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A B S T R A C T

Tetrazonium gold(III) salts of syn-(cis) and anti-(trans) geometry of 4,4′-(1,3-phenylenediisopropylidene)bisani-
line and 4,4′-(1,4-phenylenediisopropylidene)bisaniline were synthesized. HAuCl4 was used as a metal-based
counter anion precursor. The gold-carbon nanoparticles (AuNPs) were constructed using the mild reducing agent
organoborane 9-borabicyclo[3.3.1]nonane (9-BBN). The nanoparticles dispersed in acetonitrile showed a plas-
mon peak at 540 nm. Dynamic light scattering measurements showed the size of cis-AuNPs is smaller than the
trans-AuNPs. Transmission electron microscopy images showed the formation of spherical shaped AuNPs. X-ray
diffraction, energy dispersive spectroscopy, and X-ray photoelectron spectroscopy results supported the presence
of metallic gold in both the cis and trans AuNPs. Electrochemical studies of the tetrazonium salts showed the
facile reduction and the blocking effect of the films formed on glassy carbon electrodes. The photothermal mirror
method was used to study the thermal diffusivity of gold thin films deposited over a glassy carbon substrate. The
values of the thermal diffusivity coefficient were determined for the cis and trans isomers of the film.

© 2021

1. Introduction

Organometallic gold nanoparticles have raised immense interest over
the past two decades because of their widespread applications in e.g.
nanomedicine [1], catalysis [2], environmental analysis [3], and the
energy sector [4]. In particular, aryl-modified gold nanoparticles have
proved to be highly stable [5] and could be designed through the
spontaneous reaction of aryldiazonium salts with gold nano- and mi-
crostructures [6–8], or phase-transfer reactions involving a diazonium
salt in organic medium and gold (III) salt in an aqueous solution. The
reaction yields AuNPs grafted with aryl monolayer [9]. Alternatively,
aryl-capped AuNPs could be prepared using the emergent aryldiazonium
tetrachloroaurate(III) salts [10]. These salts are very stable at room tem-
perature and undergo a reductive process that affects both the diazo-
nium and the [AuCl4]− anion, which is unique among all kinds of di-
azonium salts described so far [11]. Such a reduction reaction yields
aryl-capped gold nanoparticles for numerous applications in forensic sci-
ence, catalysis, nanomedicine, and energy [12].

⁎ Corresponding author.
E-mail address: ah.mohamed@sharjah.ac.ae (A.A. Mohamed)

To sum up, in recent years, it became clear that diazonium salts
constitute excellent alternatives to the traditional silanes for the mod-
ification of metals and other surfaces; and thiols which are employed
to modify gold and gold nanoparticles via interfacial Au-S bonds. For
this reason, researches also focused on multidiazonium, bisdiazonium,
and even tetradiazonium salts. Among them, bisdiazonium salts are ef-
ficient surface modifiers for fabricating electrochemically active coating
via Gomberg arylation or azo coupling [13]. Bisanilines could be in situ
diazotized to provide aminobenzene diazonium salts that graft to sur-
faces and the free amine can, in turn, be diazotized for further reac-
tions. This led to the design of unique micro/nano hierarchical carbon
fiber/carbon nanotube reinforcements for polymer matrices [14]. In the
case of tetradiazonium salts, Mattiuzi et al. [15] reported grafting cal-
ixarenes to gold surfaces using in situ generated calix[4]tetradiazonium
from tetraaniline precursors. This concept led to the establishment of a
new startup in Belgium called X4C [16].

