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A self-assembled monolayer (SAM) with an exposed basic
roup has been generated by the adsorption of a novel quinoline
erivative 6-(10-mercaptodecoxyl)quinoline (MDQ) on a gold
urface. The structure and surface properties of the SAMs of
DQ were characterized by ellipsometry, reflection absorp-

ion FTIR (RA-IR), and contact angle titration. It was found
hat the quinoline moiety of MDQ forms an ordered layer on
he top of the film and the alkyl chain exhibits a packing
ensity similar to that of a monolayer of decanethiol. The
olecular orientation of MDQ in SAMs was evaluated by
A-IR spectroscopy which indicates that the alkyl chain exhib-

ts a tilting angle of 24 6 4° with respect to the surface normal
nd a twisting angle of 50 6 5° around its axis. Contact angle
itration in the pH range between 2 and 12 illustrates that the
urface of SAM of MDQ is less hydrophilic for acidic solution
han for basic solution, which is in contrast with the previous
eports on SAMs that basic groups are located at the ends of the
olecules. © 1999 Academic Press

Key Words: self-assembled monolayer (SAM); quinoline deriva-
ive; reflection absorption infrared (RA-IR) spectroscopy; contact
ngle.

INTRODUCTION

Functionalized self-assembled monolayers (SAMs) h
ttracted increasing attention in the past decade in
elds of interfacial chemistry and materials science
earch. Such monolayers are densely packed and we
ered; therefore, they have been widely used in the res
f wetting, adhesion, catalysis, lubrication, and corro

nhibition (1). Recently, SAMs modified with acidic or ba
roups have been used for studying the ionization beh
t interfaces. Whitesides and co-workers have extens

nvestigated the wetting of a variety of monolayers w
xposed ionizable groups (2, 3). Later, Creager and
orkers reported the results of research on mixed mon
rs vs a nonreactive spreading protocol using contact a

itration (4). Liu’s group also studied amino-terminal mo
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ayers by both contact angle titration and chemical fo
icroscopy (CFM) (5, 6).
Generally, the reports demonstrated that surfaces mo
ith a monolayer of molecules containing ionizable gro
ecame more wettable as they became more ionized. How

here have been few reports on more complex or more c
ated systems, such as quinoline derivatives, as the
oiety. In this work, a novel quinoline-containing alkaneth
as synthesized and its monolayer on gold surface was
ated. Subsequently, the structure of the monolayer was
ated by ellipsometry and reflection absorption infra
RA-IR) spectroscopy; in addition, the surface wettability w
tudied by contact angle titration.
Molecules containing a quinoline group were selecte
odel systems because of their planar structure and
asicity (the pK a of protonated quinoline is about 4.8). We s

o answer two questions. How does a large planar g
ituated at the end of alkyl chain affect the film structure? D
he quinoline moiety in a SAM exhibit a different titrati
ehavior from the small basic groups studied previously?

EXPERIMENTAL SECTION

6-(10-Mercaptodecaoxyl)quinoline (MDQ) was synthes
y the following procedure. First, 6-hydroxylquinoline w
onverted to 6-(10-bromodecaoxyl)quinoline by conventi
illiamson ether synthesis. The 6-(10-bromodecaoxyl)qu

ine was reacted with thiourea and then hydrolyzed with Na
queous solution to give the product (Scheme 1). The c
DQ was purified by column chromatography (sili

luent 5 chloroform) and the structure was confirmed w
I-MS, 1H NMR, and IR (7). Other reagents were of analyt
urity and were used as received. Ultrapure water wi
esistivity of above 18 MV z cm was used throughout t
xperiments.
The substrates employed in this study were prepare

