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Abstract. In the present study, we investigated nitrosoarene dimerization on an Au(111) and on the surface
of gold nanoparticles (AuNPs). High-resolution STM images revealed that 8-thiocyanatooctyl-4-
nitrosobenzoate (NCS(CH;)sOOCC¢HsNO) forms well-ordered monolayer on an Au(111) surface display-
ing hexagonal 343 %343 structure. AFM data indicated that this compound also dimerize on an Au(111)
surface thus forming bilayers. On contrary, adsorption of 6-(4-nitrosophenoxy)hexane-1-thiol
(HS(CH3)sOCsH4NO) on an Au(111) leads only to poorly organized monolayer.

Furthermore, it was found that nitrosoarene derivatives 8-thiocyanatooctyl-4-nitrosobenzoate
(NCS(CH2)sO0OCC¢HsNO) and 3-thiocyanatopropyl-4-nitrosobenzoate (NCS(CH,);O00CC¢H4sNO) are
present as dimers on the surface of AuNPs. There is no appreciable quantity of dimeric species with free
thiocyanate termini indicating interlinkage of AuNPs through azodioxide bonds. Besides the characteristic
surface plasmon band, UV-vis spectra showed an additional red-shifted band that might have origin in
aggregation of AuNPs. This was further supported by TEM revealing the appearence of larger aggregates
in addition to smaller AuNPs.(doi: 10.5562/cca2023)
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INTRODUCTION

There are numerous reports in the literature on the
tendency of C-nitrosoarenes to dimerize to
azodioxides.''' While predominant species in solution
at ambient temperature are monomers, lowering of
temperature or crystallization favors formation of
dimers.'>"* Besides, dimerization is also possible in
polymers." Apart that dimerization in solid state de-
pends on electronic factors, previous studies have
revealed that this process is also strongly affected by
the molecular arrangement in the crystal lattice
(topochemical effects). Thus if molecules are favora-
bly oriented with their nitroso groups in the vicinity,
formation of azodioxides in crystals is strongly pre-
ferred.”” Under cryogenic conditions in crystals,
azodioxides undergo photodissociation to monomers,
and in turn, by warming above some critical tempera-
ture redimerization occurs.'® Therefore, this system
represents a sort of molecular OFF-ON switch. Since
the strength of the azodioxide (O)N=N(O) bond is
comparable with the average hydrogen bond,'” the

property of nitrosoarenes to dimerize could be used to
build novel supramolecular architectures with special
properties of intelligent materials.

In our recent work we have suggested that dimer-
ization of nitrosoarenes is also possible at the metal-
solution interface through formation of ordered self-
assembled bilayers (SABs) on an Au(111) surface.'
SABs can be formed by vertical interactions of nitro-
so-groups exposed at the interface of self-assembled
monolayer (SAM) and those present in solution via
(O)N=N(O) bonds. Here we extend our knowledge on
the nitrosoarene dimerization at the metal-solution
interface by investigating how it is affected by struc-
tural factors e.g. strong electron-donating substituents
and various alkyl chain lengths. Moreover, we were
interested whether nitrosoarene dimerization also oc-
curs on the 3D surface of gold nanoparticles (AuNPs)
subsequently leading to aggregation of AuNPs via
(O)N=N(O) bonds. Besides gaining valuable new in-
sights into the dimerization properties of C-
nitrosoarenes, these supramolecular systems provide
potential for novel applications. Due to the photo-
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chromic and thermochromic behavior of C-
nitrosoarenes in solid state,'® layers on an Au(111)
surface and AuNPs aggregates formed via azodioxide
bonds could eventually be triggered by light or heat. In
addition, the presence of sulphur groups at outer sur-
face of the SABs formed on an Au(111) may provide a
simple means for the fabrication of metallic layers
with applications in molecular electronics.'” > Addi-
tionally, the system of AuNPs interlinked through
(O)N=N(O) bonds could be easily manipulated by
introducing various functional end-groups, e.g. nitro or
azoxy, thus affecting interconnection of AuNPs. For
example, if one wishes to link nanoparticles perma-
nently and prevent dissociation of the azodioxide
group, it can be reduced to the azoxy ((O)N=N) group.
On the other hand, if one wishes to prevent interlink-
ing of nanoparticles, the nitroso terminus can be easily
oxidized to nitro group.