Despite the efficacy of aryldiazonium salts in the reaction with sur-
faces, it is still important to consider the position of the substituents
on the benzene rings and their steric effects. For example, Pinson and
co-workers [17] demonstrated that no grafting occurs for an aryldiazo-
nium salt with bis‑tert‑butyl groups at 2- and 6-positions, but a mono-
layer can be constructed for 3- and 5-positions, while bis-methyl groups
at 3- and 5-positions yield oligo aryl layer (termed “multilayer”). The
position of the groups presented an important effect

https://doi.org/10.1016/j.jorganchem.2021.121681
0022-328/© 2021.
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on the reactivity of the aryl-modified materials. For example, the team
of Strzemiecka [18] demonstrated that the ortho position of the
–CH2OH functional groups sterically hinders grafting the aryl groups to
the zeolite filler particles compared to the para position. The pheno-
lic resin filled with aryl-grafted zeolite flows in the case of ortho posi-
tion whilst the para position yields viscous resin. Interestingly, the cured
filled resin exhibited better mechanical properties when –CH2OH group
is in the para position.

There are other types of isomers such as cis and trans. Bisdiazo-
nium salts discussed above concerned two diazonium groups borne by
the same phenyl rings. If we consider bisdiazonium salts derived from
phenylenediisopropylidene bisanilines, diazotization will provide two
isomers of the tetrazonium salts: syn (cis) and anti (trans) (Fig. 1).

Tetraazotized or bisdiazonium salts are important in surface modi-
fication, high-performance adhesives, membrane polymers, copolymer-
ization to construct polyconjugated copolymers with semiconducting
properties, wool keratin dying, induce strand session in DNA by forming
diradicals, staining red blood cells, and studying cell components [19].
A report claimed the stabilization of tetrazonium salts using zinc(II)
chloride counter anion, however, the single-crystal structure was not in-
cluded [20].

Motivated by previous results showing the direct impact of the mol-
ecular structure on macroscopic properties of materials [17,18], we
reasoned that cis and trans isomers could lead to different reactivities
and thus different functionalities of the end arylated materials. Cis-
and trans-bisdiazonium isomers have not been investigated in materials
modification so far, hence the interest in this study and the promises it
holds will expand the knowledge of the colloid and surface science of
aryldiazonium salts from a general viewpoint.

In this study, we report a simple and general strategy for the syn-
thesis of AuNPs through the reduction of tetrazonium gold salts which
produces aryl covalently functionalized gold nanoparticles. We used
the syn (cis) and anti (trans) isomeric forms of the organic ligand,
4,4′-(1,3-phenylenediisopropylidene)bisaniline and
4,4′-(1,4-phenylenediisopropylidene)bisaniline to form the organic shell
modifier. Usually, acyclic trans isomers are more stable than cis isomers.
The organometallic nanoparticles thus formed are believed to be one of
the most robust forms of the nanoparticles. To the best of our knowl-
edge, many studies have been conducted regarding different shapes and
sizes of nanoparticles [5] but the use of ligands with two different syn
(cis) and anti (trans) isomeric forms has not been reported so far. We de-
scribe the first report on the application of bisdiazonium salts derived
from phenylenediisopropylidene bisanilines in the construction of cova-
lently functionalized gold nanoparticles.

The chemical and electrochemical reductive processes were con-
ducted in suspensions as well as on glassy carbon electrodes to pro-
vide gold-carbon nanoparticles and films, respectively. The electrochem-
ically generated materials were characterized by cyclic voltammetry for
their blocking effects and robustness in aqueous media and organic sol-
vents and photothermal mirror (PTM) techniques, the salient features of
which will be summarized [28-34].

2. Experimental section

2.1. Chemicals

4,4′-(1,3-Phenylenediisopropylidene)bisaniline (99%) and 4,4′-(1,4-
phenylenediisopropylidene)bisaniline (99%), 9-borabicy-
clo[3.3.1]nonane solu

tion (0.5 M in THF), tetrahydrofuran (Chromasolv Plus, inhibitor-free
HPLC grade), ethanol (99.8%), hydrochloric acid (36.5–38%), and ace-
tonitrile (HPLC grade) from Sigma-Aldrich. Sodium nitrite (98%), and
sodium sulfate (99%) from Merck Chemicals. HAuCl4 was synthesized
in our lab. Sodium chloride (99.5%) from Wardle Chemicals. Deionized
(DI) water was used for all lab purposes.

