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The kinetics of the self-assembled monolayer (SAM) formation of 3-mercaptopropionic acid (MPA) on Au
surface and of the adsorption of hexadecyltrimethylammonium chlorig@4AC) on the SAM was investigated

by surface-enhanced infrared absorption spectroscopy (SEIRAS) of attenuated total reflection (ATR) mode.
The SAM formation of MPA depended on solvents. At the first stage of MPA adsorption in a chlordform-
solution, hydrogen-bonded MPA coexisted with free (non-hydrogen-bonded) MPA which was partly protonated.

During the process of the adsorption, the free nonprotonated MPA was protonated or hydrogen-bonded. After

the abundant SAM formation, alkyl backbone was rearranged. With adsorption in an ethanol solution, the

hydrogen-bonded MPA SAM increased in content without any structural rearrangement. No free species and

no protonated species were observed. The molecular orientation was also different between SAMs in
chloroformd and in ethanol. The dependence of the,Grtisymmetric stretching vibration band intensity
on adsorption time was examined on the basis of the adsorption kinetics. It was confirmed that the MPA
SAM formation on Au surface proceeds according to the simple Langmuir (monolayer) adsorption theory.
On the other hand, the adsorption aECAC on the MPA SAM obeyed the kinetics where the fast adsorption

at an early stage is followed by the slow adsorption. ATR-SEIRAS indicated that there are the adsorption of
C16TAC on the MPA SAM and the transition of carboxylic acid to carboxylate. Finally, ion pairs connected
by the electrostatic interaction are formed.

Introduction advantage to using SEIRAS is the surface selection rule.
. . o .. Vibration bands with transition moments perpendicular to the
Adsorption qnd desorption k|ne'F|cs of moIec_uIeg on solid eta) surface are enhanced by the electric field normal to the
substrates are important concerns in many applications such ag,face. On the contrary, ones parallel to the surface are

coIIO|_daI stab|I|_zat|on, mlne_ral flotation, Iubrlcatlon, sgrface diminished. Therefore, the orientation of molecules on the
reaction, chemical separation, and so on. Such kinetics have

: ) . surface is determined.
experimentally and theoretically been explotetlAmong films

In the present work, we report the kinetics of the SAM
where molecules adsorb spontaneously onto the metal Surfaoesformation on the gold surface and of the adsorption of small

one of the typical thin films with highly ordered array is a self- molecules on the SAM b :
; y using ATR-SEIRAS. We choose
assembled monolayer (SAM). The SAM is expected to have 3-mercaptopropionic acid (MPA) as a SAM-forming molecule

many applications such asa moleclul.ar device, a microreagtionin order to minimize the overlap of GHabsorption bands of
Lnatnx, and others. _Slnce the efficiency of the application MPA on those of an adsorbate, hexadecyltrimethylammonium
epenc_is on the q“"%"ty of the SAM,_effort must be de_vot(_ed © chioride (G6TAC). Spectroscopic investigation has been re-
[l:))(eparlng hlghjquallty SAM’.Wh'Ch IS controlleq bY kln.etlc_s. ported for SAMs of long alkyl chain alkylthiols or their
ifferent techniques were utilized to elucidate in situ kinetics derivativedt-19 but very few for short chain compounds except
of the SAM formation such as a quartz crystal microbalance cysteamin® because of the weak band intensities. It is

. o )
(QCM) monitor method, ® surface plasmon resonance spec introduced in this paper that ATR-SEIRAS detects such weak

10 : ;
troscopy;” and atom|c_ force mlcrosco_}:iy. . bands with enough intensity. The interaction between MPA
Surface-enhanced infrared absorption spectrum (SEIRAS) isgamM and GeTAC is also discussed.

