation, it the sum of the Gaussian function with theof 40 cmi ® at

is known that the methylene vibrational modes does not apevery~ 70 cni ! [Figs. 4b) and 2b)]. By using the FWHM
pear in the sum-frequency spectra because of the inversiaf 94 cmi (/8 In 2x y) and the theoretical prediction where
symmetry?*? So far, the absence of the methylene vibrationalthe product of the distribution of the time domain and the
modes has been confirmed for only long-chaim ( angular frequency domainAt Aw) is equal to 1.98 for a
=15,17,21) alkanethiol SAMY18:2932-40The aphsence of hyperbolic secant functioff, the pulse width of IR pulses
the signal at~ 2850 and~2920 cm ! in the present results can be predicted to be 110 fs. The experimental value, 150
clearly indicates that the alkanethiol SAMs haveters fs, is close but greater than the predicted value, suggesting
conformation irrespective of the chain length. that the pulses were slightly dispersed. The multi peaks may
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be due to the multiple phase matching condition in the crys- 0.4 T T T T T T J

tals. The remaining parameters in E8). were made variable 1 (a)

in the curve fitting. 0.3F J
With these constraints, theoretical curves well repro- ’ % % %

duced the experimental data with three bands as shown in % ‘}

Figs. Xa) and 2a). The extracted susceptibilities containing  + 0.2f § % ]

the resonant components in Figéc)land Zc) reveal that the B } }

three negative peaks in the spectra are not simply explained 0.1k ) $ i : J

by the negative interference between the resonant and non-
resonant components, and suggest the derivative shape due 0.0

to ¢, . The values ofp, are independent of both the differ- 0'3 y t f T ' T f
ence in the modes and in the chain len¢ldd or evemn) [ (b) :

and determined to be 5.3 rad. A small but non-

negligible deviation between the theoretical and experimen- 0.2}k <} % é i
tal curves was found around 2855 cni! in all spectra. In

this region, there are two possible bands that are ascribed to
this deviation. One is the CHsymmetric vibrational mode L 0§
(d*) and the other is the CHsymmetric vibrational mode 0.1 }
next to methyl group (§) which is observed by some

groups in the sum-frequency spectfd®** Himmelhaus 0.0
et al. reported that in the sum-frequency spectra of densely 0.6 ' ' ' ' ' ' '
packed docosanethiol SAMs on polycrystalline gold, tije d () {

Vi+FR

mode can be seen while the intensity 6f ehode is not more
than the noise levél’ Thus, we assigned this small feature to 0.4+ }
the d, mode. In the following, we will not use this small ¢

signature in the structural analysis because it is too small to N
be quantified. 0.2F % §

The vibrational intensities, defined by E@t), for r', §
r,iR, and r modes are shown in Figs(a, 3(b), and 3c),
respectively. The values in Fig. 3 were averaged over 4-12 0.0 . , . . . .
samples. Qualitatively, the intensities of end g£g modes 2 4 6 8 10 12 14 16 18
are greater than the intensity of rmode in oddn, and
smaller in evem. This feature is well known for the odd—
even effect and agrees with the previous results 8t#Rand g6, 3. Piots of the vibrational intensities féa) r*, (b) rig, and(c) r-
Raman spectroscoﬁ{LThe difference in the sum-frequency modes vs the number of the methylene unit of alkanethidior odd (open
spectra for nonanethiol and decanethiol SAMs on gold wasircle) and evericlosed circlg numbers.
also reported® Further, the chain-length dependence of the
vibrational intensities shows that there exists a discrete
change for evem betweenn<8 andn=10. For oddn, one  The resonant components of the susceptibilities caused by
can see the same feature between7 andn=9 thoughitis = CHj; vibrational modes can be derived using the transforma-
less prominent. Thus, it appears that there are two groupgon of the components of hyperpolarizabilities of a methyl
separated to the short one<8) and long oner{=9). Por-  group, B4, from the molecular system having aibc axis