In order to further investigate dimerization of C-
nitrosoarenes on an Au(111) surface we have prepared
two novel nitrosoarene derivatives (compounds 1 and
2, Scheme 1). In contrast to compound 2 and
nitrosoarene derivatives studied previously'® that are
all dimers, compound 1 appears as monomer. Dimeri-
zation of 1 is prohibited due to the negative charge on
the NO-group®* what can be explained by the contribu-
tion of quinoid resonance structure (depicted as struc-
ture II in Scheme 2).%5%

In addition, to explore the possibility of
aggregation of AuNPs via azodioxide (O)N=N(O)

bonds we have prepared AuNPs capped by
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nitrosoarene derivatives 2 and 3 (Scheme 1). The ef-
fect of interlinking was further tested on an analogous
system with nitroarene alkyl thiocyanate (compound 4,
Scheme 1) where interlinking of AuNPs is prevented
by introducing nitro functionality. Compounds 1-4
were functionalized with thiol (compound 1) or
thiocyanate headgroups (compounds 2, 3 and 4) for
adsorption on the gold (2D or 3D) surface. Besides the
advantage of being more stable in comparison to thi-
ols, the usage of thiocyanates for adsorption on the
AuNPs enabled us to easily follow whether the mole-
cule is bound to gold or not just by looking at disap-
pearance of the relatively strong SCN signal in FTIR
spectrum. As noted previously, thiocyanates adsorb on
the gold surface by forming thiolate (RS—Au) bond
analogous to free thiols.?”*

Adlayers formed on an Au(111) surface where
characterized by scanning tunneling microscopy (STM)
and atomic force microscopy (AFM), while for charac-
terization of AuNPs FTIR spectroscopy, UV-vis spec-
troscopy and transmission electron microscopy (TEM)
were used.

EXPERIMENTAL

General Information

All chemicals were used as received from supplier. The
solvents were purified or dried according to literature
procedures. Reactions were carried out under an inert
atmosphere of nitrogen or argon. The course of the
reactions was monitored by TLC (Merck silica gel 60-
F,s4-coated plates). Column chromatography was per-
formed with silica gel 60 (Fluka, 0.063—0.200 mm). 'H
and "C NMR spectra were recorded on a Bruker
AV600 spectrometer. The chemical shifts (3) are
reported as ppm relative to TMS. FTIR spectra were
recorded on a Bruker Equinox FTIR spectrometer under
4 cm' resolution.

Nitrosoarene derivatives were prepared from
corresponding nitroarenes by standard procedures
based on Zn reduction followed by oxidation with
FeCl;.”** Bunte salt 1b and thiol 1¢ were prepared by
adaptation of literature procedure described previous-
ly.*! Compounds 2 and 4 were prepared following the
procedure described in our recent paper for compound
3.'"® Compounds 2 and 3 were isolated as dimers after
purification.

Synthesis

6-(4-nitrophenoxy)hexane-1-bromide (la). The mix-
ture of  4-nitrophenole  (0.02 mmol), 1,6-
dibromohexane (0.15 mol), potassium carbonate (0.11
mol) and catalytic amount of potassium iodide in ace-
tone (100 cm®) was refluxed for 20 h. After cooling to
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room temperature the reaction mixture was filtered and
the solvent was evaporated. The residue was purified
by column chromatography (silica gel, starting with
petroleter/DCM = 3/1 increasing to DCM). 1a was
obtained as yellow oil which solidifies upon staying in
refrigerator with a yield of 71 %. dy(600 MHz; CDCl;;
Me,Si): 1.5 (4H, m, CH,CH,), 1.8 (4H, m, CH,CH,),
3.4 (2H, t, CH,—Br), 4.1 (2H, t, CH,—0), 7.0 (2H, m,
Ph), 8.2 (2H, m, Ph). 6c(150.90 MHz; CDCl;s; Me,Si):
25.2 (CH,), 27.8 (CH,), 28.8 (CH,), 32.6 (CH,), 33.7
(CH,—Br), 68.6 (CH,—0), 114.4 (Ph), 125.9 (Ph),
141.4 (C-NO,), 164.1 (C—0). IR (NaCl) vya/cm
1514 (NO, asymmetric), 1341 (NO, symmetric), 1261
(C-0).

Bunte salt (1b). To a solution of 1a (3.31 mmol) in
ethanol (12 cm®) solution of sodium thiosulfate
pentahydrate (3.5 mmol) in water (3.5 cm’) was added.
The mixture was refluxed for 3 h. After cooling reaction
mixture to room temperature, solvent was evaporated to
approximately 2 cm’. Upon refrigeration 1b precipitated
with a yield of 86 %.