vaporating a 200 nm thick layer of gold (99.99%) onto a g
lide (7.5 cm3 2.5 cm) precoated with 10–15 nm chromiu
AMs were prepared by immersing the clean gold subst
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47MDQ SELF-ASSEMBLED MONOLAYER ON GOLD
nto a 1.0 mM ethanol solution of quinoline derivative for o
4 h to reach a saturated coverage. Afterwards, the mono
as washed with ethanol and was dried in N2 prior to
haracterization.
The thickness of the monolayer was monitored with us
Gaertner L116B ellipsometer equipped with a 632.8

elium–neon laser. The laser beam is 1.0 mm in diameter
he incident angle is 70° with respect to the surface norm
hree-layer optical mode was applied for calculating the m
ayer thickness with assuming refractive index (nf) of the
rganic film to 1.5.
RA-IR spectra were measured at 4 cm21 resolution on a

erkin–Elmer System 2000 FTIR spectrometer equipped
liquid nitrogen cooled mercury cadmium telluride (MC

etector. 500 interferograms were usually collected to ach
n acceptable signal-to-noise ratio. The sample chambe
urged with nitrogen to minimized interference by water
or. Samples were mounted on a SPECAC variable a
eflection accessory, in which the incident angle of
-polarized infrared radiation was 86°.
Contact angle titrations were performed with a contact a

oniometer (Model JJC-II, The Fifth Optical Instrument F
ory of Changchun) under ambient conditions (15–20°C,
0% relative humidity) using yellow light to illuminate t
ater droplet. Each point represents an average of at leas
easurements. Phosphate buffers were used as probe liq

he contact angle measurement. The ionic strength o
hosphate buffer was maintained at 0.01 mol/L. For the m
urement of buffered water on the SAMs, readings were t
rom free-standing droplets formed at the end of a fine
apillary tube after it was lowered onto the surface. The
llary tube was then removed and the contact angle of
ree-standing droplet was measured after 10 to 20 s of ex
ion. Errors in these measurements were usually less tha

RESULT AND DISCUSSION

. Structural Evaluation

It is important to know the molecular structure of the MD
AM before studying any of its wet properties studied.

SCHEME 1. Synthesis of MDQ.
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hickness of MDQ monolayer was measured by ellipsomet
.2 6 0.1 nm. The result is consistent with the molec

ength of MDQ being 2.2 nm (which is calculated by assum
he alkyl chain is extended and is an all-trans conforma
nd indicates that the molecules in the film are densely pa
o that they exhibit a very small tilting angle with respect to
old surface normal. However, due to the uncertainty of
efractive index (nf) of the organic layer, we found that t
nformation obtained from ellipsometry is very limited and
hickness is not precise enough for further structural eva
ion. Detailed structural analysis of the monolayer can
erformed by infrared spectroscopic techniques.
The RA-IR spectrum of the MDQ SAM between 4000 a

00 cm21 is shown in Fig. 1. For comparison, the transmiss
pectrum of an isotropic sample of the same compound
Br pellet is also shown. Since the IR spectrum of MDQ
ot been reported before, it is necessary to give the
ssignments for the bulk spectrum first. The assignment
ased on the comparison of MDQ spectrum with the spect
elated compounds, e.g. quinoline, 6-hydroxylquinoline,
arious alkane thiols. The band positions and assignmen
) are listed in Table 1.
In the spectrum of the KBr pellet, a weak band around 3

m21 is assigned to the aromatic C–H stretching modes o
uinoline moiety. Consistent with previous reports, the b
ssigned to aromatic C–H stretching modes is broad and is

nto at lest three bands that may be attributed to stretchin
he various aromatic C–H bonds in the molecule (10, 11).
rominent bands between 2800 and 2950 cm21 are easily

dentified as the stretching vibrations of methylene groups
ymmetric stretching (ns-CH2) is at 2851 cm21, and asymme
ic stretching (nas-CH2) is at 2923 cm21. The S–H stretchin
ode gives rise to a small peak at 2566 cm21. Most bands

