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Abstract: This paper describes the effect of solvent polarity on the optical properties of molecule-like Auys
nanoparticles. UV-Vis absorption and photoluminescence were measured using various organic solvents
(aromatic vs. non-aromatic). The molar extinction coefficients and the relative quantum efficiency of Aus were
determined and correlated with the normalized empirical parameters of solvent polarity. The molar extinction
was linearly decreased as increasing solvent polarity, but the relative quantum efficiency was significantly
affected by aromatic solvent only. The HOMO-LUMO energy gap (1.32 — 1.33 eV) estimated from absorption
band edges was not influenced by solvent polarity. However, the measured relative quantum efficiency was
varied from 7.6 x 10~ to 20.4 x 10~ depending on solvent polarity as well as the excitation wavelength.
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I. INTRODUCTION

Nanomaterials have attracted widespread interest in research and development, because they are a new
group of materials displaying the different properties from their individual atoms as well as their bulk counter-
parts. It has been well known that the physicochemical properties of nanomaterials can be affected by their size
[1-5], shape [2-4], and composition [3]. The advent of new technologies to control these factors has induced
revolutionary development in the fields of sensors, catalysis, photonics, drug delivery, medical diagnostics, etc.
[6-11]. While a considerable amount of research in these areas has been made with semiconductor nanoparticles
(NPs), metal NPs have received relatively less attention. Of nanomaterials, Au NPs with a core diameter less
than 3 nm have received more attention especially for electrochemical and optical sensors due to their unique
properties, such as single-electron charging [12-15] and tunable highest occupied molecular orbital — lowest
unoccupied molecular orbital (HOMO-LUMO) energy gap [13, 14]. In this size regime, ~10 to 250 atoms of
Au are composed of the NP core and the surface of the NP core is protected by various organic molecules (e.g.,
thiols [16-19], amines [20-22], phosphines [23-25], etc.) to avoid decomposition or further aggregation of NPs.
Such small Au NPs are well known to display size-dependent properties. In voltammetry, the transition from
metal-like quantized double layer (QDL) charging to molecule-like redox charging is observed as the size of Au
NPs decreases. For example, Auyso and Auys NPs show QDL charging, while Auys, Auss, and Au;s NPs display
redox charging [13-15, 26-28]. In addition, HOMO-LUMO energy gaps measured by voltammetry and
electronic absorption spectroscopy become greater as the size decreases [12, 13]. These properties can also be
tunable by varying the surface protecting ligands [14, 29-31]. The dependence of size and surface protecting
ligands is interrelated, since the fraction of ligand-bonded surface Au atoms in the NP core increases as the core
size decreases. Au NPs are good candidate materials to make a versatile platform for chemical and biological
sensors, because (i) the adaptable functionalization toward selective and specific recognition of target analytes is
possible on the surface of Au NPs, (ii) they provides surface-dependent properties, which can be utilized to
accomplish the transduction of the binding event with target analytes, and (iii) the functionalized Au NPs may
act as both molecular receptors and signal transducers on a sensor platform allowing to simplify the sensor
design. In addition to these advantages, the molecule-like Au NPs (Aus — Auzs) have several supplementary
advantages. Compare with large Au NPs (> 3 nm diameter), the molecule-like Au NPs provides relatively high
ratios of surface area to volume, allowing further amplification of signal, further enhancement of figures of
merit, and further miniaturization of sensor platforms. Therefore, the molecule-like Au NPs are the more
promising materials that can be directly applied to the research and development of sensors.