one of the convenient tools to determine the adsorption and

desorption kinetics, since the infrared absorption bands are gyperimental Section

enhanced by the surface plasmon resonance phenomenon and

the sensitivity to a small amount of molecules adsorbed on gold  MPA (HSCHCH,COOH, 99+%) was purchased from Al-

surface is very high? 1> Especially, SEIRAS at attenuated total ~drich Chemical Co. @TAC (CHs(CHz)1sN(CHs)sCl) from

reflection (ATR) mode is valuable to the investigation of Tokyo Kasei Kogyo Co., Ltd. was recrystallized from an

adsorption from a solution to the solid surf&cénother ethanot-acetone mixture. Chloroforrd; ethanol, and BO are
products of Wako Pure Chemical Industries, Ltd. Chlorofarm-

* Author to whom correspondence should be addressed at Research@nd ethanol solutions of MPA (2 mM) were preparegsTA\C
Center for Materials Science, Nagoya University, Chikusa, Nagoya 464- was dissolved in BD to be a 3 mM(0.1 wt %) concentration.
ﬁggﬁ’@iﬁ%ﬁé Jhee'}:]”ilagg;_sugj’cgjtl- Fax:+81-52-789-5912. E-mail: Fourier transform infrared (FT-IR) spectra were recorded on

T Research Center for Materials Science, Nagoya University. a Bio-Rad FTS 575C FT-IR spectrometer equipped with a

* Graduate School of Science, Nagoya University. cryogenic mercury cadmium telluride (MCT) detector. Band
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solution

Figure 1. A schematic presentation of an ATR attachment for the
SEIRAS measurement.

absorbance

resolution was 4 cm'. All measurements were carried out at
room temperature~25 °C).

Transmission FT-IR spectra were measured for an aliquot of
liquid MPA, which was pasted up on a Cakindow, and for
a chloroforme solution of MPA, which was filled in a solution
cell with 0.025 mm path.

Infrared reflection absorption spectrum (IRAS) was taken
using a Harrick reflectance attachment (Refractor) with & 75
incidence angle. The 200 nm gold film evaporated on a glass
with a 150 nm chromium film was used as a substrate. The
gold film substrates were cleaned by immersing them in a
mixure of concentrated $50, and aqueous D, (30 v/v %) 2500 2000 20 2000 0
solution (3:1 in volume) for 10 min at ca. 8C. The substrates Wavenumber (Gm-1)

were kept fo 2 h in anethanol solution of MPA (2 mM) and  gjgyre 2. Transmission FT-IR spectra for an aliquot of liquid MPA

rinsed by ethanol and ultrapure (Milli-Q) water, followed by  (a) and for a chloroforntt solution of MPA (2 mM) (b). Background:

drying. The obtained SAM was utilized for IRAS measurement. (a) a Cak window; (b) a 0.025 mm solution cell filled by chloroform-
ATR-SEIRAS was measured with an ATR attachment (See d. Accumulation: 16 times.

Figure 1). Gold was evaporated on a silicon prism at a rate of

0.05 As'! under the pressure of ca.>8 104 Pa on a Shinku rinsed by ethanol and used for ATR-SEIRAS measurement. An

SD-240 vaporizing instrument (Shinku of Technology, Nagoya). 2dueous solution of £TAC was poured on the MPA SAM

The 10 nm gold island thickness was chosen as a condition tofllM: and a time-resolved ATR-SEIRAS was measured.

obtain the better surface-enhanced effect. A time-resolved ATR-

SEIRAS measurement of MPA adsorption on the gold island

film was started just after an ATR cell was filled by a IR Spectrum of MPA. Figure 2 shows a transmission IR

chloroformd or ethanol solution of MPA. After the equilibrium  spectrum of liquid MPA. Band positions and their assignments

of MPA adsorption in ethanol was reached, the SAM film was are listed in Table 1. The assignments were performed,

Results and Discussion

TABLE 1: Observed IR Band Positions (cnT1)2 and Their Assignments of MPA and G¢TAC

