
This article was downloaded by: [University of California, San Diego]
On: 20 August 2012, At: 22:13
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals
Science and Technology. Section A.
Molecular Crystals and Liquid Crystals
Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl19

Self-Assembling Kinetics of an
Azobenzenealkanethiol Monolayer on
Gold
H. Z. Yu a , J. W. Zhao a , Y. Q. Wang a & Z. F. Liu a
a Center for Intelligent Materials Research (CIMR), College of
Chemistry and Molecular Engineering, Peking University, Beijing,
100871, CHINA

Version of record first published: 24 Sep 2006

To cite this article: H. Z. Yu, J. W. Zhao, Y. Q. Wang & Z. F. Liu (1997): Self-Assembling Kinetics of
an Azobenzenealkanethiol Monolayer on Gold, Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid Crystals, 294:1, 107-112

To link to this article:  http://dx.doi.org/10.1080/10587259708032260

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss, actions,
claims, proceedings, demand, or costs or damages whatsoever or howsoever caused
arising directly or indirectly in connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259708032260
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cryst. Liq, Crysf., 1997, Vol. 294, pp. 107-1 12 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1997 OPA (Overseas Publishers Association) 
Amsterdam B.V. Published in The Netherlands 

under license by Gordon and Breach Science Publishers 
Printed in India 

SELF-ASSEMBLING KINETICS OF AN AZOBENZENEALKANETHIOL 
MONOLAYER ON GOLD 

H.Z. W, J.W.ZHA0,Y.Q. WANGandZ.F.LIU* 
Center for Intelligent Materials Research (CIMR), College of Chemistry and 
Molecular Engineering, Peking University, Beijing 100871, CHINA 

Abstract The self-assembling kinetics of a new azobenzenealkanethiol (C8AzoC3) 
on gold surface was studied by means of contact angle measurements and 
electrochemical techniques. A two-step adsorption kinetics was observed: the fast 
adsorption step and the following long-term rearrangement process. The first step 
is consistent with a first order adsorption kinetics with a rate constant of 1 . 2 ~  103 
rn0l-~.dm3.s-~. The unique variation of the electrochemical behavior of the 
C8hoC3 SAMs on gold formed with different assembling time was investigated, 
which was well explained by a dynamic model we suggested. 

INTRODUCTION 

The electrochemical and photochromic properties of azobenzene species have been paid 
great attention for decades. The incorporation of azobenzene groups into organized 
molecular assemblies opens a new avenue in the field of electrochemistry and interface 
science. The electrochemical behavior and related properties of azobenzene groups 
have been thoroughly studied both in Langmuir-Blodgett (LB) and self- 
assembled monolayers (SAh4~).5-~ Since the self-assembly technique is the most 
promising method to prepare the stable and highly oriented monolayer systems, it became 
one of our most interested research subjects. We have fabricated a new class of 
azobenzene self-assembled monolayers which showed clear-cut faradic response in an 
aqueous medium,5 and extensively investigated the pH effects on the apparent electron- 
transfer kinetics,6 the molecular structural dependen~e,~ the effect of finctional group by 
comparing with ferrocene.8 In this paper, we will describe the assembling kinetics of a 
long-chain azobenzenealkanethiol and the unique electrochemical behavior of its 
monolayer on gold with different surface coverage. 

The kinetics of the formation of alkanethiol monolayers on gold was firstly 
studied by Bain et al 12. The concentration of adsorbate, the alkyl chain length, and the 
attached bulky group (e.g. phenyl ring), all play crucial roles in the assembling kinetics. 
Following studies we could find in literature were carried out by Ulman,13 Uosaki14 etc. 
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For the azobenzenethiol assembles into monolayer on gold surface, its kinetic behavior is 
still an unprocessed area, although this kind of information is of undoubtedly importance 
in evaluating the unique electrochemical behavior of azobenzene hnctionalized self- 
assembled monolayers. 

EXPERIMENTAL 

The preparation of the azobenzene-hnctionalized thiol compound C8AzoC3 was 
according to the procedure shown in Scheme I: 

The characterization was based on: 
MS(FAI3) d e :  385 (M+l); 1H NMR 
(CDC13): d: 0.88 (t, 3H, CH3, J=6.86 Hz); 

c ~ , , ~ N - N - ( Q + ~ .  W'W 
KWCJ4,OH 

R 
KS-C-OCJ4, 

c d ' i 7 ~ N = N ~ + " -  l3I,COCH, 

2H, CHz-ph, J=7.04Hz); 4.14 (m, 2H, 
OCH2, J=6.00Hz); 2.20-2.25 (m, 2H, 

J=7.48Hz); 6.99 (m, 2H, -ph); 7.28 (two double, 2H, -ph, J1=8.36Hz, J2=2.24Hz); 7.80 
(two double, 2H, J1=8.36Hz, J2'2.12Hz); 7.89(m, 2H, ph). Anal. calcd for 
C23H32N20S: C, 71.8; H, 8.39; N, 7.28. found:(=, 71.56; H, 8.16; N, 7.21. 