ter et al. found that the two groups exist for alkanethiol to the laboratory system having atyz axis, and is repre-
SAMs with a different chain length on gold at room sented b§?*°

temperatur&. The number of the methylene unit separating N
8 s

the two groups was repprted to be 5-°1Also reported are X(RZ,)V,ijk:— 2 <TiaTjoTie™ Babe: (6)

n=9 from electrochemistry at room temperattrand n €0 ab,c

=11 from GIXD at 50 °C? supporting that the number sepa-

rating two groups are~9 at room temperature. dielectric constant in vacuur,,, Tj,, and T, are theia,
Comparing the vibrational intensities obtained with the-jb and kc components of the transformation matrix of a
oretical predictions, we can estimate the orientation of th(?/e,ctor from anabc axis to anxyz axis, respectively. The

methyl group in the SAMs. To do so, the ratio\df- 1o V- . 50pets represent the ensemble average over the orienta-
was taken to eliminate the nonresonant component stemmegh o gistribution. Here we define these orthogonal axes as

8 . - -
from a gold surfacé? Using Eq.(4), the ratio is represented ¢q)10vs: thez axis is the surface normal to the substrate, the

s ¢ %]

n

whereNg is the number of molecules at interfaceg,is the

as x axis is parallel to the projection of the incident direction of
the pulses to the surface, tloeaxis is the main axis of the
X(Rzz,(wirzw,f) methyl group parallel to the terminal C—C bond, and ¢he
Vi- IV ==y (5  axis is parallel to the mirror plane of the methyl group as-
XR,ﬁ(wir_wr*)

sumed to haveC;, symmetry around the axis. The sub-
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script,ijk in x§),; means the contribution to thiecompo- 4 — T T

nent of the induced second-order polarization in response to }

thej andk components of the electric field of visible and IR 3k { 4

pulses, on the surface. Given that g, symmetry of the b { .....................

ensemble of the methyl groups, which reflects the symmetry R

of the first layer of A@l111) surface, and only the z compo- \u 2F ¥

nent of the electric field of IR pulses being effective on the EN

surface because of the surface selection rule, the nonvanish- 1F , i

ing components of all 27 components arez andzzz g Qg Qg o S o T o 8
The transformation matrix in Eq6) vv)as ci:\zlc‘:lglated to

obtain the orientational dependence yf), ;i ."" In the 0 L L . ’ : : :

calculation, we took account of th&g, symmjetrical rotation 2 4 6 8 10 12 14 16 18

of the methyl groups around tlzeaxis. We also assumed that n

the alkyl chain rotates in two opposite directions with the ots of the ratio of the vibrational i - )
same magnitude, that is, the two chain matiel® The FIG. 4.f>ots of the ratio of the vibrational intensity for t _emode tot at_

s " dr d th forther mode,Vr'- /V,+, vs the number pf methylene units of alkaneth_lol,
second-order SU§CepthI|ItIeS fo 'an _r n_]o es can then  for odd (open circlg and even(closed circlé numbers. Two dotted hori-
be represented in terms of the distribution of the methykontal lines are the predicted values for long-chain alkanethiol Sidds
angle, #, that is, the angle betweem and c axes, as the textfor details

follows*8°0
x‘R23+ e NSBCCC[(COS&)(?Hl) in V,-/V,+ suggests that there is no dramatic cha.nge in the
A 8¢p overall structure and in the ordering of alkanethiol SAMs
with n.
+{cos I)(r-1)], @) Another interesting feature in Fig. 4 is the change in the
N3 ratio for evenn while that for oddn is almost the same. With
X(R22+ ZZZ=4—°°°[<cosa>(r+3) the decrease in evam the ratio increases. For example, the
o €0 ratio for n=4 is 33% greater than that for=14. This fea-
—(cos 30)(r—1)], (8)  ture should reflect the change in the average orientation of
the methyl groups witln as represented in E10). When
) -1 @ the phase-transition chain length=9 at room temperature
XRrxxz~ p XRi- 222 as mentioned in Fig. 3 is accounted, this change may begin