Although the size- and ligand-dependent properties of Au NPs have been studied extensively, they are still not
fully understood especially for molecule-like Au NPs (Au,s — Auzs). In addition to this problem, the methods to control
those properties and interrelation of size and surface-protecting ligands are not much investigated. Of various NP properties,
we were interested in studying the optical properties of Au,s NPs. In this paper, we report how the optical
properties (e.g., UV-Vis absorption and fluorescence) of Auys NP are affected by their external environment,
such as solvent.
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I1. EXPERIMENTAL SECTION

2.1. Chemicals

Tetrachloroauric acid trihydrate (HAuCl,-3H20, > 99.99%), tetraoctylammonium bromide (TOA'Br,
98%), 2-phenylethanethiol (PhC2SH, 98%), sodium borohydride (NaBH,, > 99%), benezne (99.8%),
tetrahydrofuran (99.9%), 1,2-dichlorobenzene (99%), pyridine (99.8%), dichloroethane (99.8%), benzonitrile
(99%), N,N-dimethylformamide (99.8%) were obtained from Sigma-Aldrich and used as received. Toluene,
acetonitrile, methylene chloride, and methanol were purchased from Fisher Scientific (all Optima grade
solvents). Deionized (DI) water (> 18 MQ) produced from a Barnstead Fistreem Il purification system was
used in all syntheses and preparations.

2.2. Synthesis of Auys Nanoparticles

Auys NPs were synthesized by a modified version of the previously described method [16]. Briefly,
HAuCI,;-3H,0 (3.1 g) was dissolved in DI water (100.0 mL) and phase-transferred to toluene (200.0 mL) in the
presence of TOA'Br~ (5.0 g). 3.5 mL of PhC2SH were added to react with AuCl, in toluene, forming a
gold(I)-phenylethanethiol polymer. This material was reduced by fast addition of aqueous NaBH, (3.8 g in 50-
mL ice-cold DI water), followed by vigorous stirring at 0°C. After 24 hours, the aqueous layer was discarded
and toluene in the reaction mixture was removed with a rotary evaporator at room temperature. After the crude
product was washed with a sufficient amount of methanol, Au,s(SC2Ph),s~ was extracted with acetonitrile. The
purified Au,s(SC2Ph).g~ was confirmed by UV-Vis absorption spectroscopy, NMR, electrochemistry, and mass
spectrometry. The chemical formula of the obtained Auys NPs is [TOA™[Au,s(SC2Ph)157].

2.3. UV-Vis Absorption and Near-IR (NIR) Photoluminescence Spectroscopy

UV-Vis absorption and NIR photoluminescence (PL) spectra were measured using a UV-1800
spectrophotometer (Shimadzu, Inc.) and a FL3-21 fluorometer (Horiba, Ltd.), respectively. The emission spectra
were corrected for variation in the PMT spectral sensitivity. A quartz cuvette with 1-cm path length was used for
the measurements of both absorption and NIR-PL spectra. The peak wavelengths (Amax) Of both absorption and
photoluminescence of Auys NPs are summarized in Table 1.

Table 1. A of UV-Vis Absorption and Photoluminescence of Au,s Nanoparticles Measured in Various

Solvents
Solvent Absorption Amax (NM) Photoluminescence Amax (NM)
Peak 1 Peak 2 Peak 3 Peak 4 Peak 1 Peak 2
PhCHj3 680 443 399 323 900 1052
Bz 682 443 399 324 901 1053
THF 681 445 399 321 -2 1082
oDCB 683 444 399 2 901 1062
Py 684 443 398 2 901 1068
DCM 682 446 399 324 -2 1079
DCE 680 443 397 322 -2 1070
PhCN 682 444 398 323 900 1054
DMF 682 444 398 323 -2 1078
MeCN 678 446 401 323 913 1030

a. Not observed.

