
Introduction

A number of interactions that operate in two-dimen-

sional (2D) self-assembly (SA) of molecules on pla-

nar surfaces may also be present in the three-dimen-

sional (3D) self-assembled monolayers (SAMs) on

spherical particles [1]. Alkanethiol-capped gold sam-

ples are SAMs on spherical gold particles and also

represent 3D analogues of the SAMs on planar sur-

faces (2D SAM) and these facts have been well docu-

mented [2]. Descriptions of the two systems in this

study are shown in Fig. 1.

The energetics of the self-organization and the

phase behaviour of alkanethiols chemisorbed on pla-

nar gold surfaces are difficult to investigate by tradi-

tional calorimetry. In order to overcome the limita-

tions to the structural and dynamic studies that can

be performed on the 2D SAMs, 3D SAMs may be ex-

ploited [2–12]. The 2D character of SAMs when

they are chemisorbed on planar gold surfaces limits

the experiments by which they can be probed. Gold

stabilized with chemisorbed alkanethiols provide a

3D analogue of 2D monolayers that can be investi-

gated by additional conventional (i.e., 3D) method-
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served in the 3D SAMs of HDM but only one temperature transition was observed in the 3D SAMs of ODM. It was deduced that the
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Fig. 1 Description of a – 2D and b – 3D alkanethiol systems
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ologies, including thermal methods like DSC [13].

In DSC [14–19], relatively little sample material is

required and the sample can be studied repeatedly on

heating and cooling cycles, providing information

on reversibility and thermal history effects of phase

transformations [16, 20]. It has been reported that

these 3D SAMs reveal reversible disordering and or-

dering of the alkyl chains beginning from the termi-

nal groups and gradually proceeding further down

the chain as a function of temperature [13]. Temper-

ature dependent behaviour has also been observed

for alkanethiol SAMs on planar gold by electroche-

mistry [21].

In this work, DSC is used to probe the thermal

behaviour of these 3D SAMs and to correlate the re-

sults with parallel studies on 2D SAMs using CV in

order to investigate previously unexplained behav-

iour in the SAMs of hexadecanethiol (HDM) and

octadecanethiol (ODM) [22]. Structures of HDM and

ODM are shown in Fig. 2.

Experimental

Materials

Chemicals used

HDM (Aldrich, 92%) was redistilled and ODM

(Aldrich, 98%) was recrystallized from hexane

(BDH). Aqueous solutions were prepared with

deionized Millipore water (18.2 M Ω cm
–1

) obtained

from a Milli-Q water system. Bulk polycrystalline

gold electrodes (0.0227 cm
2
) were obtained from

Bioanalytical Systems (BAS). All other chemicals

were used as received.

Synthesis of gold-alkanethiol nanoparticles

Gold nanoparticles were derivatized with HDM and

ODM to produce alkanethiol-capped gold nano-

particles. The particles ranged in sizes from 2 to

5 nm [23]. They were prepared following the proce-

dure of Brust et al. [24]. The reactions were carried

out using the ratios of 1.1:1 HAuCl4/alkanethiol. Ele-

mental analysis, Fourier Transform Infra-Red (FTIR),
1
H and

13
C NMR spectroscopy were used to charac-

terize the derivatized nanoparticles. DSC was used to

study the enthalpy and phase transition of the deriva-

tized nanoparticles.

Methods

Differential scanning calorimetry

The DSC experiments were run using a PerkinElmer

DSC-7 with Pyris software. The temperature scale

was calibrated using cyclopentane and water (cyclo-

pentane solid/solid temperature –93.43°C, melting

temperature of ice 0°C) whilst the enthalpy scale was

calibrated to the heat of fusion of ice (6.01 kJ mol
–1

).

The mass of samples used was 3–4 mg. The samples

were crimped in standard aluminium pans with an

empty pan used as reference. The cooling medium

was liquid nitrogen. Helium was used as the purge gas

and the heating/cooling rate was 5 K min
–1

. The sam-

ple was first cooled from ambient temperature to

–100°C and then heating/cooling cycle in the range

–100 to 100°C was reheated three times. At the end of

experiment, the sample was examined for any

changes in mass.

Electrochemical cell and instrumentation

The electrochemical cell used a conventional

three-electrode configuration, with a counter elec-

trode of Pt wire and an Ag/AgCl reference electrode

(3M NaCl, BAS). A regular cell was employed for

room temperature experiments and a water-jacketed

cell connected to a thermostatted water bath (Neslab)

was used in the variable temperature measurements.