aroundn=9 with the decrease in due to the phase transi-
tion from an ordered phase to a less-ordered one. There are a
few conceivable reasons that can bring in the change in the
B @) . average orientation of the methyl groups. The most probable
wherer = Baac/ Bece- From Eq.(9), x; - is proportional o e is the change in the overall structure including the alkyl
(cgsa—.cos ¥), and wherr is unity, from Eqs.(7) and(8),  chain causing the change in the methyl angle(Fig. 6,

X1+ s proportional to(cos6) regardless ofxz or zzz laten. Second, the angular distribution of the methyl groups

—N +
TN 'Bgcea ﬁcaa)(cose— cos 3), 9
0

Then, can vary withn because of the different rigidity of the
voN—D (cos6— cos 39) » SAMs. Third, a certain fraction of the alkanethiol molecules
e (cos#) ’ (10
whereD is a proportionality constant including the hyperpo- 4 ' ' ' ' y ' ' '

larizabilities of a methyl group and the Fresnel coefficients.
Using this equation, we can predict the tendency of the de-
pendence of the rati¥,- /V,+ on the average orientation of
the methyl groups. Although the exact value rofis not
known, the values have been inferred to be in the range from .
1.7 to 3.4317%®|f the value is greater than unity, the picture
deduced below assuming that 1 would remain to be the
same at least qualitatively.

Figure 4 shows the dependence\gf /V,+ on n. The i . . . . .
distinctive difference in the values &f,-/V,+~ for odd and 00 10 2'0 '3'0 40 50 60 70 80 90
evenn can be seen: in the case of oddthe vibrational
intensity for the ¥ mode is greater than that for the © / degree
mode, and/ice versan the case of even. This feature again
demonstrates the presence of the odd—even effect as in Fi@G' 5. Calculate? curves of - /V + vs_the_methyl angole from 0surface

rmal, 8, whenD = 3.5. Two dotted vertical lines are 27° and 58° for odd

3'_ but with higher C|ar_itY- The odd—even effect seen in theang evenn, respectively, predicted from 30° tilt and 50° rotation angles.
wide range of the chain length and the monotonous changevo horizontal lines are the values at 27° and 58°, respectively.

[ Vi

Vi
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! 90+—
801(a) 50 0 N0 N}
) 70- I
. . ol 3 I
. 50 -
' 40 | -
30- -
20 -
Au 101 I

0
FIG. 6. A schematic view of the attans model. ¢, ¢, and 6 are the tilt 0 10 20 30 40 50 60 70 80 90

angle of the alkyl chain with respect to the surface normal, the rotation angle ¢ / degree
around the main axis of the alkyl chain, and the methyl angle, respectively. g

90
may take thegaucheconformation at the terminal methylene 50
unit depending om,%” despite the fact that the surface den- 801(b) 60
sity of the methyl groups is the same in all SAMs studied. 70 -
Other candidates such as the area of the domain size or the
defects seem to be negligible. Hence we will consider the 60
change in the ratio using E@L10), first, assuming only the
overall structural change, and later taking account of the an- 501
gular distribution of the methyl groups and tgauchecon- 40
formation.
When there is no distribution of, the change in the 301
ratio in Fig. 4 can be interpreted only in terms of the struc-
tural change wit. Figure 5 shows the predicted curve of 201
D{cosb—cos P)/{cosh) (=D sirfd) from Eq. (10). If the 104
all-transmodel is adopted, we can readily calculate the angle
. . 0