2.2. Synthesis of tetrazonium gold salts

One mmol (0.5 g) of each of the bisaniline ligands was dissolved sep-
arately in 100 mL of DI water and 10 mL of 6 M HCl and stirred at high
speed to get a clear solution (Solution A). Solutions were kept in an ice
bath to maintain the temperature below 5 °C. Three mmol (69 mg) of
sodium nitrite was dissolved in DI water and was kept in an ice bath
(solution B). Solution B was then added dropwise to solution A in an
ice bath and stirred. This resulted in the formation of tetrazonium salts.
The formation of tetrazonium salts was confirmed by azo coupling with
2-naphthol/NaOH to give a dark orange color of the diazine. The second
step was the chloride counter ion exchange with 1 g (2 mmol) of HAuCl4
acid in DI water. The exchange reaction in water resulted in the forma-
tion of tetrazonium tetrachloroaurate(III) salt. The solution was filtered
and the yellow precipitate was collected and air-dried for further use in
the synthesis of the gold nanoparticles.

2.3. Synthesis of gold nanoparticles

A 0.5 g weight of the cis- and trans-tetrazonium tetrachloroau-
rate(III) salt was taken in 50 mL of DI water and stirred. The reduc-
ing agent 9-BBN of 4 mL was added over 1 h to the above solution
under stirring. The color changed from yellow to black, and the solu-
tion was stirred for 2 h. The suspended nanoparticles were then allowed
to settle and subsequently, the solvent was decanted. The sediments
were washed twice in water and then subjected to dialysis for 48 h
against water. The suspended nanoparticles in water were centrifuged
for 10 min at 3500 rpm and the black deposits of the nanoparticles were
collected, washed with DI water, and air-dried.

2.4. Dispersibility tests and phase-transfer of nanoparticles

Dispersibility of the tetrazonium gold salts and the nanoparticles
was examined using acetonitrile, water, and tetrahydrofuran (THF).
Briefly, 2 mg of the cis- and trans-tetrazonium gold salts and AuNPs
were dissolved in 3 mL each of the solvents and stirred vigorously for
20 min. For a typical phase-transfer experiment, 2 mL each of the cis-
and trans-AuNPs in aqueous solutions were taken in vials and 2 mL of
THF and toluene solutions were added to each vial. The solutions were
stirred and allowed to stand for 20 min.

2.5. Characterization

UV–vis absorption spectra were measured using Spectro UV-2510TS
in the range of 200–800 nm with 2 nm resolution. FT-IR spectra were
recorded on a Bruker (Platinum ATR) Tensor II FT-IR spectrophotome-
ter. Raman spectra of the tetrazonium gold salts were obtained us-
ing Renishaw InVia Raman Spectrometer, UK. The laser source used
was 514 nm. Oxford Instruments X-Max

Fig. 1. Tetrazonium tetrachloroaurate(III) structures.
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50 EDS detector (LN2 free system) was used. XRD data were obtained by
using Bruker D8 Advance with a maximum voltage of 40 kV and a max-
imum current of 40 mA. The X-ray source was Cu. The size of nanopar-
ticles in solution was obtained using DLS, Microtrac–Nanotrac Wave
II (Model MN 42x), containing solid-state diode lasers of wavelength
780 nm. The optical powers of the lasers were 3–5 mW. The tempera-
ture was between 10 and 40 °C. XPS analyses of aryl-capped gold parti-
cles were conducted using a K Alpha apparatus (Thermo, East-Grinsted,
UK) equipped with a monochromatic Al Ka source (hν = 1486.6 eV).
The samples were mounted on a powder sample holder and analyzed
under continuous charge compensation with an electron flood gun. The
pass energy was set to 200 eV and 80 eV for recording the survey and
narrow regions, respectively.

2.6. Transmission electron microscopy analysis

To investigate the morphology of the samples, a transmission elec-
tron microscope (TEM, JEOL JEM-2010F) was used with a field emission
gun at 200 kV. For the analysis, two drops of each sample suspended in
acetonitrile were immobilized on each Formvar carbon film TEM grid
(FCF-400-Cu, Electron Microscopy Science).