The gold substrate was prepared by vacuum evaporating 150 nm of high-purity 
Au (99.999%) onto 1 Snm-Cr-precoated glass microscope slides. Before the self-assembly, 
it was cleaned by immersing into 'piranha solution (HtSOq: H202 7:3 vh)" for about 5 

min at 90°C, followed by extensive ringing with pure water and ethanol. 
Contact-angle titrations were performed with a JJC-I1 contact angle goniometer, 

while electrochemical experiments were conducted in a single compartment cell with a 
Hokuto Denko HA-1 50 Potentiostat, a HB-111 hnction generator and a Riken Denshi F- 
35A X-Y recorder. The details of electrochemical and contact angle measurements have 
been reported previously elsewhere.6 

~ ~ , , ~ ~ = N ~ w f i . w  

Scheme I 
CH2-CH2-S); 2.66(t, 2H, CHZS, 

RESULTS AND DISCUSSION 

Kinetics of Formation of C8AzoC3 Monolave r on Gold; 
The azobenzenealkanethiol (C8AzoC3) can form a stable and reproducible monolayer on 
gold surface fiom its dilute ethanol solution within 24 hours. The advancing contact angle 
with pure water on the monolayer surface is 109+1", much larger than that of bare gold 
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surface (55*4'), and comparable with that of a long chain n-alkanethiol monolayer on 

Figure 1A shows the variation of the cosine contact angle with increasing the self- 
assembling time in ethanol. The cosine advancing contact angle of pure water on the 
monolayer surface, which relates to the surface concentration of CSAzoC3 molecules, 
initially decreased with increasing the assembling time and then gradually reached a 
saturated value. The assembling process can be reasonably divided into two consecutive 
steps: a very fast initial step, which takes a few minutes, and a slow step, which lasts 
several hours, in agreement with the result of Uosaki 14. The former may correspond to 
the "nucleation" process which could be treated as a first order kinetic behavior, and the 
later correspond to the rearrangement of molecules in the monolayer. 

gold (-1 10'). 

I I: During the assembling process, the 
gold surface was only partially covered by 
C8AzoC3 monolayer. In this case, both 
the exposed gold surface and the 
C8AzoC3 monolayer covered surface 
contribute to the contact angle values. 
Assuming that these two different surface 
states do not interfere with each other, 

RGURE I .  The dependence ofthe cosine contact angle (A), and according to the Contact angle equation, 
then we have: the surface coverage (B) on selfassembling time in ethanol. 

case = ( 1 - .  case + jcose2 ( 1 
where, 8, 01, 82 are the contact angle of mixed surface, bare gold surface and the 
CSAzoC3 monolayer covered surface, respectively. j is the surface coverage of the 
C8AzoC3 monolayer, which is the ratio of C8AzoC3 monolayer covered area to the 
whole surface area. 

we can derive the rate equation as: 

where the c is the concentration of adsorbate, t is the assembling time and k,d is the rate 
constant for the self-assembling process. By fitting the experimental results with Eq.3,  we 
obtained the rate constant to be 1 .36x103 mol-l.drn3.s-1, 

An alternative approach used to evaluate the self-assembling kinetic rate constant 
is based on the blocking effect of the CSAzoC3 monolayer on the oxidationheduction of 
gold electrode itself. As we know, the real area of a gold electrode can precisely obtained 
from the cathodic charge which corresponds to the reduction of gold-oxide. Thus the 
surface coverage of the C8AzoC3 monolayer on the gold electrode could be deduced 
form the ratio of the cathodic charge Q (obtained from monolayer covered electrode) and 

By assuming simple Langmuir adsorption: 
In( 1 -J) = -k,d ct 

case = C O S ~ ~  - ( C O S ~ ~  - case 1) exp(-k,d ~ t )  

(2) 

( 3 )  
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the saturation value Q m a  ( obtained for the bare gold electrode), which were taken fiom 
the CVs of these electrodes in 0.1M H2S04 (-0.2-1.5V vs Ag/AgCI): 

f = 1- Q/Qma (4) 
By fitting the data shown in Figure 1B with Eq. 2, we estimated the self- 

assembling rate constant to be 1.02~103 mol-l.drn3.s-l. The value is nearly the same as 
we obtained fiom the contact angle measurements, indicating that these methods for 
evaluating the assembling kinetic rate constant are both valid and valuable. 

The assembling rate constant we obtained for the C8AzoC3 monolayer is much 
larger than that of n-alkanethiols '2 and ferrocenealkanethiols on gold 14, demonstrating 
that the assembling rate is not only determined by the thiol-gold interaction, but also 
relates to the interaction among the knctional groups. It could be concluded that the 
introducing of azobenzene group into alkanethiols molecule speeds up the self- 
assembling process compared with the ferrocene group. 