alling in the frequency region of 1700–1400 cm21 are readily
ssigned to the aryl skeletal stretching vibrations of CAN and
AC bonds in the quinoline fused ring. The band at 1
m21 is assigned to an in-plane deformation (scissoring m
f CH2. The most intense band in the region below 1000 c21,
t 842 cm21, is assigned as an aryl-H out-of-plane wagg
ode (12).
On the basis of the selection rule of RA-IR,only those

ransitions having the non-zero component of their dip
oment in the direction of the surface normal can bring ab
bsorption,and several important features in the RA-IR sp

rum of the SAM of MDQ could be seen (Table 1).
Firstly, as noted above, the aryl C–H stretching band at

m21 in the spectrum of the KBr pellet is rather broad
hows a shoulder at 3079 cm21. In contrast, only a single ve
eak band at 3076 cm21 is observed in the RA-IR spectrum

he SAM. We think the bands at 3050 cm21 and the shoulde
round 3079 cm21 correspond with the stretching vibrations
ifferent aryl C–H bonds in the quinoline ring. Thus,
bsence of the 3050 cm21 band in the RA-IR spectrum ind
ates that the corresponding C–H bonds have large angle
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48 ZHANG ET AL.
espect to the surface normal. Understanding of the spectr
his region is still very limited because the exact assignme
he vibrational modes in this region has not yet been achie

It is well known that the position, the intensity and the sh
f ns-CH2 and nas-CH2 of the CH2 bands are sensitive to t
hase state of the polyethylene chain (13, 14). A disord
liquid-like” SAM is expected to give broader absorpti
ands and exhibit higher frequency than that in the crysta
tate (15). In the RA-IR spectrum of MDQ SAM,nas-CH2 and
s-CH2 are observed at 2921 and 2850 cm21, respectively. It is
otable that both of thenas-CH2 and ns-CH2 modes shift towar

ower frequency compared with that observed in the trans

FIG. 1. (a) Transmission spectrum of MDQ molecu

TABLE 1
Assignments of infrared bands

Vibrational
modes In KBra In SAMa

Direction of dipole
moment transitiona

ryl nC–H 3079 (shoulder) 3076 w ip quinoline rings
3050 w

as2CH2 2922 s 2921 m ip CH2, cross H

s2CH2 2851 s 2850 m ip CH2, bisec HCH

S–H 2566 w Not observed //S–H bond
romatic
skeleton 1622 m 1625 s ip quinoline rings

1594 m 1598 m ip quinoline rings
1500 m 1505 s ip quinoline rings

CH2 1469 m 1467 w ip CH2, bisec. HCH

Ph–O 1228 s 1231 s //Aryl C–O bond

C–O 1030 m 1030 w //Alkyl C–O bond

Ph–H op 843 s 842 w Perpendicular to aryl ri

a s, strong; m, middle; w, weak; op, out of plane; ip, in plane.
in
to
d.
e

d

e

s-

ion spectrum of a polycrystalline sample (Table 1). Th
hifts suggest that the molecules in the MDQ SAM are
ensely packed as they are in the solid state (13–15). Gen
peaking, introducing a functional group with a large volu
nto a SAM usually disturbs the packing of hydrocarbon ch
16). It is necessary to discuss how the quinoline group dis
he alkyl chain. To this end, the SAM of decanethiol, which
ame number of methylene groups as the MDQ molecule
lso been studied for reference. In the RA-IR spectrum o
ecanethiol SAM,nas-CH2 andns-CH2 are found around 2920 a
850 cm21, respectively. Compared with the values for
ecanethiol SAM, the methylene stretching vibrations in
pectrum of MDQ SAM are shifted slightly to high frequen
no more than 1 cm21), suggesting that the perturbation of
acking density of alkyl chain introduced by the quino
roup in the SAM of MDQ is not significant. Therefore, it
easonable to propose that the quinoline group must ado
rientation in which it has the smallest projection on
ubstrate. The most probable configuration is that the pla
he quinoline group is parallel with the surface normal.