2.7. Electrochemistry measurements

Cyclic voltammetry (CV) studies were performed using CH Instru-
ment electrochemical analyzer Model 660 A comprised of a 3 mm di-
ameter glassy carbon (GC), Pt wire counter electrode, and Ag/AgCl, KCl
(saturated) reference electrode. GC working electrode was polished with
0.05 μm Buehler micro polish alumina powder, washed with deionized
water, sonicated for 5 min, and dried with acetone. A 0.10 mM solution
of the cis- and trans-tetrazonium gold salts were used in all experiments
with 0.1 M tetrabutylammonium hexafluorophosphate (TBAHFP) sup-
porting electrolyte in acetonitrile (CH3CN). Before the electrochemical
measurements, the solutions were bubbled for 10 min and were blan-
keted with nitrogen gas while conducting the experiments. Background
cyclic voltammograms were acquired before the tetrazonium gold salts
addition. Potentials are reported versus Ag/AgCl, KCl (saturated) refer-
ence electrode at room temperature and are not corrected for liquid
junction potentials.

2.8. Photothermal mirror (PTM) method [21]

Fig. 2 shows a simplified scheme of the homemade PTM spec-
trometer. A 0.2 W CW diode-pumped laser working at 532 nm pro-
vides the pump light. A signal generator modulates this light at fre-
quencies from 0.1 to 1000 Hz. A 15-cm focal length lens focuses the
pump beam onto the sample. The resulting

Fig. 2. PTM spectrometer composed of laser pump DPSS, signal generator, laser probe
He-Ne, mirrors M1 and M2, focusing lens FL, sample, defocusing lens DL, interference fil-
ter, aperture A, semiconductor detector, current preamplifier, and digital oscilloscope.

beam spot diameter is 47±10 μm. A 2 mW He-Ne laser (632 nm) pro-
vides the probe beam. The mirror M1 directs this light toward the sam-
ple in such a way that the probe beam center coincides with the focused
spot of the pump beam. The probe beam spot diameter is 2 mm. Mir-
ror M2 redirects the reflected probe beam toward an interference filter
for 632 nm, and to aperture A. The interference filter depletes any resid-
ual pump light. Behind this aperture, a diode detector (Det) registers the
probe beam transmission. The signal is then amplified using a current
preamplifier Apl (ST 540 Stanford Research System) before sending it to
a digital oscilloscope Osc for processing. The oscilloscope monitors the
time dependence of the probe power transmitted through the aperture
as a function of time.

3. Results and discussions

3.1. Characterization

The tetrazonium gold salts were found to be completely soluble in
CH3CN and THF. The salts in water were subjected to high-speed stir-
ring and sonication to get a suspended solution of tetrazonium gold
salts before the addition of the reducing agent. Gold-aryl nanopar-
ticles were synthesized using the mild reducing agent organoborane
9-borabicyclo[3.3.1]nonane (9-BBN). The mild reducing agent 9-borabi-
cyclo[3.3.1]nonane (9-BBN) was used in the construction of phosphine-
and thiolate-stabilized AuNPs. The 9-BBN was used in the synthesis of
triphenylphosphine-stabilized AuNPs with diameters of 1.2–2.8 nm and
narrow size distribution. Also, 9-BBN was used as a mild reducing agent
for the synthesis of a series of functionalized alkyl thiolate, bifunctional
alkane thiolate [22–24], and arene thiolate-stabilized AuNPs [25].

The phase-transfer behavior of gold nanoparticles synthesized in wa-
ter was checked in THF and toluene. THF was found to be completely
miscible with nanoparticles in water, while in toluene there was no
phase-transfer. There was a colorless upper layer of toluene and the
lower layer had nanoparticles still in the water. From this study, we con-
cluded that the nanoparticles were dispersible in THF and indispersible
in toluene.

