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Abstract
Ultra-small silicon quantum dots (SQD) (< 2 nm diameter) have recently attracted significant interest for a variety of biomedical and
optoelectronic applications due to their intriguing optical properties. This work reports the synthesis and detailed photo physical studies of
six SQD dyads of 1.8 nm average diameter covalently functionalized by linking to Rhodamine 6G (R6G) and Rhodamine B isothiocyanate
(RITC) derivatives through several different spacers. The utilized spacers varied in length, chemical nature, and attachment position with
the dyes to produce six different SQD dyads. The photophysical results revealed clear evidence for energy and/or electron transfer with
different interaction rates for all dyads. The SQD-RITC dyad family gave enhanced efficiency compared to the SQD/R6G family with a
single photoluminescence (PL) peak and complete quenching of the SQDs emission. The SQD/R6G family showed a dual emission peak
in which the SQDs PL maxima were blue shifted. This indicates a vital role for the spacers to control the interactions of the ligands with
the electronic wave function of SQDs in order to help tune their optical properties. Interestingly, the functionalization of SQDs with dyes
extended their photostability for at least sixteen months. The SQDs assemblies were tested for interaction with heavy metal ions (Cu2+, Pb2+,
and Ni2+) where results indicated their potential applications as metal sensors in aqueous solutions.
Keywords: Silicon Quantum Dots, Dual-emission, Transient Absorption, Photoluminescence, defect states

Introduction

or electron transfer between SQDs and organic dyes through
different spacers[1, 11-13, 15-16]. However, the exact role
of these spacers in SQDs systems is not clearly understood
in terms of controlling the efficiency of energy and electron
transfer processes as well as the intramolecular reaction rate.

Silicon Quantum Dots (SQDs) have recently attracted a great
deal of interest as potential candidates for many applications
including molecular and cellular imaging,[1] photodynamic
therapy (PDT),[2] biosensing [3] and photovoltaic.[4] This
is due to their distinct optical properties including broad
absorption spectra, size-dependent tunable emission,[5] and
high stability against photobleaching [6] Furthermore, SQDs
have outstanding biocompatibility,[7] very low cytotoxicity,[8]
and versatile surface functionalization capability.[9]

We recently showed that the utilization of aromatic dyes as
capping agents helps control the optical properties of SQDs,
enhancing their photostability, while preventing them from
agglomeration. [12] Other studies have also shown that
aromatic dyes covalently attached to the surface of SQDs can
help control their optical properties [14, 17-18].

Generally, the size-tunable emission of SQDs is attributed to the
quantum confinement effect where the photoluminescence is
red- or blueshifted as the size of the SQD increases or decreases,
respectively. However, a deviation from this behavior was
observed for ultra-small SQDs of a size smaller than ~2 nm in
which the photoluminescence originates mainly from surface
relevant states.[10] Interestingly, the functionalization of such
SQD surfaces with capping agents was shown to play a vital
role toward controlling their photophysical properties, rather
than the size of particles.[11]

There is still a lack of understanding of factors that impact
the interaction of these fluorophores with the electronic
wave functions of the SQDs. This interaction influences the
electronic structure of SQDs, while the impact of the length
and chemical nature of the utilized spacer that connect SQDs
with the aromatic dyes is poorly understood. In our previous
works, we showed that the attachment of SQDs to several
organic dyes via various spacers and connection sites led to
a quench of the PL of either the SQDs or the organic dye and
only a single PL peak was obtained.

The spacer structure may impact the resulting optical
properties of the SQDs including a red/blue shift in the PL,[12]
the fluorescence quantum yield (QY) and lifetime (τf)[1] as
a result of a photoinduced energy and/or electron transfer
between the dye capping agent and the SQDs.[13-14] A few
reports in literature reported the photoinduced energy and/
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In this work, we report the synthesis of six SQDs dyads
using a facile one-pot synthetic method. Three derivatives of
triethoxysilanes were used as the source of silicon and citrate
salts were used as the reducing agents. The synthetic reaction
was performed in glycerol at normal pressure and high
temperature (~ 180 °C). The suitability of glycerol to produce
monodispersed gold nanoparticles of 1.5 nm average diameter
was previously observed.[19] The resulting SQDs were
then functionalized with two derivatives of rhodamine dye,
rhodamine B Isothiocyanate (RITC) and rhodamine 6G (R6G).
The SQD assemblies were attached to the RITC through the
isothiocyanate group (-NCS), while they were linked to R6G
through the carboxylate group of the phenyl component of
the dye (see scheme 1). Rhodamine dyes were chosen for this
study due to their superior photochemical and photophysical
properties including large absorption coefficients, high
fluorescent quantum yields, and excellent photostability.
[20] The resulting functionalized SQDs were characterized
using FTIR and UV−Vis absorption spectroscopy, X-ray
photoelectron spectroscopy (XPS), transmission electronic
microscopy (TEM), time-resolved fluorescence spectroscopy,
and femtosecond transient absorption spectroscopy (fs-TA).