ATR-SEIRAS ATR-SEIRAS
transmission IR (time-resolved) ATR-SEIRAS IRAS (time-resolved)
liquid MPA MPA SAM MPA SAM MPA SAM CTAC in DO
MPA in CDCl3 in CDCl; in ethanol from ethanol on MPA SAM assignment
3518m (34200) free OH str
3100b 3100b 3165b hydrogen-bonded OH str
3040b 3060b 3060b hydrogen-bonded OH str
2984w 2984w (2984%) 2980s 2989m 2985m 2995vw Glntisym str
2960vw CH asym str
2945w 2945w
2920w CH antisym str
2910w 2910w (29028) 2902s 2900m 2902m Gtéym str
2850w CH sym str
2760sh 2760sh overtone
2660m 2668w overtone
2579m 2588w SH str
1752s free G=0 str
1711vs 1713vs 1710s 1705m 1710s 1730s 1677m hydrogen-bordedc
1560m 1547m COOantisym str
1500w CH scissor
1480w CH scissor
1414s 1414m 1414y 1386m 1423s 1409vs 1389m C—0O str coupled
1405s sh 1371m 1400s 1380s 1370m with OH ip bend

ays, very strong; s, strong; m, medium; w, weak; vw, very weak; b, broad; sh, shdustierstretching; antisym, antisymmetric; asym, asymmetric;
sym, symmetric; scissor, scissoring; ip, in-plane; bend, bending; wag, wagging; twist, twiskimg bands were observed in the transition period
of PMA SAM formation. See the text.The COO symmetric stretching vibration mode is overlapped.
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Figure 3. A time-resolved ATR-SEIRAS of MPA adsorption from a chlorofodhsolution of MPA (2 mM). Background: an ATR cell filled by
chloroformd on gold island film. Measurement: 300 sets of 4 times accumulation. (a)-3568M cnT? region; (b) 1806-1200 cn1? region.

according to the previous repofs? There are broad bands at MP A
~3100 cmt! and a strong band at 1711 ch which are Wo o-HO~
assigned to the OH and=€D stretching vibration bands, O;C_SH HS/C,<0|-|--«0//C/SH

respectively. Lower wavenumbers of these bands suggest the
hydrogen-bonding between carboxylic acid groups of MPAs.
Three bands at 2984, 2945, and 2910 émwere observed in ,
the CH stretching vibration band region. Wavenumbers of these 07° °7°
bands are so high that ethylene groups of MPA are not assigned §

to the trans-zigzag configuration. A 2579 chband is assigned EEi i
to the SH stretching vibration mode.

An IR spectrum of a chlorofornd- solution of MPA was
compared with that of liquid MPA in Figure 2 and Table 1.
The remarkable difference is the appearance of 3518 and 1752
cm! bands. These bands can be assigned to the free OH and
C=0 stretching vibration modes, indicating the coexistence of ¢
hydrogen-bonding-free MPA in chloroforah¢® The ratio 1:3
of free MPA:hydrogen-bonded MPA was obtained from their
intensity ratio. The SH stretching vibration band (2588 ¢ém
in chloroformd is higher than that of liquid state.

MPA SAM Formation in Chloroform- d. A time-resolved " rearrangement
ATR-SEIRAS for MPA adsorption on gold island film in
chloroformd is shown in Figure 3. Even immediately after the
adsorption started, the formation of SAM is confirmed from  ;=¢
the absence of the SH stretching vibration band. Band positions /
and their assignments are listed in Table 1. §

0—H 0=H-., 0—H
’ 0=c” o=’

adsorption
hydrogen-bonding
reprotonation

¢’ o=¢ 0=¢ 0= 0= 0=(

0" H* 0 HY 0—H., 0—H., 0=H. 0—H
=c’ ‘ 7 e=e” To=e” To=e”