The thermal decomposition of cis- and trans-tetrazonium gold salts
were investigated. The yellow-colored cis-tetrazonium gold salt decom-
posed at 98 °C, while the trans-tetrazonium gold salt decomposed at 118
°C. The two salts decomposed to dark brown oil with the evolution of
gas due to tetrazonium nitrogen loss. The decomposition temperature of
the cis-tetrazonium gold salt matches that of the bisaniline ligand of 98
°C, however, that of the trans isomer decreased from 165–166 °C to 118
°C. In conclusion, trans-tetrazonium is thermally more stable than the
cis-tetrazonium gold salt.

The conductance of the tetrazonium gold salts was measured. The
solutions of 10 mM NaCl and Na2SO4 in water were taken as references.
Each of the cis-, trans-, and Br-4-diazonium gold salts solution of 10 mM
was dissolved in a mixture of 2 mL of CH3CN and 3 mL of water. From
the results, it can be concluded that the conductance of the cis- and
trans-tetrazonium salts, which carries a charge ratio of 1:2 is not the
double of the conductance of Br-4-diazonium gold salt, which carries a
charge ratio of 1:1. Our results are compared with NaCl which has a
charge ratio of 1:1 and Na2SO4 which has a charge ratio of 1:2. The con-
ductance is not double as expected, based on their charge distribution.
However, the cis-tetrazonium gold salt possesses a slightly higher con-
ductance value than the trans isomer (Table 1).

UV–vis spectroscopy is extensively used in nanotechnology as an an-
alytical tool to confirm the formation of nanoparticles and their dis-
persibility. The spectroscopic properties of nanoparticles provide de-
tailed information about

Table 1
Conductance measurements in water.

Salt Solution Conductance (S/cm)

NaCl 2.92
Na2SO4 5.68
Cis-tetrazonium gold salt 0.314
Trans-tetrazonium gold salt 0.249
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their size distribution based on the position of the surface plasmon
peak [26]. The cis-AuNPs in acetonitrile (Fig. 3A) shows a peak at
around 550 nm, corresponding to the plasmon excitation, while the
plasmon peak for the trans-AuNPs (Fig. 3A) is red-shifted to 600 nm.
UV–vis results of the AuNPs in different solvents showed both cis- and
trans-AuNPs increased in size in THF, as the UV–vis peak was seen to be
redshifted towards the range of 600–700 nm. This was further supported
by size distribution results from DLS which showed a very high range
of sizes for the cis- and trans-AuNPs in THF. Overall results showed that
the cis-AuNPs are smaller in size than the trans-ANPs isomer (Fig. 3B).

FT-IR spectra of the cis- and trans-bisaniline ligands
4,4′-(1,3-phenylenediisopropylidene)bisaniline (cis) and
4,4′-(1,4-phenylenediisopropylidene)bisaniline (trans) display two
bands assigned to NH2 functional groups centered at 3400 cm−1. The
presence of C H bonds can be confirmed from the bands at 2900
cm−1. Raman spectra of both the cis- and trans-tetrazonium gold salts
were obtained using a laser source of 514 nm. Two sharp peaks as-
signed for [AuCl4]− due to Au-Cl stretching frequency were obtained
at approximately 344 and 337 cm−1 and the tetrazonium peak at 2264
cm−1. IR spectra of cis- and trans-tetrazonium gold salts suggest the
presence of tetrazonium at 2263

cm−1. IR spectra of the gold nanoparticles showed the absence of the di-
azonium stretch. The presence of the phenyl ring can be observed at the
same position for the bisaniline ligands. The peak of the phenyl ring for
the C = C bond can be observed at 1600 and 1400 cm−1 which confirms
the presence of the organic shell connected to the gold core.

3.2. EDS and XRD analysis

EDS results from two different sites of the cis-AuNPs showed
16.8–22.6% gold and 67.8–73% carbon. Results from two different sites
of the trans-AuNPs showed 32.1–35.5% gold and 54.5–56.2% carbon.
XRD analysis of the gold nanoparticles is represented by five peaks cor-
responding to Bragg reflections (111), (200), (220), (311), and (222) of
the face-centered cubic lattice. The intense peak at 2ϴ = 38.1° repre-
sents preferential growth in the (111) direction.