0 for odd and evem by using two parameters determining
the structure; the tilt angle of the alkyl chain with respect to 0 10 20 30 40 50 60 70 80 90

the surface normalg, and the rotation angle of the alkyl ¢ / degree

chain, . The definitions of¢ and ¢ for the alltrans con-

formation are drawn in Fig. 6, where thB—C—C and FIG. 7. Contour maps fai@) f,4qand(b) be,enas a function of the tilt angle,
C—C-Cangles are assumed to be 110°. Preceding studies and the rotation anglez/i calculateci from the alrans model. The
Suggested thats=30° and J=50°_for long-chain al- ~ co%eS e he pontof 2 it and 50"t gl The avows mear
kanethiol SAMs on A(111).3*814%8-%The value ofy  yith a decrease in the chain length.

may be a little greater than 45° which is assumed from an

orthorhombic structure in the two chain modélHowever,

this difference does not influence the subsequent analysis. The change in the values in Fig. 4 can be interpreted
When ¢=30° andy=50°, the values of in odd and even using a theoretical curve in Fig. 5. The increase in the
n are f,q4=27° and b~ 58°, respectively. In Fig. 5 two V,-/V,+ for evenn in the short-chain group reflects the in-
vertical lines represent 27° and 58°, respectively. The preerease infee, While odd n remains unchanged. From this
dicted values are 0.Z1 and 0.7D in the case of odd (27°) tendency of the two angle®,qqy and e, We can recalcu-
and even (58°), respectively, whereas the experimental valate the change inp and . Figures Ta) and 71b) show
ues ofV,-/V,+ are 0.71 and 2.5 fon=15 and 14, respec- contours 0ff,yqand fe.n, respectively, depending af and
tively. WhenD is assumed to be 3.5, the experimental andy in the alltrans model depicted in Fig. 6. In the contours,
predicted values well agree with each other. Horizontal lineshe direction along which thé,4q remains invariant while

in Figs. 4 and 5 are the predicted values of the ratio wherd,,., becomes greater with the decreaseiis indicated as
D=3.5, 0,q4=27°, andf,,~58°. These two lines indicate arrows toward the lower right. Here we assume thand
that this simple prediction satisfactorily explains the overallare independent no matterrfis odd or even. With the de-
structure of long-chain alkanethiol SAMs without assumingcrease in the chain lengthp becomes greater while)

the presence of the angular distribution of methyl groups osmaller. A structure with increased tilting with reducimpas
the gaucheconformation. been reported previously. The GIXD study reported by

/

v / degree

_m------

v / degree
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Fenteret al. indicated that there are two groups for n 1.3 T T T T T

<13 andn=15, where the structures of alkanethiol SAMs & (a) ]
are different in terms of the tilt angle and the tilt directibn. 2 L2F

Their results show that in the short-chain group the value of ".:.c‘ L1k 4
¢ is 32°-34° while in the long-chain group the value is g ) even
30°—-31°. The structure has also been shown in the near-edgeg 1.0

x-ray absorption fine structure study; 37°—-38°nat11 and B

33° atn=15.5" Although the obtained values @f depend + 0.9F ’
on the methods used, the overall tendency is in good agree-i 0.8F odd 4
ment with the present results. . )

We further consider two cases taking account of the dis- ~ 0,8 0 L 0‘1 : 0‘2 L 0.3
tribution: one is the fraction of thgaucheconformation at : : ) ’
the terminal methylene unit, defined as and the other is o
the angular distribution of the methyl groups. Molecular dy-
namics studie¥ ®263%6showed that thgaucheconformation 1.3 T T T Y
may exist at the terminal methylene unit in alkanethiol & 1.2 _(b) J
SAMs on Au111) at 300 K. They suggested thatis at most g - odd
several percent for long-chain alkanethiol SAMs=(12,5 = 11f -
1526264 This fraction of thegaucheconformation is much =
lower than that of an isolated alkyl chait2.9 kJ moi? s L0 I
higher thantrans conformatiofi’) probably because of the g 0.9k even ]
strong van der Waals interaction between alkyl chains. In- § ’
deed, our sum-frequency spectra do not show the feature of ¢ . g} .
the chain defect which causes thé thode, indicating that N '
few alkanethiol molecules in the SAMs take t@uchecon- 0.7, é 1'0 1'5 50 55
formation.