6-(4-nitrophenoxy)hexane-1-thiol (Ic). 1b was added
(2.8 mmol) to a mixture of chloroform (20 c¢m®) and
hydrochloride acid (1 mol dm>, 20 cm®). The mixture
was refluxed for 2 h. After cooling to room temperature
organic phase was separated while an aqueous phase
was extracted two times with chloroform (20 cm’).
After drying combined organic extracts over Na,SOy,
solvent was evaporated. 1¢ was obtained as a yellow oil
with a yield of 75 %. dy(600 MHz; CDCl;; Me,sSi): 1.3
(1H, t, SH), 1.5 (4H, m, CH,CH,), 1.7 (2H, m, CH,), 1.8
(2H, m, CH,), 2.6 (2H, q, CH,—SH), 4.1 (2H, t,
CH,-0), 7.0 (2H, m, Ph), 8.2 (2H, m, Ph). d¢(150.90
MHz; CDCl;; Me,Si): 23.9 (CHp), 24.9 (CHy), 27.5
(CHy), 28.3 (CHy), 33.3 (CH,—SH), 68.2 (CH,-0),
113.9 (Ph), 125.4 (Ph), 140.9 (C-NO,), 163.7 (C-0).
IR (NaCl) vypa/cm 'z 2580 (S—H), 1507 (NO, asymmet-
ric), 1340 (NO, symmetric), 1260 (C—O).
6-(4-nitrosophenoxy)hexane-1-thiol (1). To an ice-cold
solution of 1¢ (1.75 mmol) in acetone (5 cm®), ammo-
nium chloride (2.62 mmol) and finely powdered zinc
(5.35 mmol) were added. After that, water (5 cm®) was
slowly added while stirring. Reaction mixture was
further stirred for 30 min and then poured over 20 cm®
of ice. The mixture was filtered and washed with ace-
tone. Solution of FeCly (1.23 mmol) in H,O (1 cm?)
was added to the filtrate. Obtained green-colored mix-
ture was extracted three times with CH,Cl, (10 cm®)
and the collected organic extracts were dried over
Na,SO,. After evaporation of the solvent the crude
product was purified by column chromatography elut-
ing with DCM to afford a product as a green oil (nitro-
so monomer) with a yield of 31 %. ox(600 MHz;
CDCl3; Me,Si): 1.4 (1H, t, SH), 1.5 (4H, m, CH,CH,),
1.7 (2H, m, CH,), 1.8 (2H, m, CH,), 2.7 (2H, q,

CH,—SH), 4.1 (2H, t, CH,-0), 7.0 (2H, m, Ph), 7.9
(2H, m, Ph). 6c(150.90 MHz; CDCl;; Me,Si): 25.1
(CH,), 27.6 (CH,), 28.4 (CH,), 28.5 (CH,), 38.3
(CH,-SH), 68.2 (CH,—0), 113.8 (Ph), 124.6 (Ph),
163.5 (C-0), 164.7 (C-NO). IR (NaCl) vpa/cm
2586 (S—H), 1412 (N=0), 1262 (C—0O). Elemental
analysis: Found: C, 60.42; H, 7.01; N, 5.65; O, 13.47;
S, 13.45. Calculated for C;,H;;NO,S: C, 60.22; H,
7.16; N, 5.85; O, 13.37; S, 13.40.
8-thiocyanatooctyl-4-nitrosobenzoate (2). Yield was 24
%. 0p(600 MHz; CDCls; Me,Si; nitroso monomer): 1.3
(4H, m, CH,CH,), 1.4 (4H, m, CH,CH,), 1.8 (4H, m,
CH,CH,), 2.9 (2H, t, CH,—SCN), 4.3 (2H, t, CH,—0),
7.9 (2H, m, Ph), 8.2 (2H, m, Ph). 6¢(150.90 MHz;
CDCls; MeySi; nitroso monomer): 25.4 (CH,), 27.4
(CHy), 28.1 (CH,), 28.3 (CH,), 28.5 (CH,), 29.3 (CH,),
33.5 (CH,—SCN), 65.2 (CH,-0), 120.0 (Ph), 130.6
(Ph), 164.0 (C—NO), 164.7 (C=0). IR (KBr; nitroso
dimer) vpa/cm 't 2152 (SCN), 1719 (C=0), 1260
(ON=NO). Elemental analysis: Found: C, 59.69; H, 5.96
N, 8.82; O, 1523; S, 10.30. Calculated for
CisHyoN,O58S: C, 59.98; H, 6.29; N, 8.74; O, 14.98; S,
10.00.