A remarkable difference of ATR-SEIRAS from the transmis- :
sion IR spectrum in chloroforrd; besides the disappearance Figuyre 4. A schematic presentation of MPA adsorption from a
of the SH stretching vibration band, is the appearance of a 1560chloroformd solution on gold surface.
cm~t band which is assigned to the COQantisymmetric
stretching vibration mode. The COGsymmetric stretching but bands at~3165 and~3060 cnt! are intensified. This
vibration band must be overlapped on a 1414 ttvand of the indicates that some of free carboxylic acid groups of MPA
C—0 stretching vibration mode coupled with the OH in-plane adsorbed on the gold film are deprotonated and some are
bending vibration mode, since this band is intensified as well hydrogen-bonded with time. The intensities of the ;Citi-
as the 1560 cm' band with adsorption time. This suggests that symmetric and symmetric vibration bands at 2984 and 2902
carboxylic acids of MPA are deprotonated during the SAM cm, respectively, were increased with the SAM formation until
formation. The fraction of carboxylate against carboxylic acid ca. 200 s but were decreased after that, suggesting the rear-
is 0.2-0.3 and increases with the SAM formation. rangement of ethylene configuration from tilt to normal direc-

A broad OH vibration band at3420 cnt! and a G=O tion against the gold surface after the hydrogen-bonding
stretching vibration band at 1752 cfare weakened with time ~ formation.
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Figure 5. A time-resolved ATR-SEIRAS of MPA adsorption from an ethanol solution of MPA (2 mM). Background: an ATR cell filled by
ethanol on gold island film. Measurement: 300 sets of 4 times accumulation. (a)-3200 cn1? region; (b) 1506-1100 cn1! region.

0

Figure 4 illustrates the scheme of MPA adsorption on the
gold surface in chlorofornak During short adsorption time, i
many MPA molecules adsorb on the gold surface. At the first | IRAS
stage of adsorption, there coexist free and hydrogen-bonded 0.0002
MPAs, and free MPA is partly protonated. During the process
of the adsorption, the free MPA is protonated or hydrogen-
bonded. After an abundant amount of SAM was formed, the |
alkyl backbone is rearranged toward a more normal direction ‘;P“U\ m] I
to the gold surface. MWWWW‘ fﬁwwwmmwm/

MPA SAM Formation in Ethanol. A time-resolved ATR- |
SEIRAS for MPA adsorption on the gold island film was
measured even from an ethanol solution and is shown in Figure
5. Although the CH stretching vibration bands at 2980 and
2902 cnt! are increased with increasing adsorption time, the
OH stretching vibration bands and the meaningful COO
stretching vibration bands are not observed in ethanol, different
from the MPA adsorption from a chloroforgh-solution, as
compared in Table 1. |

Figure 6 shows an ATR-SEIRAS of MPA SAM which was ' (J\ \

|

absorbance

ATR-SEIRAS

0.002

i

1
cell and rinsing by ethanol. IRAS of MPA SAM, which was ju I k } ‘-"\ V
prepared on the gold film from an ethanol solution, is compared / M«J
L W

[

prepared by removing the solution on gold island film in a ATR il

in Figure 6. The IR spectra are similar to each other and to that
in ethanol (see Figure 5 and Table 1), although the intensity of | i

IRAS is 20 times weaker than that of ATR-SEIRAS, suggesting 3500 3000 2500 2000 1500 1000
the efficiency of ATR-SEIRAS in the investigation of tiny Wavenumber (e
amounts of adsorption. Figure 6. IRAS (upper) and ATR-SEIRAS (lower) for MPA SAM.

When compared with a transmission IR spectrum of liquid Background: gold substrate. Accumulation: 256 times.