The distribution functionf(#6), for the gaucheconfor- AO / degree

mation at the terminal methylene unit can be written in the

.. . FIG. 8. The dependence of the calculated valued/of/V,+ (a) on the
superposition form of three delta functions as fraction of thegaucheconformation,«, calculated from Eqg10) and(11),

and (b) on the FWHM of the angular distribution of the methyl angl&,

f(o)=(1—- Ag1— agz) o(0— 90) + “915( 60— agl) calculated from Eqs(10) and(12).

+agd(0—0g), (11

to the greater flexibility, the tendency in Figl is opposite

to the experimental one in Fig. 4, i.e., for evarthe ratio

ay, are the fraction oy, and 6,,, respectively. Using the becomes ;maller and for odudgreater w|th t_he increase in
all-trans model with ¢=30° andy=50°, 6y, 641, and b, A6. Thg dlscussm_n of the average orientation of the methyl
can be calculated to be 27°, 82°, and 119° for odd, and 58°Jroups is summarized as follows: both the presence of the
97°, and 60° for even, respectively. Assuming tha gauche conformfa\tion and the. distribution Qf the methyl
=ag,=a and ¢ and ¢ are invariant, the dependence of the 9r0ups are not Ilkely to be major fgctors, indicating that_the
ratio represented in EQ10) as a function ofx was derived. ~ change in the experimentsl- /V,+ is due to the change in
Figure §a) shows the tendency of the ratio with the increase® and -

in «: for oddn, the ratio decreases while it slightly decreases ~ What remains to be explained is why the short chain
for even. Sinca is inferred to increase with the decrease inlkanethiol SAMs prefer a more-tilted and less-rotated struc-

n,5” the tendency shown in Fig(& does not clearly conform ture compared to the long cha?n. Pres_umably, with the de-
to the experimental one in Fig. 4. crease inn, the van der Waals interaction becomes weaker

With respect to the angular distribution of the methyl @nd the Au—S interaction, which affects surface-S—C angle,
groups, the values ap and ¢ are expected to have distribu- would mainly determine the orientation. In recent first-
tions, causing the distribution if. The FWHM of the dis- principles calculations, there are a few attempts to reveal the
tribution of ¢ is reported to be 6° at 300 K in a molecular AU=S interaction in alkanethiol SAMs on ALY with n

dynamics stud§? The distribution of the methyl groups may = 1-3 8889 Fyrther first-principles calculations that properly
be represented in the simple Gaussian form as take account of the van der Waals interaction are required to

elucidate the structure of SAMs with the short chain.

where 6, is the methyl angle for the attans 64, and 6y,
are two methyl angles for the termingauche andag; and

f(0)=sin@exd —4 In2x{(0— 6,)/A6}?], (12

whereA 6 is the FWHM of the distribution of). Using this V. CONCLUSIONS

distribution function and Eq(10), the dependence of the The present BBSFG spectroscopy studynaflkanethiol
ratio as a function oA # was calculated, and is shown in Fig. SAMs on Auy111) with systematically changing the alkyl-
8(b). When considering the fact that the shorter the chairchain length demonstrates that the alkyl chain of the SAMs
length the greater the distribution of the methyl groups duéhave the alltrans conformation regardless of and that the
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structure of the SAMs varies with, which is likely to be

Self-assembled monolayers on Au(111) 1911

M. S. Yeganeh, S. M. Dougal, R. S. Polizzotti, and P. Rabinowitz, Phys.

related to the phase transition. The analysis of the orientatiog Rev. Lett.74, 1811(1995.
of the methyl groups clearly show the structure changes to- E- A- Potterton and C. D. Bain, J. Electroanal. Ché®g, 109 (1996.

ward more-tilted and less-rotated orientation with the de-
crease im, which is likely to be due to the weaker van der s,
Waals interaction in alkanethiol SAMs with the short chain.
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