The Assembling Time Dependent Electrochemicalvior of C8AzoC3 Mono laver 
Based on the kinetic investigations above, we realized that 
by controlling the assembling time in ethanol, one can 
effectively control the packing density or the structure of 
the C8AzoC3 monolayer on gold. This enable us to give 
insights into the structure dependence ' of the 
electrochemical behavior of CSAzoC3 SAM on gold. 

In Figure 2A-E, the cyclic voltammograms (CVs) 
of CSAzoC3 modified gold electrode with different 
assembling time in Britton-Robinson (BR) buffer at pH 
7.0 are shown. With different assembling time, the 
electrochemical behavior of these C8AzoC3 monolayers 
are considerably different. The 2s and 5s assembled 
monolayers show a pair of reversible redox peaks (see 
Figure 2A-B, while in the 30s assembled monolayer, a 
new cathodic peak near to -700 mV appeared. The 
respective anodic peak is located at -120 mV, the peak 
separation is up to 580rnV, indicating that the surface 
electrochemical reaction is very "irreversible" or very slow 

I S  I 

(see Figure 2C-D). However, when the assembling time is ~~~~~,~~~3~~~~~~!&,,, 
rather longer than several hours, the C8AzoC3 Epm.ea butra.pH=7 o~F1oomv'a 

monolayers does not show any faradic response (see Figure 2E). It means that the two- 
electron, two-proton involved azobenzene a hydrazobenzene reductiodoxidation 
process could not be conducted in this case. The electrochemical inaccessibility of this 
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monolayer is quite different from that of azobenzene LB films 2-4 and that of C2AzoC2 
SAMs 596 we have reported. Based on oxidative peak around -120mV, the surface 
concentration of electroactive azobenzene groups was calculated and listed in Table I. 

TABLE I The surface ccincentration of electroactive CSAzoC3 molecules in the S A M  
on gold electrodes with different assembling time (I). 

t/S 2 5 30 300 3600 86400 

* * 5.07 1.72 1.44 0.00 i o 1 2 c /  moucm2 

For the cases of 2s and 5s, no clear-cut anodic peak was observed at -120mV, we do not 
present the values. From Table I, one can see that 30s assembled azobenzene monolayer 
has the highest surface concentration of active azobenzene groups. However, the value is 
considerably smaller than that of C2AzoC2 SAM we have reported. As we mentioned 
before, the surface coverage of C8AzoC3 monolayer gradually increase with the 
assembling time, as shown in Figure 2B. It is really interesting to note that the surface 
concentration of electroactive azobenzene group decreased with the increase of surface 
coverage of the azobenzene monolayer. On this basis, we can conclude that not all of the 
azobenzene groups within the C8AzoC3 monolayer are electroactive, even when the 
assembling process has not finished. 

From the CV of 2s or 5s (Figure 2A-B), we can find a 
pair reversible redox peaks. For the azobenzene monolayer 
with an assembling time longer than lOOs, such as in the case 
of 300s, only a pair of redox peaks with huge peak 
separations could be observed (Figure 2D). But for 30s 
assembled monolayer, both of these two different features 
could be found in its CV (Figure 2C). Based on the above 
experimental facts, we proposed a possible assembling kinetic 
model for C8AzoC3 on gold surface (Scheme 11). 

The C8AzoC3 molecules adsorb onto gold surface 
very quickly with a disordered and very loose structure in the 
first several seconds, and most of the molecules are lying 
flatly on the gold surface. Thus the electron-transfer occurs 
directly from the azobenzene group to the gold electrode, 
leading to a reversible faradic response (Scheme 11( 1)). With 
the assembling time being increased, some of the adsorbed 
molecules tend to stand out of the electrode surface, and 
assemble into local two-dimensional crystal-like domains Scheme I1 
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(Scheme II(2)). In this case, the reduction of azobenzene groups can follow two different 
ways: direct electronic coupling with the electrode as in the case of (l), and through 
bonding electron-transfer. As a result, two pairs of redox peaks can be observed 
simultaneously. The hrther increase of surface coverage makes all the adsorbate 
molecules standing on the electrode surface. However, some pin-holes or defects are still 
available in the monolayer, whereby the electrochemical reaction could take place 
(Scheme II(3)). During these steps, the assembling behavior could be treated as the first 
"fast assembling process", which can be evaluated as a first order adsorption kinetics. 
Afterwards, the film undergoes a long-term structural rearrangements, and finally forms a 
homogenous, stable and highly oriented monolayer (Scheme II(4)). In such a closely 
packed monolayer, the structural conformational change and proton transportation are 
both severely inhibited, leading to the electrochemical inaccessibility of the azobenzene 
moieties. 
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