The very weak S–H stretching vibration at 2566 cm21 in the
pectrum of KBr pellet is absent in the spectrum of the S
f MDQ, which is consistent with the formation of the S–
ond.
The strength of several bands between 1700 and 140021

hat were assigned to the aryl ring stretching vibration
AN and CAC bonds in the quinoline fused ring, indica

hat the direction of the derivative of these modes is pred
nately in the plane of the quinoline ring. Thus, the str
ands at 1625, 1598, 1504, and 1422 cm21 in the RA-IR
pectrum of MDQ SAM indicate that there is a large an

in KBr pellet and (b) RA-IR spectrum of a SAM of MDQ.
le
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49MDQ SELF-ASSEMBLED MONOLAYER ON GOLD
etween the plane of quinoline ring and the surface of
ubstrate. In contrast with the medium absorption of the m
lene in-plane deformation at 1469 cm21 in the spectrum of th
Br pellet, the fact that the band at 1464 cm21 is very weak in

he RA-IR spectrum of the SAM indicates that the alkyl ch
xhibits a very small tilting angle with respect to the surf
ormal.
The two most characteristic bands of the aromatic ethe

he stretching vibrations of the aryl C–O bond (nPh–O) and the
lkyl C–O bond (nC–O). In the transmission spectrum,nPh–O is
bserved as a strong band at 1228 cm21 andnC–O is observed a
medium strength absorption at 1030 cm21. For comparison

Ph–O stretching exhibits the strongest band in the RA-IR s
rum of the SAM of MDQ while thenC–O stretching is relativel
eak. ThenPh–O band may be not the pure Ph–O stretching,
ay involve the contribution of the out-of-phase C–O

tretching or mixes with ring vibration (8, 9). However,
reatest contribution comes from stretching of the Ph–O b
o that the dipole moment transition is roughly parallel with
h–O bond. Therefore, the high intensity ofnPh–O in RA-IR
pectrum suggests that the Ph–O bond is at a very small
ith respect to the surface normal.
By analogous to the benzene and naphthalene deriva
ost medium intense bands in the region from 1400 to 1

m21 involve deformation of aryl ring, rocking of methyle
nd aryl-H in-plane bending in quinoline group. An ex
ssignments for these bands is not possible at this time.

hese bands gives little useful information on the orientatio
he MDQ molecule. The strongest band below 1000 cm21 in
he spectrum of the KBr pellet is the aryl C–H out-of-pla
agging at 842 cm21, but this band is barely detected in
A-IR spectrum. Since the direction of dipole moment tra

ion of the aryl C–H out-of-plane wagging mode is perpen
lar to the plane of quinoline ring, the weak intensity of
and in RA-IR spectrum suggests that the plane of the q

ine ring is roughly perpendicular to the substrate surface
Several methods of estimating the orientation angle of M
olecules in a SAM, by comparing the RA-IR spectrum w

hat of an isotropic sample have been reported (17–21). In
ork, Dete’s method (18) was used, which is based o
omparison of the intensity of selected bands in the RA
pectrum of the monolayer referenced to those of a
ample. The general assumptions of such a comparison a
i) the oscillator strengths of the vibrations of the adsor
olecules do not change appreciably upon chemisorptio

hat in the isotropic reference sample; (ii) the electric fiel
nfrared radiation at the metal surface is not expected to ch
ignificantly near the wavelengths of interest, so that the
ition dipole moments are all affected equally.
According to the selection rule of RA-IR spectra for me

urfaces, the intensity of a vibrational mode for a mole
dsorbed on a metal surface is given by