MPA (Figure 2a), in contrast with the similarity of absorption O stretching vibration band (1710 cA) is weakened in
bands in a region below 2000 ¢ bands at the region above comparison with bands associated with the ,Qioup and
2500 cnt! are different. Although the CHantisymmetric and others.

symmetric vibration bands are observed at 2989 and 2906,cm The adsorption mechanism is rather simple in ethanol in
respectively, a SH stretching vibration band disappears, indicat-comparison with that in chloroforrd; as seen in Figure 7. With

ing the formation of SAM. The OH stretching vibration bands adsorption, the hydrogen-bonded MPA SAM is formed and only
are also absent, and the intensity of the hydrogen-bonged C the content increases without any rearrangement in the molecular
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S0—H, SO0=H.  0=H but similar to those of long alkyl chains in trans-zigzag

' °7° configuratior?* suggesting highly ordered hydrocarbon chats.
It is seen that the CHistretching vibration band intensities of

Au the long alkyl chain in GTAC dominate those of ethylene in

MPA, and the CH stretching vibration band of gTAC is less
. remarkable than the CHtretching vibration band. These results
adsor P tion support that the alkyl chain of gTAC adsorbed on the MPA
SAM must be tilted from the normal to the gold surface.

A band at 1677 cmt is assignable to the hydrogen-bonded
C=O0 stretching vibration mode of MPA and shifted to the
lower-frequency region in comparison with 1730 or 171305
cmtin liquid MPA, MPA in chloroformd, and MPA SAM
without Gi6TAC. The bands at similar positions were reported
for Langmuir-Blodgett films of a cinnamic acid derivative by
Yamamoto et a¥> The 1730 cm?! band was assigned to the
“lateral hydrogen-bonded state” which was imaged linear

structure. There are no free species and no protonated specieg!ydrogen-bonded chains of carboxyl groups in the monolayer.
The hydrogen-bonded OH axes must be located parallel to the The 1684 and 1674 cm bands were to the “cis configuration
gold surface, since the OH stretching vibration bands are not Of hydrogen-bonded dimers” and the 17157¢rband was to
observed. The hydrogen-bonded-O and alkyl backbone axes ~ the “face-to-face hydrogen-bonded state” between neighboring
must be more parallel and tilt, respectively, to the Au surface, Monolayers. Ozaki et &k suggested that doublet bands at
because the band intensity of the=O stretching vibration mode ~ ~~1709 and 1963 crt for the monolayer LangmuirBlodgett

is weak and the band intensity of the €stretching vibration film of arachidic acid are due to the coexistence of trans and
mode is maintained. It may be noticed that, the adsorption CiS configurations between the neighboring molecules or
mechanism in ethanol is different from in chlorofordnalthough between the monolayer and substrate. Since their band positions
we cannot explain the reason for such difference in the presentand assignments are not necessarily fit to the present SAM, the

Figure 7. A schematic presentation of MPA adsorption from an ethanol
solution on gold surface.

situation. more detail assignments for the hydrogen-bondedGstretch-
C16TAC Adsorption on MPA SAM. Figure 8 shows a time- ing vibration bands of MPA are ambiguous for the moment.
resolved ATR-SEIRAS of GTAC-adsorbed MPA SAM on Au The COO antisymmetric vibration band of MPA appears at

island film. Band positions and their assignments are listed in 1547 cnt* even immediately after the adsorption started. The
Table 1. Although a very weak Ghétretching vibration band  intensity of the COO stretching vibration band is increased
of MPA at 2995 cm! keeps its intensity, the bands ofdTAC with adsorption time, and simultaneously the=O stretching
appearing at 2920 and 2850 chare intensified with time, vibration band is diminished. This means the deprotonation of
indicating the time-dependent adsorption g§TAC. Frequen- carboxylic acid of MPA during @TAC adsorption on the MPA
cies of these bands are completely different from those of MPA SAM. The COO symmetric vibration band should be over-

(b)
(a)
g g
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<, 200 — 03 % 200 —
OOJ\ 0~ \ \ ’ OOO' 0 —— l | \
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Figure 8. A time-resolved ATR-SEIRAS of GTAC adsorption from a BOD solution of GeTAC (3 mM) on MPA SAM. Background: gold island
film. Measurement: 250 sets of 4 times accumulation. (a) 3@J®O cn1? region; (b) 1756-1300 cn1? region.
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CiglAC

deprotonation of MPA
adsorption of CygTAC

Figure 9. A schematic presentation ofi§F AC adsorption from a BD
solution on MPA SAM.

lapped on the €0 stretching vibration band coupled with the
OH in-plane bending vibration mode at1380 cnt?, because
the doublet band is intensified as well as the COgditisym-
metric vibration band.