I1l. RESULTS AND DISCUSSION

3.1. UV-Vis Absorption of Au,s NPs in Various Organic Solvents

The UV-Vis absorption spectra of Auys NP were measured in 10 different organic solvents
individually: toluene (PhCHs), benzene (Bz), tetrahydrofuran (THF), 1,2-dichlorobenzene (ODCB), pyridine
(Py), dichloromethane (DCM), 1,2-dichloroethane (DCE), benzonitrile (PhCN), N,N-dimethylformamide
(DMF), acetonitrile (MeCN). Au,s NPs produced four absorption peaks at ~322, ~399, ~444, and 682 nm in
most solvents we used (Table 1 and Fig. 1A). However, the peak at ~322 nm was not observed in ODCB and
Py due to the cut-off regions of absorbance in those solvents. The HOMO-LUMO energy gap (AEy.) was
measured from the edges of absorption bands at ~682 nm. The estimated values of AE, were 1.32 — 1.33 eV
summarized in Table 2. This means that no change in the electronic structure of Au,s NPs occurred while they
were dissolved in solvents used. The intensity of each absorption peak was linearly proportional to the
concentration of Au,s NPs (Fig. 1B). This observation indicates that the dissolved Auys NPs do not scatter UV-
Vis light.
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Figure 1. (A) UV-Vis absorption spectra of 3.0 uM Au,s NPs in (i) 1,2-dichloroethane (ii) toluene, (iii)

benzonitrile, and (v) pyridine. (B) Plot of Absorbance vs. concentration obtained in dichloromethane.

Table 2. Summary of Normalized Empirical Parameters (E1") of Solvent Polarity, HOMO-LUMO Energy Gap
(AEy.), and Molar Extinction Coefficients (&) of Au,s NPs

Solvent E/2 AEq. (eV) & (M*cm?)® & (M*em™)° & (Mem™)? & (M*em™)®
PhCH3 0.099 1.32 1.52 x 10* 5.11 x 10* 6.09 x 10* 1.21 x 10°
Bz 0.111 1.33 1.52 x 10* 5.10 x 10* 6.02 x 10* 1.20 x 10°
THF 0.207 1.32 1.64 x 10* 5.40 x 10* 6.44 x 10* 1.30 x 10°
OoDCB 0.225 1.33 2.28 x 10* 7.75 x 10* 9.08 x 10* I
Py 0.302 133 1.83 x 10* 6.20 x 10* 7.26 x 10* S
DCM 0.309 1.33 1.31 x 10* 4.16 x 10* 4.86 x 10* 0.97 x 10°
DCE 0.327 1.33 0.79 x 10* 2.63 x 10* 3.08 x 10* 0.61 x 10°
PhCN 0.333 1.33 1.63 x 10* 5.52 x 10* 6.59 x 10* 1.30 x 10°
DMF 0.404 1.32 1.22 x 10* 4.07 x 10* 4.73 x 10* 0.93 x 10°
MeCN 0.460 1.33 1.58 x 10* 5.10 x 10* 5.75 x 10* 1.13 x 10°

a. Taken from Ref. [32]. b. Measured at ~682 nm. c. Measured at ~444 nm. d. Measured at ~399 nm. e. Measured at ~322 nm. f. Not
measurable due to the cut-off ranges of absorbance in solvent.

In order to measure the molar extinction coefficient (), five standard solutions of Au,s NPs were
prepared using ten different solvents and UV-Vis absorbance was measured from these solutions. The & values
of Au,s dissolved in various solvents were determined from the slopes of plots of absorbance vs. concentration
as shown in Figure 1B. The ¢ values measured at four different wavelengths are summarized in Table 2.
Although there is an exception, Au,s NPs generally shows the higher ¢ in aromatic solvents (PhCH3, Bz, ODCB,
Py, and PhCN) than in non-aromatic solvents (THF, DCM, DCE, DMF, and MeCN). Since the surface of Auys
NPs are protected with 2-phenylethanethiols (aromatic thiols), they would be better solvated with aromatic
solvents than non-aromatic solvents. Therefore, the excited state of Au,s NPs could be better stabilized. The
obtained & was correlated with the normalized empirical parameters (E;") of solvent polarity, which were
derived from the long-wavelength UV-Vis charge transfer absorption band of the negatively solvatochromic
pyridinium N-phenolate betaine dyes measured at 25 °C [32]. As shown in Fig. 2, the ¢ values of Auys NPs
decreased as solvent polarity increased (E+" increased).
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Figure 2. Dependence of the molar extinction coefficients of Auys nanoparticles on the normalized empirical parameters
(EtV) of solvent polarity. ~322, ~399, ~444, and ~682 nm are Amay for absorption peak 4, 3, 2, and 1, respectively.
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3.2. Photoluminescence of Au,s NPs in Various Organic Solvents