I } uE z mzu 2, [1]
e
h-

e

re

-

t

d,
e

gle
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d
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f
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l
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hereE is the electric field at the metal surface andm z is the
ertical projection of the transition dipole moment.
Three vibrational modes were used to evaluate the ori

ion of the MDQ moieties of the gold surface. Those were
H2 symmetric stretching (ns-CH2), the CH2 asymmetric
tretching (nas-CH2) and the Ph–O stretching (nPh–O), respec
ively. Expressions form z for each mode used in our analy
f the MDQ SAM are presented in terms of the dynamic dip
oment for each mode and the tilting(a) and twisting(b)
ngles of the monolayer illustrated in Fig. 2 are given by (

~umns-CH2
u!z 5 umns-CH2

usin a cosb, [2]

~umnas-CH2
u!z 5 umnas-CH2

usin a cosb, [3]

~umnPh–Ou!z 5 umnPh–Ou~cosw cosa 1 sin w sin a sin b!. [4]

All three bands are prominent in the transmission spec
f the KBr pellet of MDQ and exhibit strong enough integra

ntensities in the RA-IR spectrum that the errors in measu
ccurate integrated infrared bands intensities are small
alue ofw 5 35° in Eq. [4] was obtained from the geometri
nalysis to the molecule using the regular bond angle va
The ratio of the infrared integrated band intensities forns-CH2

ndnas-CH2 gives the twisting angle (b). Based on the correlatio
etween the dynamic dipoles and the infrared intensity
sing Eqs. [2] and [3], one obtains

b 5 arctanFS Inas-CH2

Ins-CH2
D

SAM

S Ins-CH2

Inas-CH2
D

KBr

G 1/ 2

. [5]

Similarly, the tilting angle,a, can be obtained from Eqs. [
nd [4] as:

FIG. 2. Definition of molecular orientation in SAM and the related vib
ional modes.
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50 ZHANG ET AL.
5 arctanScosw cos21bFS InPh–O

Ins-CH2
D

SAM

1/2

3 S Ins-CH2

InPh–O
D

KBr

1/2

2 sin wG 21D . [6]

By using the above formulas, we obtain from our experim
hat the tilting and twisting angles are 246 5° and 506 5°,
espectively. The orientation of polymethylene chain in M
AM is consistent with previous reports on SAMs termina
ith methyl and various small polar groups (CH2OH, COOH,
O2CH3, CN, etc.), in which the alkyl chain was found
refer a tilting angle of about 30° (23, 24). With the ab
esults in mind, it is clear that the quinoline moieties form
ightly packed layer in MDQ SAM and do not obvious
erturb the alkyl chain layer.

. Surface Properties Investigation

Measurement of contact angle permits the surface fre
rgy to be estimated directly (25) and is a sensitive metho
tudying the surface properties. Contact angle measureme
robe liquids at various pH values on the SAMs, so-ca
contact angle titrations,” have been widely used to estim
he pK value of functional groups at surfaces (1–6, 25,
he contact angle titration curve for an SAM of MDQ for
H range between 2.0 and 12.0 is displayed in Fig. 3. A pla

s clearly seen at pH values higher than 8.0. The contact
ncreases dramatically when the pH of the probe solu
ecreases from 8.0 to 4.0 and reaches maximum aroun
.0. Although the variation of the contact angle throughou
H range we studied was less than 8°, it is readily detec
bove the experimental error. Clearly, in the range studied
AM of MDQ is less hydrophilic to acidic solutions than
asic solutions.

FIG. 3. Contact angle titration curve of water on MDQ SAM.
t

d

n-
of
s of
d
d

).

u
le
n
pH
e
le

he

As may be expected, the change in surface wettability
esponds to the protonation of quinoline group that is expe
t low pH. As can been seen in Fig. 3, protonation of quino
roup decreases the surface wettability. In contrast, White
3) suggested that imidazolo SAMs are more wetting in
H. We have also reported that the protonation of am
roups at the end of a SAM brought led to an increas
urface wettability (5, 6). Both of these reports show oppo
rends to those observed with a SAM of MDQ.