The CH, scissoring vibration band of;TAC arises at-1500
cm L. The mode is split into a doublet, indicating the intermo-
lecular interaction and thus the orthorhombic molecular packing
of Ci6TAC in the adsorbed layé26 This is consistent with
the feature obtained from the GHtretching vibration bands.

As illustrated in Figure 9, the adsorption of{CAC on MPA
SAM should be due to the electrostatic interaction, since the
carboxylic acid of MPA changes to carboxylate with the
progress of adsorption. The adsorbegT®C has the trans-
zigzag alkyl chain configuration but does not arrange with the
normal direction to the gold surface, as estimated from the CH
and CH stretching vibration bands.

Kinetics of MPA SAM Formation on Au Surface and of
C16TAC Adsorption on MPA SAM. Some theoretical equa-

J. Phys. Chem. B, Vol. 104, No. 39, 2008223
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Figure 10. Intensity increase of a CHantisymmetric stretching
vibration band as a function of adsorption time. (a) MPA adsorption
from an ethanol solution on gold film; (b):6TAC adsorption from a
D,0O solution on MPA SAM.@, observed:—, Langmuir model; - - -,
diffusion-limited first-order Langmuir model.

tions were proposed for adsorption and desorption kinetics. The Other more complicated models such as a second-order non-
basic theory is based on the Langmuir (monolayer) model where diffusion-limited model® were also used.

only adsorption and desorption are taken into accéththat
is,

1(t) = 1, {1 — exp(-kqpp1)} 1)
wherel(t) andl. are the adsorption amounts at titrend infinite

time, respectively. An apparent rate constap (= kiC + Kq)
is a function of the intrinsic rate constanks and k, for

Intensity increase of a CHantisymmetric stretching vibration
band as a function of adsorption time for MPA adsorption on
gold surface in ethanol is plotted in Figure 10a and compared
with curves calculated on the basis on Langmuir and DIF
Langmuir models and the assumption of the linear relation of
adsorption amount and IR band intensity. The Langmuir model
presents a better fit to the observed values than the DIF
Langmuir model. The apparent rate constant calculated was

adsorption and desorption, respectively, and the bulk concentra-0.024 s* for fitting to eq 1. The apparent rate constant of (3 or

tion of adsorbate C. The diffusion-limited first-order (DIF)
Langmuir model® where diffusion processes limit the rate of

7.5) x 104 s1 for the formation of mercaptoundecanoate
(HSGgH22COO™) SAM on gold from an aqueous solution was

the adsorption process, must be considered at lower concentraobtained by the application of the Langmuir rate low for atomic

tions and described as

1(t) = 1, {1 — exp(-kppt")} )

force microscopic datt The similar procedure for QCM data
displayed a rate constant of (£66) x 10* s1 for an
alkanethiol SAM on gold from an ethanol solutféhand of
0.06-0.90 st for a 1-octadecanethiol SAM on gold from
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organic solvent$.The characteristic rate constant for the SAM information on the process of the SAM formation is obtained
formation of MPA is the same order as that for a 1-octade- only from IR but not from other techniques described above.
canethiol SAM but much larger than the others. The reason for The ATR-SEIRAS could also be applied to the adsorption of
such a large difference is mysterious. molecules on the thin films such agdCAC adsorption on MPA
Williams et al?” have reported that the adsorption kinetics SAM. The kinetics of the SAM formation obeyed the Langmuir
of unilamellar vesicles onto SAM dramatically depends on the theory, consistent with previous repofts:'! However, this was
composition of mixed SAM, although they elucidated only not a case of the GTAC adsorption on the MPA SAM.
qualitatively the results. The quantitative analysis of the
adsorption kinetics of GTAC on MPA SAM is shown in Figure ~ References and Notes
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