3-thiocyanatopropyl-4-nitrosobenzoate (3). Yield was
23 %. ou(600 MHz; CDCls; Me,Si; nitroso monomer):
2.4 (2H, m, CH,), 3.1 (2H, t, CH,—SCN ), 4.5 (2H, t,
CH,-0), 7.9 (2H, m, Ph), 8.3 (2H, m, Ph). d¢(150.90
MHz; CDCls; Me,Si; nitroso monomer): 29.2 (CH,),
30.8 (CH,—SCN), 63.1 (CH,-0), 123.7 (Ph), 130.5
(Ph), 165.5 (C=0). IR (KBr; nitroso dimer) vpya/cm ':
2153 (SCN), 1725 (C=0), 1278 (C-0), 1264
(ON=NO). Elemental analysis: Found: C, 53.03; H,
393; N, 11.04; O, 19.39; S, 12.61. Calculated for
C1HoN,O5S: C, 52.79; H, 4.03; N, 11.19; O, 19.18; S,
12.81.

8-thiocyanatooctyl-4-nitrobenzoate (4). Yield was 78
%. 0x(600 MHz; CDCl;; MegSi): 1.5 (8H, m,
CH,CH,CH,CH,), 1.8 (4H, m, CH,CH,), 2.9 (2H, t,
CH,—SCN), 4.4 (2H, t, CH,~0), 8.2 (2H, m, Ph), 8.3
(2H, m, Ph). 6c(150.90 MHz; CDCl;; Me4Si): 25.9
(CH,), 27.8 (CH,), 28.6 (CH,), 28.8 (CH,), 29.0
(CH,), 29.8 (CH,), 34 (CH,—SCN), 66.0 (CH,—0),
123.5 (Ph), 130.7 (Ph), 135.8 (C—C=0), 164.7 (C=0).
IR (NaCl) vya/cm ' 2153 (SCN), 1721 (C=0), 1526
(NO, asymmetric), 1348 (NO, symmetric), 1274
(C-0).

AuNPs capped by 2, 3 and 4. AuNPs were prepared by
ligand exchange reactions from AuNPs protected by
TOAB in order to avoid direct contact and possible
reduction of the nitroso group by NaBH;.**** A 30.0
mmol dm* aqueous solution of HAuCl, (2.5 cm®) and
a 50.0 mmol dm toluene solution of TOAB (7 cm’®)
were mixed together and stirred vigorously for 30 min.
A freshly prepared 0.2 mol dm* aqueous solution of
NaBH, (4 cm’) was slowly added to the two-phase

Croat. Chem. Acta 86 (2013) 83.
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reaction mixture while stirring. Stirring was continued
for 2 h. After that, wine-red organic phase was
separated and mixed with 0.24 mmol of 2, 3 or 4
dissolved in 2 cm’ of toluene. The stirring was
continued for about 1 h. The solution was concentrated
to ~1 cm’ using a rotary evaporator, diluted with 100
cm’ of ethanol and left in a refrigerator for 24 h. The
functionalized AuNPs collected as a brownish black
precipitate were again redispersed in ethanol and
reprecipitated and this procedure was repeated for
several times in order to remove any free compound
still present in solid. AuNPs were also washed with
acetone.

Preparation of Self-assembled Layers

Previously flame-annealed®® Au(111)/mica substrates
(Molecular Imaging Co.) were immersed in a 1 mmol
dm? solution of compound 1 in ethanol or compound 2
in a 1:1 mixture of ethanol and chloroform at room
temperature for about 24 h. After removing from solu-
tion, Au(111/mica substrates samples were rinsed with
copious amount of solvent and dried in the stream of
argon.