The temperature was monitored directly in the cell by

a DP460 Omega thermocouple to ±0.1°C. The whole

set-up was enclosed in a grounded Faraday cage. The

working electrodes were bulk polycrystalline gold

electrodes. CVs were recorded using an

EG&G M2783 potentiostat. The data acquisition and

control was handled by a computer interfaced to the

FRD and potentiostat via an IEEE-488 General Pur-

pose Interface Bus (GPIB) and run with the M270

software for CV. The instruments were calibrated us-

ing dummy cells.

Electrode cleaning and monolayer preparation

Bulk polycrystalline gold electrodes were polished on

microcloth pads with alumina slurries and rinsed with

absolute ethanol and/or water. All gold electrodes

previously modified with alkanethiols were cleaned

and this has been described in detail elsewhere [22].

The surface roughness of the gold electrodes was de-

termined by under potential deposition (UPD) of cop-

per [25]. After cleaning, the electrodes were im-
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Fig. 2 Alkanethiols used for this study



mersed in 1–5 mM ethanolic solutions of the

alkanethiols and incubated at 23±2°C for times rang-

ing from 24 h to 1 week to form monolayers. Repro-

ducibility of the resulting monolayers (films) was

greatly enhanced when the modified electrodes were

subsequently incubated for 24 h in Millipore water

prior to characterization. The modified electrodes

were rinsed with absolute ethanol followed by water

prior to CV measurements.

Cyclic voltammetry

After monolayer formation, CV experiments were run

in solutions of 3 mM K3Fe(CN)6 and 3 mM

K4Fe(CN)6 in 0.1 M KCl. Potentials were changed be-

tween 0–500 mV at 50 mV s
–1

. All electrochemical

experiments were performed in a Faraday cage. Tem-

perature studies were performed over the range of 10

to 65°C. The temperature was increased with heating

rates of 0.5 K min
–1

. All variations in temperature

were initially performed from low to high tempera-

tures (heating), and then from high to low (cooling).

Results and discussion

Variable temperature cyclic voltammetry of modified

gold electrodes

The effect of the gold electrode modified HDM and

ODM 2D-SAMs on the redox activity of a

[Fe(CN)6]
3–/4–

probe in solution were studied as a func-

tion of temperature. The order of blocking of the redox

process [Fe(CN)6]
3–/4–

by the modified electrodes is in

the order ODM>HDM [22]. The inhibition of the

probe by each modified electrode decreased drastically

above a certain characteristic temperature, Ttr where a

large observable redox activity is attained. This in-

crease in observable redox activity above Ttr was at-

tributed to an increase in the permeability of the

monolayer and drastic increase in current resulting in a

phase transition. This phase transition was considered

to arise from a change in molecular packing and subse-

quent melting of chains as the temperature is increased.

The drastic change in current can be best observed if a

CV of the modified electrode above Ttr is superim-

posed over another one below Ttr as shown in Fig. 3 for

HDM. CV of bare gold electrode in the same solution

is included as reference. This behaviour is also ob-

served for the ODM modified electrode. All the modi-

fied electrodes show a different behaviour below and

above the characteristic temperature (Ttr) specific to

each molecular species.

The currents from CVs above Ttr from the modi-

fied electrodes are close in magnitude to that of the

bare gold electrode, and appears that coverage of the

modified electrodes are almost zero above Ttr. This

can be due to non-linear diffusion effects arising from

defects and pinholes that expose active sites above Ttr

and make the CVs appear like that of an array of ultra-

microelectrodes [26].

It should be noted that the drastic changes in cur-

rent observed by CV of the monolayers from the mod-

ified electrodes after they have been heated above Ttr

in solution are not reversible on the time scale of this

experiment, generally speaking. Previously heated

modified electrodes were re-measured up to two

weeks after cooling with no reversibility observed.

Oven studies were also done to find out if the

monolayer could be returned to its original state if the

resulting process was carried out in air, rather than in

solution. A freshly prepared SAM of HDM was

heated in an oven from room temperature to approxi-

mately 60°C and immediately transferred into a redox

probe solution held at 60°C, and a CV taken. The

modified electrode was then cooled in the electro-

chemical cell to 22.0°C. The film of HDM on gold did

not recover its original blocking abilities around room

temperature as seen in Fig. 4. However, on the com-

parison with bare gold (also in Fig. 4), it also shows

that the HDM-modified electrode heated to 60°C did

not reach the response of bare gold around the same

temperature.