3.3. TEM analysis

The formation of AuNPs was investigated using TEM. As seen in
Fig. 4, most AuNPs for both cis and trans are spherical, especially
for the cis sample.

Fig. 3. (A) UV–vis of cis- and trans-AuNPs in acetonitrile and (B) DLS size measurement of cis- and trans-AuNPs in acetonitrile.

Fig. 4. (a) & (b) TEM images of cis-AuNPs, (c) cis-AuNPs particle size distribution, (d) & (e) TEM images of trans-AuNPs, and (f) trans-AuNPs particle size distribution.
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For trans samples, oval and triangular AuNPs were observed. The clear
difference between cis and trans samples was the size distribution of
AuNPs. For the cis sample, very uniform spherical AuNPs with an av-
erage size of 6.1 ± 1.7 nm were synthesized and ranged from 3.1 to
9.9 nm, however, for the trans sample, particle sizes ranged from 9.8
to 73.8 nm and the average size was 28.6 ± 16.9 nm. It clearly showed
much larger AuNPs produced in the case of the trans sample compared
to cis-AuNPs, and it is in good agreement with DLS analysis. Trans sam-
ple might form interconnected networks which leads to aggregation.

3.4. XPS analysis

XPS was used to supplement the EDS results to check whether the
surface of the particles is representative of the bulk or if any depletion
occurs for one of the elemental markers of the core and the shell. Fig.
5 displays Au4f, N1s, and C1s peaks from the cis- and trans-AuNPs. The
cis nanoparticles exhibit noisy Au4f doublet (Fig. 5a) compared to the
trans-AuNPs (Fig. 5b), with Au4f7/2 centered at 84 eV, in line with the
metallic character of the core. N1s spectra from cis- and trans-AuNPs are
shown in Figs. 5c and d, respectively. This shows that the reduction of
the tetrazonium leads to AuNPs with possible azo linkages within the
capped aryl layer. Although N1s spectra are noisy due to the low extent
of nitrogen, one can note distinct fine structures recorded for cis- and
trans-AuNPs. The main peak components are centered at 400 eV and
could be assigned to N = N linkages. However, one can also note, par-
ticularly for cis-AuNPs, a second component that could be assigned to
quaternized nitrogen atoms therefore suggesting the existence of proto-
nated azo linkages. This is supported by the existence of Cl2p peaks for
both nanoparticles (spectra are not shown).

Fig. 5e displays the C1s peak from trans-AuNPs; the inset shows a
zoomed-in region around 291 eV. It testifies to the aromatic nature of
the shell. The main peak is almost featureless, with a very light shoul-
der at a high binding energy side (~286–287 eV) due to C N = N and
possibly some oxidized carbon atoms (C O).

From the peak area, one could sort the surface C/Au atomic ra-
tio: 541 for cis-AuNPs, and 256 for the trans-AuNPs. These ratios are
much higher than those determined by EDS: 49 for cis-AuNPs and 29 for
trans-AuNPs. With both C/Au atomic ratios higher in XPS (surface sensi-
tive) analysis compared to EDS (bulk sensitive), XPS results support the
core/shell structure of aryl-capped AuNPs.

3.5. Electrochemical studies

Grafting on various surfaces has been utilized in the formation of ro-
bust films for applications related to organometallic conducting films.
The grafted film from diazonium gold salts has shown outstanding ro-
bustness because of the efficient electrochemical grafting [12]. Electro-
chemical studies were carried out to probe the reducibility of the tetra-
zonium salts.

The highly irreversible reduction peaks of 0.1 mM cis- and
trans-tetrazonium gold salts occurred at −0.030 V and −0.037 V in
0.1 M TBAHFP/acetonitrile vs Ag/AgCl, KCl (saturated) at a glassy car-
bon (GC) working electrode, respectively, Fig. 6. The obtained reduc-
tion potential values are close to those of the diazonium gold salts.