Characterization of Self-assembled Layers on an
Au(111) Surface

Scanning Tunneling Microscopy (STM). The measure-
ments were carried out in the constant-current mode
under ambient conditions at room temperature using a
home-built STM.>® The STM tips were prepared by
mechanically cutting a Pt/Ir wire (0.25 mm diameter).
Lateral STM distances were calibrated by precision of
about 10 %. The obtained data were analyzed using the
WSxM processing software.*’

Atomic Force Microscopy (AFM). AFM imaging was
performed using a Multimode Scanning Probe Micro-
scope with Nanoscope Illa controller (Veeco Instru-
ments, Santa Barbara, CA) and a vertical engagement
(JV) 125 um scanner. Measurements were done in air
at ambient temperature and humidity of 50-60 %,
using tapping mode with silicon tips (TESP, Veeco,
nom. freq. 320 kHz, nom. spring constant of 42 N/m).
The linear scanning rate was optimized between 1.0
and 1.5 Hz for the tapping mode and between 0.5 and
1.5 Hz with scan resolution of 512 samples per line.
Processing and analysis of images were carried out
using the NanoScope™ software (Digital Instru-
ments, version V614rl) and WSxM processing soft-
ware.’’

Characterization of AuNPs

FTIR spectroscopy. Transmission FTIR spectra of
AuNPs were recorded at 4 cm ' resolution at room
temperature on a Bruker Equinox FTIR spectrometer.
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The specimen was prepared as a KBr pellet of dry
composite material.

UV-vis spectroscopy. UV-vis absorption measurements
were carried out at room temperature on a Specord 200
spectrometer using a quartz cell at 2 nm resolution. The
formation of AuNPs was confirmed via absorption of
the plasmon band. Chloroform was used as a solvent for
both free compounds 2, 3 and 4 and AuNPs capped by
them.

Transmission electron microscopy (TEM). TEM images
were obtained with a Zeiss microscope EM-10
operating at 80 kV. For microscopy the samples were
suspended in chloroform and treated in the ultrasonic
bath, then applied to the carbon-coated grid and dried in
air. Analysis of core diameters was performed by
ImagelJ software.

RESULTS AND DISCUSSION

Self-assembled Layers on an Au(111) Surface

Nitrosoarene derivative 1. Figure 1a shows a large scale
STM image of adlayer of compound 1 on an Au(111)
surface. Typical Au terraces separated by monoatomic
steps can be observed. Within the terraces, a large num-
ber of pitlike depressions are visible with the average
diameter of 2—4 nm and a depth of approximately 0.25
nm. This value is consistent with the expected height of
an Au(111) single atomic step and according to litera-
ture these features can be assigned to gold vacancy
islands whose formation is typical during the assembly
process of thiols.*®*

Figure 1b shows a STM image recorded on a sin-
gle terrace of the Au(111) substrate. Between a high
number of Au vacancies (marked with arrow in Figure
1b), small domains of adsorbed molecules 1 are visible.
In order to improve the quality of obtained molecular
film and thus gain more insights into organization of
molecules within the adlayer, we performed thermal
annealing in solution. This procedure is expected to
increase the domain size and decrease the density of
vacancy islands.* Following the usual room tempera-
ture assembly process, the molecular film was annealed
in an ethanolic solution of compound 1 for 1 h at 78
°C.*' By comparing morphology characteristics before
(Figure 1b) and after an annealing step (Figure lc), a
decrease in a number of vacancy islands and an increase
in domain size were observed which is consistent with
the Ostwald ripening process.*” However, although
domain size was increased we could not observe any
long range molecular order within the adlayer of com-
pound 1. Therefore, it seems that adsorption of mole-
cules of monomeric nitrosoarene derivative 1 on an
Au(111) leads to poorly organized monomolecular layer
with molecules almost randomly distributed over the
surface.



1. Biljan et al., Nitrosoarene Dimerization on Two- and Three-dimensional Gold Surfaces 87

Figure 1. (a) 234 nm x 234 nm and (b) 57 nm % 57 nm large-scale STM images of adlayers of compound 1 on an Au(111) sur-
face. The white arrow in (b) marks gold vacancy island. (c) STM images recorded on an adlayers of compound 1 after thermal

annealing.

Nitrosoarene derivative 2. Figure 2a shows large-scale
STM image of adlayer of compound 2 on an Au(111)
surface from which good morphology of Au substrate
characterized by the appearance of gold terraces sepa-
rated by monoatomic steps is visible. Figure 2b, also
representing a low-resolution STM image, point to peri-
odical structure of the surface. High-resolution STM
images such as one displayed in Figure 2c show that
molecules of nitrosoarene derivative 2 form a well-
ordered SAM on an Au(111) surface. Detailed analysis

of molecularly resolved images revealed that molecules
are organized into a hexagonal structure at the intermo-
lecular distances of 0.35 + 0.03 nm. In addition, we
could observe a hexagonal Moiré-type superstructure of
1.5 nm periodicity with a corrugation of 0.02 nm. The
appearance of long-range hexagonal Moiré-pattern
within the monolayer of compound 2 is clearly visible
from the corresponding autocorrelation image (inset in
Figure 2c). Periodic modulation of molecular network
could be assigned to a structural mismatch between the

Croat. Chem. Acta 86 (2013) 83.