When the HDM-modified SAM was left in the

oven to cool, after heating to 60.5°C, Fig. 5 was ob-

tained. It is worthy of note that this experiment was

done in the oven and air, without contact with a con-

densed fluid phase. However, this type of experiment

was not very reproducible. This experimental result

most closely follows the solid-state NMR or DSC

measurements in which reversibility of tempera-

ture-dependent behaviour was observed [15, 20].
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Fig. 3 CV at 50 mV s
–1

of HDM modified electrodes below

and above Ttr compared to bare gold in 3 mM

K3Fe(CN)6 and 3 mM K4Fe(CN)6/0.1 M KCl



Cyclic voltammetry – curves from reduction current

The curves for the CV data were plotted as peak

reductive current vs. temperature. From the curves in

Fig. 6, a transition temperature was determined from

the CV at where the modified electrode properties

change appreciably. The reductive current ired from

the redox reaction is plotted as a function of tempera-

ture for all modified electrodes and for bare gold, af-

ter correcting for overpotential. From the first and

second inflexion points in each curve, the Ttr1 and Ttr2

may be deduced. Values of Ttr extracted from the elec-

trochemical data are listed in Table 1 for modified

electrodes of HDM and ODM.

It should be pointed out that the currents of the modi-

fied electrodes above Ttr are very high and close to

currents of the bare gold electrode. However it should

be clearly stated that peak current from CV is not

good on its own to explain this phase transi-

tion [26, 27]. In the absence of desorption, which has

been proved from AC-Electrochemical Impedance

Spectroscopy (EIS) data [22, 28], this behaviour can

be attributed to non-linear diffusion in the SAMs

above Ttr where the CV wave resembles that of an ar-

ray of ultramicroelectrodes arising from defect sites

in the SAMs as temperature is increased [29]. Each

monolayer has a characteristic temperature at which a

distinct discontinuity in the current occurs as ob-

served for SAMs of the same compounds [22].

DSC of derivatized 3D SAMs nanoparticles

DSC was used to characterize the thermal properties

of the alkanethiol-capped gold nanoparticles of HDM

and ODM. Phase transitions of the nanoparticles are

characterized by their temperature and enth-

alpy [15, 16, 20]. The DSC results confirmed that

there was no change of sample mass after the third

heating. This indicates that the samples are thermally

stable in the temperature region under study. For both

samples, the DSC measurements indicate irreversible

changes in the structure of the alkanethiol layers

during the first and second heating.

Behaviour of HDM-capped gold nanoparticles

The sample gold-HDM exhibited a very small irre-

versible peak at 39.9°C during the first heating, but in
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Fig. 5 CV at 50 mV s
–1

of HDM-modified electrode heated

and cooled in air in an oven to test for reversibility of

monolayer in 3 mM K3Fe(CN)6 and 3 mM

K4Fe(CN)6/0.1 M KCl

Fig. 6 Temperature dependence of the maximum reductive

current from CV of SAMs in 3 mM K3Fe(CN)6 and

3 mM K4Fe(CN)6/0.1 M KCl (ν=50 mV s
–1

)

Table 1 Comparison of Ttr derived from CV (2D SAMs) and

from DSC (3D SAMs)

Method Species

Transition temp. Ttr /°C

1
st

2
nd

CV
HDM 36.8±0.5 42.5±0.5

ODM 39.2±0.5 48.5±0.5

DSC
HDM 39.9±0.2 48.2±0.2

ODM *– 54.5±0.5

*
not observed

Fig. 4 CV at 50 mV s
–1

of HDM-modified electrodes heated in

an oven and cooled in an electrochemical cell to test

for reversibility of monolayer in 3 mM K3Fe(CN)6 and

3 mM K4Fe(CN)6/0.1 M KCl



the second heating a sharp quasi-reversible peak cor-

responding to a phase transition was observed at

48.2°C (Fig. 7). In the third heating the peak (now at

48.4°C) became higher. This behaviour is quite un-

usual however, it may be attributed to further rear-

rangements within the nanoparticle. The very small

irreversible peak in the first heating (39.9°C) has an

ΔH value of the order 1.06 kJ mol
–1

as indicated in

Table 2. This may indicate that, in the freshly pre-

pared sample, there is no tight arrangement of the

thiol chains and therefore the small ΔH value could

correspond to the rearrangement of the methyl head

groups. In addition, there is no indication of a first or-

der phase transition corresponding to the ‘melting’ of

the alkyl chains. However, such a phase transition is

observed in the second heating. This suggests that a

tight arrangement of the alkyl chain is established

only during the first cooling/heating cycle. As seen

from the values of ΔH (Table 1) and also from Fig. 7,

the peak in the third heating is greater than the peak in

the second heating. The onset and peak temperatures

of the peaks from the second and third heatings are

practically the same. Generally we can say that in the

sample gold-HDM, the close-packed arrangement is

induced by successive heating/cooling cycles, so that

the ΔH of the transition from close-packed to disorder

increases over successive cycles. This behaviour is

quite similar to that of some metal alkanoates [30].