Surfaces that are more readily wet by water usually pro
ites for strong intermolecular interactions such as dip
ipole interactions and hydrogen bonding. Protonation of b
roups at low pH causes the surface to be charged, and

nduces an increase in the surface wettability. In the cas
AMs of MDQ, the unique molecular structure must p

mportant role in its wettability. A small molecule, 6-metho
lquinoline (27), was selected here for investigating the ch
f dipole moment of its quinoline ring on prontonation si

he variation in alkyl substitution is not expected to affect
lectronic structure of the quinoline moieties to any g
xtent. It is well known that nitrogen atom is usually acts
lectroattractive group and has surplus negative charg
yridine and quinoline derivatives (28). It is also known t

he oxygen atom in aromatic ethers usually has a pos
harge because of conjugation (28) (for example, oxonium
re very stable compared to the other resonance structu
nisole). In addition, 6-methoxy quinoline moieties exhib

ow dipole moment in the direction from the oxygen atom
itrogen atom. At low pH, protonation of the nitrogen atom
xpected to occur at which point the nitrogen atom is stro
ositively charged. We have calculated and found that
ipole moment of 6-methoxylquinoline increases from 0.4
.72 D and that the dipole moment reverses on protonation
cheme 2. Despite of any other influences, we expected

he surface wettability would increase on protonation of
itrogen atom because of the increase in surface dipole
ent. However, our observation on the SAM of MDQ gave
pposite result.
An alternative interpretation of the “abnormal wettability”

AM of MDQ is that the quinoline groups are not fu
rotonated at the maximum point of the contact angle titra
urve. Our infrared spectroscopic studies have suggeste
he quinoline moiety is densely packed in the monola

SCHEME 2. Schematic showing the direction of dipole moment cha
f 6-methoxylquinoline before and after protonation on nitrogen atom.
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51MDQ SELF-ASSEMBLED MONOLAYER ON GOLD
herefore, it may be very difficult to protonate all the mo
ules in monolayer due to the static exclusion force amon
eighboring molecules. Remembering that the direction o
ipole moment of 6-methoxyquinoline reverses on protona

t is possible that both protonated and unprotonated quin
roups exist in monolayer. If this is the case, the ave
urface dipole, which is felt by the probe liquid in contact an
easurements, may be lower than that of a totally unp
ated surface, so that the maximum point in the contact a

itration curve will correspond to the minimum of the surf
ipole.
The origin of such obvious differences in wettability

ween MDQ and some other basic groups exposed SAM
urrently not fully understood, and the above hypothesis
e too simplistic. Some other factors, such as hydrogen b

ng among prononated MDQ and water, charge–charge
ctions in the MDQ monolayer, and changes in the orienta
f MDQ when in contact with different solutions may a
ontribute to the surface wettability (29, 30). Further inve
ations, including in-situ spectroscopic measurements an
estigations by chemical force microscopy (CFM), are b
arried out in our laboratory.

CONCLUSION

A well-ordered, densely-packed basic surface, comp
elf-assembled monolayer of 6-(10-mercaptodecoxyl)qu

ine was obtained. It was found that the quinoline moiety fo
n ordered layer on the upper surface of the film and doe
ppear to perturb the packing of the alkyl chain. The molec
rientation estimated from the RA-IR spectrum indicates

he molecular axis exhibits a tilting angle of 246 5° with
espect to the surface normal and a twisting angle of 506 5°.
ontact angle titration suggests that a SAM of MDQ is

SCHEME 3. Proposed structure for the SAM of MDQ.
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ydrophilic to acidic solutions than basic solutions in cont
ith previous reports on monolayers containing basic gro
The MDQ SAM provides a good model to investigate

roperties of large conjugated and planar basic group
embrane. Furthermore, the quinoline skeleton is widesp

n plants as the main component of various alkoloids. T
tudies of SAMs of MDQ may potentially be used as mo
ystems for further investigation on some biological probl
uch as determination of the properties of alkoloids at
rgan/water interface.
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