88 1. Biljan et al., Nitrosoarene Dimerization on Two- and Three-dimensional Gold Surfaces

\t

“
] l _, NIl
-
- ]

& 0

Figure 2. (a) 117 nm x 117 nm and (b) 57 nm x 57 nm large-scale STM images of adlayers of compound 2 on an Au(111) sur-
face. (c) Fourier filtered high-resolution STM image (9.5 nm x 9.5 nm) of SAM of 2 on an Au(111) surface. The inset represents
the corresponding autocorrelation image of SAM of compound 2 showing long-range hexagonal Moiré-superstructure.

registry of molecules 2 and the underlying Au(111)
lattice. Presumably, this could be induced by dominant
intermolecular interactions of nitrosoarene residues
within the molecular layer leading to occupation of
different adsorption sites of the Au(111) lattice by S
atoms. As it is known from the literature, the geometric
height difference between various adsorption sites of
sulfur atoms on an Au(111) lattice is about 0.02 nm,*
which is in good agreement with measured corrugation.
The periodicity of the superstructure of 1.5 nm corre-

Croat. Chem. Acta 86 (2013) 83.

sponds very well to 33 times that of the Au(111)
lattice (@ = 0.29 nm) indicating a 33 %33 molecular
arrangement, same as for SAMs of nitrosoarene deriva-
tives studied in our recent paper.'®* However, on contra-
ry to the molecular adlayers of the recently studied
compounds for which higher islands attributed to SABs
were detected in the STM images, here we could not
observe similar features.

To gain more insights into the surface topography
of adlayer of compound 2 we have used AFM. Figure 3



1. Biljan et al., Nitrosoarene Dimerization on Two- and Three-dimensional Gold Surfaces 89

Figure 3. 500 nm x 500 nm AFM image of adlayer of com-
pound 2 on an Au(l111) surface. Very bright spots on an
Au(111) surface (such as one marked with white arrow) repre-
sent artifacts and were not included in height profile analysis.

shows an AFM height image of compound 2 adsorbed
on an Au(l11) surface from which numerous close-
packed islands on the Au surface are visible. Notably,
similar morphology of the surface was observed for
adlayers of previously studied compounds.'® According
to STM data, compound 2 forms only a well-ordered
SAM with crystalline packing over extended areas. In
regard to that, one would expect AFM images display-
ing uniform molecular layer covering Au(111) terraces.
The appearance of islands, in fact, points to formation
of bilayers and the height of these islands should repre-
sent the height difference between SABs and SAMs.
Height profile analysis of the obtained AFM images
revealed that the height of islands is approximately 1.5
nm. Taking into account that molecules are tilted for
approximately 30° when adsorbed on an Au(111) sur-
face,* the measured value is in good agreement with the
theoretical length of molecule 2 being 1.8 nm, thus
supporting formation of SABs. The inability to detect
SABs regions by STM could be due the length of mole-
cule 2 which is considerably longer in comparison to
previously studied molecules.'® It is possible that during
the STM imaging a tip is actually buried within a mo-
lecular layer in order to attain tunneling current. Exam-
ples of such invasive tip-sample interactions are familiar
from the literature.*>*

Presented data indicate that the monomeric
nitrosoarene derivative 1 is not able to form ordered
SAM when adsorbed on an Au(111) surface. In addi-
tion, we could not observe any features corresponding
to SABs regions. Thus results obtained imply that the
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Figure 4. Schematic illustration of molecular adlayer of
compound 2 on an Au(111) surface with the appearance of
mono- (SAM) and bilayers (SAB).

electron-donating substituent in para-position prohibit
dimerization of compound 1 also at the metal-solution
interface (Scheme 2). On contrary, molecules of
nitrosoarene derivative 2 self-assemble into well-
ordered SAM on an Au(lll) surface displaying a
3\/5 ><3\/§ structure. Moreover, results of AFM meas-
urements indicate that they also tend to dimerize on an
Au(111) surface by forming bilayers (Figure 4).