Cyclic voltammograms in Fig. 7A show the first cycle overlaid
with the second through the tenth cycles for cis salt. Figs. 7A ex-
hibits a decrease in the reduction current with an increase in the cy-
cle number, and at the tenth cycle, there is almost no reduction cur-
rent detected illustrating that the grafting is completed. CV of the re-
versible redox couple in [Fe(CN)6]3-/4− was used to study the block-
ing properties of the grafted film from the cis-tetrazonium gold salt af-
ter deposition from ten consecutive cycles in the potential range from
+0.50 to −0.80 V vs. Ag/AgCl, KCl (saturated). The disappearance of
the redox peaks of [Fe(CN)6]3-/4−, Fig. 7B, shows an effective graft-
ing occurred from the cis-tetrazonium gold salt blocking the electron
transfer of the [Fe(CN)6]3-/4−. To study the robustness of the grafted
films, CV experiments of the reversible redox couples [Fe(CN)6]3-/4−

before and after 1 h sonication of the grafted film from the cis-tetra-
zonium salt in water, acetonitrile, and toluene were conducted. CV
results, Fig. 7C, illustrate the disappearance of the redox

Fig. 5. High resolution XPS spectra Au4f (a-b), N1s (c-d), and C1s (e). For cis-AuNPs: (a) and (c) and for trans-AuNPs: (b), (d), and (e).
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Fig. 6. Overlay of 0.1 mM cis- and trans-tetrazonium gold salts at GC electrode in 0.1 M
TBAHFP/acetonitrile at 100 mV/s scan rate.

peaks of [Fe(CN)6]3-/4− for the grafted film of the cis-tetrazonium salt in
water illustrating the robustness of the films.

Similar to the cis-tetrazonium salt, multi-cyclic voltammetric stud-
ies of 0.1 mM of trans-tetrazonium gold salt at GC electrode in 0.1 M
TBAHFP/acetonitrile at 100 mV/s scan rate from 1st to 10th cycle
showed there was almost no reduction current in the 10th cycle illus-
trating that grafting is completed, Fig. 8A. The reversible redox couple
[Fe(CN)6]3-/4- was used to study the blocking efficiency of trans-tetra-
zonium film. Fig. 8B illustrates a noticeable reduction peak in
[Fe(CN)6]3-/4−, indicating that the blocking of the grafted film is not as
efficient as the cis-tetrazonium salt. For the trans-tetrazonium salt, stud-
ies to check the robustness of the grafted film exhibit the appearance
of noticeable reversible redox peaks of [Fe(CN)6]3-/4− after sonication in
water, acetonitrile, and toluene solvents, Fig. 8C. This demonstrates the
grafted film from trans isomer is not as robust as the cis-tetrazonium salt
in water. This difference could be due to the porous nature of the trans
film due to interlinking networks.

3.6. Photothermal mirror (PTM) method study

We developed a PTM method for the determination of thermal dif-
fusivity of thin films deposited over GC substrates. In the method, a
lens focuses an excitation laser beam onto the sample surface gen-
erating a thermoelastic defor

mation of nanometric dimensions or PTM. A second probe beam tests
the produced PTM. The reflected probe light exhibits diffraction pattern
deformation at the far-field due to the presence of the generated local
mirror. A signal was generated by the detection of the probe light trans-
mission through a small aperture. The time evolution of this signal mea-
sures the time evolution of the PTM allowing the determination of the
sample thermal diffusivity properties. Upon continuous-wave excitation
(CW), the PTM signal grows fast during the first microseconds. Later,
the signal approaches a stationary value which represents the equilib-
rium between the intake of heat due to the absorption of light photons
by the first atomic layers of the surface and the removal of the heat due
to thermal diffusivity. The time evolution is regulated by the PTM time
build-up (tc) which is inversely proportional to the thermal diffusivity
coefficient.