Behaviour of ODM-capped gold nanoparticles

The sample gold-ODM exhibited quasi-reversible

peaks in all heatings. This is shown in Fig. 8. The

shape of the peaks and the characteristic temperatures

in the first (55.8°C) and second (54.0°C) heating are

quite different which suggests a rearrangement of the

thiol chains during first heating. In contrast it is seen

from the values of ΔH in Table 1 and also from Fig. 8

that the peaks in the second (54.0°C) and third

(53.9°C) heating are practically the same implying

that there was no rearrangement after the first heating,

and thus further heating/cooling cycles are reversible.

It is worthy to note that the first irreversible peak ob-

served in gold-HDM was not observed in gold-ODM.

This could be explained by the difference in the chain

lengths of HDM and ODM, namely the distance of the

methyl terminal group from the spherical gold nu-

cleus of the nanoparticles. With an increased distance

of the ODM chains from the core metal compared to

the shorter HDM chains it is very likely this irrevers-

ible peak seen in gold-HDM was difficult to detect in

gold-ODM by DSC.

Comparison of thermal behaviour of DSC to that of

the electrochemical behaviour from CV

The phase transition temperatures observed by DSC

for gold-HDM and gold-ODM is much higher than
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Fig. 7 DSC curves of HDM-Gold

Table 2 Characteristics of peaks from DSC curves

Colloid sample Heating cycle Onset temp./°C
Peak max. temp.

Tm /°C

ΔH/kJ mol
–1

of

amphiphilic molecule

HDM

1
st

37.5 39.9 1.06

2
nd

47.2 48.2 3.84

3
rd

47.0 48.4 13.0

ODM

1
st

54.6 55.8 7.93

2
nd

52.0 54.0 6.71

3
rd

51.8 53.9 6.40

Fig. 8 DSC curves of ODM-Gold



those seen by electrochemical methods. However, CV

had revealed a set of higher temperature transitions in

SAMs of HDM and ODM. These are listed in Table 2.

In the curve of reductive CV current vs. tempera-

ture (Fig. 6), there is a second high temperature

inflexion point that was initially not understood [19].

However, the transition temperatures recorded by

DSC corresponded very well with those unexplained

high temperature inflexion points observed by CV. If

the two inflexion points in the CV data correspond to

two different transitions, the question is what then are

the two transitions. The DSC detects two transitions

in gold-HDM (one irreversible) but only one in

gold-ODM (reversible). This could be because the

system examined by the DSC experiments is not the

same as the SAMs investigated by CV. Specifically,

the alkanethiol-capped gold nanoparticles are

3D [13, 24, 27] and spherical while the SAMs are

known to be 2D and planar [2]. The cartoon of Fig. 9

illustrates the difference.

If we assume that the lower temperature transi-

tion is one that occurs only in the gold-HDM but not

gold-ODM for DSC studies, then it could be attrib-

uted to head group interactions in 2D planar system.

With ODM having a longer alkyl chain length than

HDM, the distance from the gold substrate surface to

the ends of the alkanethiol head groups is also longer

in ODM and thus a corresponding longer distances

between individual and adjacent headgroups, be-

cause, the longer the chain, the further apart the end

groups will be from each other as illustrated by Fig. 9.

This makes the head group interaction weaker at the

ends. It is therefore not surprising that DSC experi-

ment does not detect the first (irreversible) transition

in the ODM system. Furthermore, even though this is

detected in gold-HDM, its small energy points more

to why in a longer chain like ODM it was

non-existent.

The higher temperature transition might then

correspond to interchain interactions farther down the

chain, which would be present in both planar and in

spherical systems. It is reasonable to recognise that

the onset of end group mobility occurs at lower transi-

tion temperatures and with lower energies, while the

onset of chain motion nearer to the gold surface is oc-

curring at higher temperatures and with higher

energies.

The Tm of the small irreversible peak during the

DSC run for gold-HDM (Fig. 5) agrees well with the

lower temperature observed in the HDM modified

SAMs. The fact that the small peak observed by DSC

was not observed during the next heating/cooling cy-

cle (indicating that it is irreversible), could well ex-

plain the lack of success in reversing 2D SAMs to

block the redox probe after experiencing the first

lower temperature transition [22]. However, it should

be noted that the second transition temperature ob-

served by CV for the SAMs of HDM and ODM was

not reversible, although that of the nanoparticles was

reversible in DSC studies.

Conclusions

CV and DSC have been used to explain the origin of

similar phase transitions in 2D and 3D SAMs. This

phase transition was attributed to molecular disorder-

ing which originates from the terminal region of the

chains at lower temperatures and propagates towards

the middle of the chain as temperature increases. The

detection of the lower temperature depends on the

chain length of the alkyl group [31] and the degree of

disordering of the chains leading to melting. How-

ever, this disorder does not extend to the sulphur head

group, an indication that the thiol-gold at the surface

of the gold is intact as temperature is increased.
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