Aggregation of AuNPs through (O)N=N(O) Bonds

FTIR spectroscopy. Figures 5a and b show FTIR spectra
of compounds 2 and 3 and of AuNPs capped by them.
The major difference between the spectra of free mole-
cules and those of AuNPs is the almost complete loss of
intense SCN stretching vibration after adsorption of
compounds 2 and 3 on the gold surface. This is a clear
indication that nitrosoarene derivatives 2 and 3 are ad-
sorbed on the surface of AuNPs through thiocyanate
headgroup. Characteristic bands of nitrosoarenes can be
observed for both AuNPs-2 and AuNPs-3 suggesting
that nitrosoarenes are essential components of nanopar-
ticles. As characterized by the appearance of the signal
of asymmetric stretching vibration of the (O)N=N(O)
bond at 1260 cm ™', compounds 2 and 3 are present in
dimeric (azodioxide) form on the surface of AuNPs, just
as are free compounds in solid state. There is no evi-
dence for the presence of monomeric N=O stretching
vibration in the FTIR spectra of compounds 2/3 nor
AuNPs-2/AuNPs-3. Comparison with the FTIR spectra
of AuNPs capped by compound 4 (Figure 5c), for which

Croat. Chem. Acta 86 (2013) 83.
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Figure 5. FTIR spectra of (a) compound 2 and AuNPs-2, (b) compound 3 and AuNPs-3 and (c) compound 4 and AuNPs-4. Spec-
tra of free compounds 2-4 and AuNPs capped by them are depicted in blue and red colours, respectively.

the complete absence of SCN stretching vibration after
adsorption on the surface of AuNPs was observed, sug-
gests that very small signals of SCN stretching vibration
in the spectra of AuNPs-2 and AuNPs-3 can be assigned
to dimeric nitrosoarenes with free SCN termini. Never-
theless, the low intensity of these signals indicates that
no appreciable quantity of these species is present on
the AuNPs surface.

UV-vis spectroscopy. The dominant feature in the ab-
sorption spectrum of AuNPs is the presence of a sur-
face plasmon (SP) absorption band in the visible re-
gion. SP band is a consequence of the collective oscil-
lation of conduction band electrons induced by the
interacting electromagnetic field. The position of SP
band is very sensitive to the size, shape and
interparticle spacing.”” ** In the UV-vis absorption
spectra of free compounds 2 and 3 broad and weak
absorptions with maximums at 770 nm can be ob-
served (Figure 6a). These bands originate from the n-
m* transition of monomeric form of nitrosoarenes that

Croat. Chem. Acta 86 (2013) 83.

is dominant in solution at ambient temperature. The
absorption spectra of AuNPs-2 and AuNPs-3 are prac-
tically identical and exhibit two peaks with maximums
at 530 nm and 835 nm (Figure 6b). Since the position
of the peak at 530 nm is consistent with the position of
SP band in the spectrum of AuNPs stabilized by
TOAB (Anax=532 nm, Figure 6c¢) it presumably corre-
sponds to SP absorption band. The appearance of the
second peak at 835 nm is not so straightforward. As
described in the literature, the surface plasmon oscilla-
tion in AuNPs can be drastically altered if the individ-
ual nanoparticles come into close proximity so that
they are electronically coupled to each other.*"*" Ag-
gregation can lead to complicated absorption spectra
with the additional red-shifted plasmon absorption.
Resulting spectra usually contain the SP band due to
single spherical AuNPs and the new peak due to inter-
actions among individual nanoparticles. Since AuNPs
capped by nitrosoarenes are able to form aggregates
through interactions of exposed nitroso groups, the
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Figure 6. UV-vis spectra of (a) free compound 2, (b) AuNPs-2, (c) AuNPs-TOAB and (d) AuNPs-4. Due to the close similarity
between the spectra of free compounds 2 and 3 and AuNPs-2 and AuNPs-3, only spectra of 2 and AuNPs-2 are shown. All spectra

were recorded in chloroform.

peak at 835 nm was tentatively assigned to additional
plasmon absorption band. Our assumption on aggrega-
tion of AuNPs-2 and AuNPs-3 is additionally supported
by bluish color of their colloidal solutions in compari-
son to the red-wine colored solution of AuNPs capped
by TOAB.

The broadening and the red shift of the SP band in
the UV-vis spectrum of AuNPs-4 (Figure 6d) with re-
spect to the SP band of AuNPs-TOAB (Figure 6¢) indi-
cates that irreversible agglomeration of AuNPs capped
by nitroarene derivative had occurred.