A simultaneous resolution of the photo-elastic deformation and the
thermal diffusivity equations provides the theoretical background for
understanding the properties of the PTM signal, including its time evo-
lution [27–34]. Based on this model, we calculated a universal curve of
the signal time evolution expressed in unit-less magnitudes which can be
applied in a variety of materials. The curve represents the value of the
signal divided over its stationary value as a function of the time divided
over the magnitude of the thermal build-up time. We recently used this
curve to calibrate a homemade PTM spectrometer and used the calibra-
tion to determine the thermal diffusivity coefficients of the films.

The time evolution of PTM signal of the GC substrate was recorded
in the absence of films, and GC with cis and trans films. The signal
was normalized over its stationary value. Then, the experimental results
were recorded with the universal PTM signal to obtain the values for the
build-up time. The build-up time tc can be expressed as

where a is the radius of the pump beam spot and D is the thermal diffu-
sivity coefficient.

Fig. 9 shows the normalized PTM signals from the bare GC sub-
strate, and with the cis and trans films. The solid red curve corre-
sponds to the universal time behavior curve for the PTM signal cal-
culated using the results of the model published elsewhere [34]. The
results showed that the differences are not significant, indicating the
synthesized samples are very thermally stable.

Fig. 7. (A) Cyclic voltammograms of 0.1 mM of cis-tetrazonium gold salt at GC electrode in 0.1 M TBAHFP in acetonitrile at 100 mV/s scan rate (a) 1st run, (b) 2nd to 10th run, (B) Cyclic
voltammogram of (a) bare and (b) grafted film from 0.1 mM cis-tetrazonium gold salt at GC electrode in 2.0 mM K3[Fe(CN)6] in 1.0 M KNO3 aqueous solution at 100 mV/s scan rate,
and (C) Cyclic voltammogram of 2.0 mM K3[Fe(CN)6] in 1.0 M KNO3 at (a) bare GC electrode and GC electrode modified with cis-tetrazonium gold-carbon film after sonication for 1 h in
different solvents.
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Fig. 8. (A) Cyclic voltammograms of 0.1 mM of trans-tetrazonium gold salt at GC electrode in 0.1 M TBAHFP/acetonitrile at 100 mV/s scan rate (a) 1st run, (b) 2nd to 10th run, (B) Cyclic
voltammogram of (a) bare and (b) grafted film from 0.1 mM trans-tetrazonium gold salt at GC electrode in 2.0 mM K3[Fe(CN)6] in 1.0 M KNO3 aqueous solution at 100 mV/s scan rate,
and (C) Cyclic voltammogram of 2.0 mM K3[Fe(CN)6] in 1.0 M KNO3 at (a) bare GC electrode and GC electrode modified with trans gold-carbon film after sonication for 1 h in different
solvents.

Fig. 9. Normalized PTM signal for the glassy carbon substrate (a) and the glassy carbon with cis (b) and trans (c) films.

We have previously estimated the uncoated glassy carbon with a ther-
mal diffusivity of 0.082 cm2 s − 1 [21,34]. Using the measured values of
the time tc, Fig. 9, we estimate for the cis sample Dcis = 0.091 cm2.s − 1

and for the trans Dtrans = 0.080 cm2.s − 1. The observed small difference
shows that the coating of these samples does not significantly affect the
thermal diffusivity properties. The limited coating effect is probably be-
cause the absorption of the light photons occurs mostly in bulk.

4. Conclusions

We synthesized two forms of gold nanoparticles using bisaniline lig-
ands with different geometric isomers-syn (cis) and anti (trans). The
tetrazonium gold salts of both cis and trans isomers showed the pres-
ence of the tetrachloroaurate(III) bands and the presence of other func-
tional groups, thus confirming the synthesis of tetrazonium gold salts
with different geometries. Conductance measurements showed the pre-
cursors ionic form to be close to double ionic salts. The gold nanoparti-
cles formed after the tetrazonium gold reduction using a mild reducing
agent also showed all their characteristic properties. The electrochem-
ical study proved that the reduction of the salts deposited robust and
blocking films on GC substrates.
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