As shown in Fig. 3, Au,s NPs produced NIR PL at ~1080 nm when they were excited at 400 nm. In
aromatic solvents, they displayed an additional shoulder-like band at ~900 nm (Fig. 3). The wavelengths of PL
peaks measured from various organic solvents are summarized in Table 1. Our results are quite similar to the
previously reported results [14].
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Figure 3. Photoluminescence spectra of 3 uM Auys nanoparticles dissolved in (A) dichloromethane and (B)
benzonitrile. In (A), Gaussian curve fit and deconvoluted PL peaks are also shown.

The major PL peak at 1080 nm was resulted from the surface-state emission, while the additional
shoulder-like band at ~900 nm was from the localized surface-state emission generated by solvation with
aromatic solvents. Gaussian curve fitting was performed to deconvolute these attributions (core-state vs.
surface-state emissions, Fig. 3A). From the excited state of Au,s NPs, two emission processes (core-state and
surface-state) compete one another. The core-state emission process seems to be always dominant in all organic
solvents we used, but the surface-state emission process is still strong enough to observe additional emission in
aromatic solvents.

The relative quantum efficiency (®g) for PL of Auys NPs dissolved in various organic solvents were
measured using Q-switch 5 as a reference dye, whose quantum efficiency (®) is 1.667 x 10 in DCE [33]. The
estimated @y values are summarized in Table 3. @y was greater when Au,s NPs was excited by the excitation
wavelength (Ae,) of 400 nm rather than 675 nm (Table 3). In order to investigate the effect of solvent polarity on
PL, @ was correlated with E;" (Fig. 4). Unlike UV-Vis absorption, ®g of Au,s NPs was more significantly
affected by aromatic solvents than non-aromatic solvents (Fig. 4). ®g of Au,s NPs was almost independent of
E;" for non-aromatic solvents (Fig. 4B).

Table 3. Relative Quantum Efficiency (®g) for Photoluminescence of Au,s NPs Dissolved in Various Organic Solvents

Solvent PRCH, Bz __ THF _ ODCB Py DCM DCE PhCN DMF____ MeCN
Dry (x10°)? 107 122 102 103 11 9.7 7.6 9.2 9.0 108
D, (x10°)° 196 204 134 164 16.6 13.2 13.7 185 145 15.8

a. Determined with A = 675 nm. b. Determined with L = 400 nm.
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Figure 4. Dependence of relative quantum efficiency of Auys NPs, dissolved in (A) aromatic solvents and
(B) non-aromatic solvents, on the normalized empirical parameters (E;") of solvent polarity.
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IV. CONCLUSION

The optical properties of Au,s NPs were strongly affected by the polarity of solvents, where they were
dissolved in. Although there were a few exceptions, the molar extinction of Au,s NPs was observed to decrease
roughly as the solvent polarity increases. In addition, the higher values of the molar extinction was measured in
aromatic solvents than in non-aromatic solvents. However, the HOMO-LUMO energy gap of Auys NPs was
almost constant (1.32 — 1.33 eV), indicating that the electronic structure of Au,s NPs was not affected by various
solvent but the stability of NP’s excited states was. The shape of PL spectra was different depending on the type
of solvents (aromatic vs. non-aromatic). The aromatic solvents generated an additional shoulder-like PL band at
~900 nm in addition to the major peak at ~1100 nm, while non-aromatic solvents showed the major PL peak
only. Depending on A, the PL intensity was variable but the wavelength of a PL peak was constant. The @ for
the PL of Au,s NPs was linearly decreased with increasing E+" for aromatic solvents (PhCH;, Bz, ODCB, Py,
and PhCN). However, ®g was almost independent of E;" for non-aromatic solvents (THF, DCM, DCE, DMF,
and MeCN).
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