Transmission Electron Microscopy (TEM). The size of
AuNPs was examined by TEM. Figure 7a shows a TEM
image and particle size distribution of AuNPs capped by
compound 2. The AuNPs-2 display relatively wide
distribution in size with the mean diameter of 5.6 = 2.1
nm. In addition to smaller spherical nanoparticles the
appearance of some particle coalescence and formation
of larger aggregates is visible. Similar features can also

be observed in the TEM image of AuNPs capped by
nitrosoarene derivative 3 (Figure 7b). The mean diame-
ter of AuNPs-3 is 5.5 = 2.3 nm thus being comparable
to the size of AuNPs-2. TEM data for both AuNPs-2
and AuNPs-3 are in agreement with the results of UV-
vis spectroscopy that also pointed to aggregation of
AuNPs.

Morphology of AuNPs capped by nitroarene de-
rivative 4 differs substantially in comparison to AuNPs
capped by nitrosoarene derivatives 2 and 3. AuNPs-4
form large agglomerates as evidenced by TEM image
shown in Figure 8. Irreversible agglomeration of
AuNPs-4 was already indicated by UV-vis spectroscopy
data. However, on the basis of the lengths of molecules
2 and 4 one would expect them to display similar prop-
erties i.e. to be equally effective in stabilizing AuNPs
from agglomeration.

Due to the high curvature of a colloidal gold sur-
face, the chain termini of the organic molecules acting
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Figure 7. TEM images and corresponding histograms of size distributions for (a) AuNPs-2 and (b) AuNPs-3.

as stabilizing agents are more diverged than the head
groups. The molecules are more ordered near the sur-
face and become disordered and more mobile moving
away from the surface. This causes interpenetration of
the adjacent alkyl chain termini into this gap and the
Van der Waals forces make the structure more ordered
and stable. In the case of nitrosoarene-terminated nano-
particles, what is most probable to occur is that when
they are brought in proximity they form azodioxide
bonds (Figure 9), which act together with the Van der
Waals forces to stabilize nanoparticles. Strong support
of interconnection of AuNPs capped by nitrosoarene
derivatives 2 and 3 arises from their FTIR spectra which
show that nitrosoarenes are present in dimeric form on
gold surface. Significantly, there is no appreciable quan-
tity of dimeric nitrosoarenes with free SCN termini as
evidenced by an almost complete absence of the signal
of SCN stretching vibration. The small quantity of these
species is expected to be present because it is not geo-
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Figure 8. TEM image of AuNPs-4.
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Figure 9. Schematic illustration of possible linkage of AuNPs capped by compound 2 via (O)N=N(O) bonds.

metrically possible for groups on two roughly spherical
surfaces to entirely bond together and consume one
another. In addition, we cannot preclude that some of
the azodioxide couplings are intra-nanoparticle, that is,
laterally on the surfaces of individual nanoparticles. But
due to the already discussed curvature of the colloidal
surface and enhanced mobility of the terminal groups,
this might occur only to a minor extent. In the case of an
analogous system of nanoparticles stabilized by
nitroarene-terminated molecules, there is no possibility
of formation of azodioxide bonds and the metal-metal
agglomeration occurs.

CONCLUSIONS

We have investigated dimerization of two nitrosoarene
derivatives, of which one appears as monomer and the
other as dimer, on an Au(111) surface using STM and
AFM. STM images revealed that dimeric nitrosoarene
derivative forms well-ordered SAM with molecules
arranged into hexagonal 33x343 structure. AFM
measurements indicated that this compound also forms
bilayers (SABs) on an Au(111) surface. Adsorption of
monomeric nitrosoarene derivative resulted only in
poorly ordered monolayer thus demonstrating the influ-
ence of structural factors on dimerization at metal-
solution interface.

In the second part of this work we studied the abil-
ity of C-nitrosoarenes to dimerize on the 3D surface of
AuNPs and induce aggregation of AuNPs through azo-
dioxide (O)N=N(O) bonds. As revealed by FTIR spec-
troscopy, nitrosoarene derivatives are present as dimers
on the surface of AuNPs with only minor proportion of

species containing free thiocyanate termini. UV-vis
spectroscopy and TEM data supported aggregation of
AuNPs that is most likely induced by interparticle inter-
action of exposed nitroso groups. In the case of AuNPs
capped by nitroarene-terminated molecules, in which
the interlinking of particles was prevented by introduced
nitro functionality, irreversible agglomeration was ob-
served.
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