EtOH (MWCO of 1 KDa) to give Am-SQD-RITC. Similarly,
the compounds Urea-SQD-RITC and DiAm-SQD-RITC were
synthesized.
2) Synthesis of Am-SQD-R6G, Urea-SQD-R6G, and DiAmSQD-R6G
Rhodamine 6G dye was dissolved in 21 ml of anhydrous
EtOH (R6G, 100 mg), and the Am-SQD assemblies were
added. The mixture was then refluxed for 8 hours under
nitrogen atmosphere. [22] After cooling to room temperature,
the product Am-SQD-R6G was purified by dialysis against
ethanol. The dyads Urea-SQD-R6G and DiAm-SQD-R6G
were prepared similarly.
Scheme 1. Synthetic routes for: A) Am-SQD-RITC and AmSQD-R6G; B) Urea-SQD-RITC and Urea-SQD-R6G; C)
DiAm-SQD-RITC and DiAm-SQD-R6G.

Methods
XPS spectra were collected using a Kratos Axis Nova
spectrometer using a monochromatic Al K (alpha) source
(15 mA, 14 kV). The TEM and High Resolution TEM
images were measured using a Libra 200 MC operated at
400 kV. FTIR spectroscopy was performed using a Nicolet
6700 FTIR spectrometer. A Shimadzu UV-1800 double
beam spectrophotometer was utilized to collect the UV–
Vis absorption spectra data. The photoluminescence and
excitation spectra were measured using a Photon Technology
International (PTI) spectrofluorometer equipped with a Xenon
short-arc lamp. All measurements were carried out under
atmospheric oxygen in ethanol (EtOH). Fluorescence lifetimes
were measured using a PicoQuant Fluorescence lifetime
system (PicoQuant GmbH). Samples were excited at 372 nm
using a picosecond laser diode head (LDH-P-C375).

Experimental Section
Chemicals
3-Triethoxysilylpropylamine (99%, APTES), 1-[3-(trimethoxysilyl) propyl] urea (97%, UPTES), N-(2-aminoethyl)-3-(trimethoxysilyl) propyl amine (97%, DAPTMS),
sodium citrate dihydrate (≥99%, citrate), glycerol (≥99.5%),
rhodamine B isothiocyanate (RITC), rhodamine 6G (R6G),
and absolute ethanol (EtOH) were used as received. All solvents were used as received.
Synthetic procedures of SQDs

The measurement of fluorescence quantum yields (QY) were
performed at room temperature in ethanol. The quantum yield
of the unknown samples was calculated using the equation:
Φu = [(AsFun2)/(AuFsn02)]; where A is the absorbance at a
certain excitation wavelength for standard (As) and unknown
(Au) samples, F is the integrated emission area across the
photoluminescence curve for unknown (Fu) and standard (Fs)
samples, n and n0 are the refractive indexes of the solvent
containing the unknown and standard samples, respectively.[23]
6-aminochrysene (ΦF= 25%) [24] and fluorescein (ΦF= 79%)
[25] were used as references. The quantum yield measurement
of each unknown sample was repeated three times for error
minimization and accuracy. The detailed experimental setup
for Femtosecond Broadband TA Spectroscopy was described
elsewhere. [26]

The preparation of different assemblies of SQDs was conducted
following a solution-based reduction route as shown in scheme
1. [21] All synthetic procedures were conducted under argon
atmosphere. In a typical experiment, 0.6 gm of trisodium
citrate dihydrate was added to 20 ml of warm glycerol in a
flask, then the mixture was heated with vigorous stirring for
20 mins until all citrate was completely dissolved. 4 ml of
APTES (silicon source) was added slowly over 15 minutes to
the mixture and then heated to 180 oC for around 3 hours. The
color of the solution turned yellow due to the formation of
Am-SQD. The assemblies Am-SQD were then centrifuged and
dialyzed against ethanol (MWCO of 1 KDa). The assemblies
Urea-SQD and DiAm-SQD were similarly synthesized using
UPTES and DAPTMS.
SQDs functionalization

Results and Discussion

1) Synthesis of Am-SQD-RITC, Urea-SQD-RITC, and
DiAm-SQD-RITC

SQDs were synthesized following a solution-based reduction
route as shown in scheme 1. The silane starting materials
APTES, UPTES, and DAPTMS were used as the source of
silicon, and they were reduced by sodium citrate dihydrate at
atmospheric pressure and 180 °C in glycerol. The utilization
of the glycerol solvent is crucial to synthesize monodispersed

An excess amount of RITC (100 mg) was mixed with Am-SQD
in 21 ml of anhydrous EtOH, and the mixture was vigorously
stirred in dark for 24 hours. The resulting product was purified
to remove any excess unreacted RITC by dialyzing against
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SQDs without any aggregation, while other solvents (such
as water) produced agglomerated SQDs (data not shown).
The functionalization of SQDs was done using rhodamine
isothiocyanate and rhodamine 6G to produce the dyads: AmSQD-RITC, DiAm-SQD-RITC, Urea-SQD-RITC, Am-SQDR6G, DiAm-SQD-R6G, Urea-SQD-R6G.

is shown in the HR-TEM images (Fig. 1). Distinct lattice
fringes are evident with 0.3 nm interplanar spacing, in good
agreement with the (111) plane of diamond structured silicon.
[27] It should be mentioned that the low resolution of both
TEM and HR-TEM images is assigned to the very small
diameters of SQDs, in addition to the low atomic weight of
silicon compared to other metallic or semiconductor quantum
dots. [1, 12]

Size and structure
Figure 1 presents the TEM, HR-TEM, and size distribution
of DiAm-SQD, Urea-SQD, and Am-SQD, with syntheses
provided in scheme 1. The size distributions indicate that
the average diameter of DiAm-SQD, Urea-SQD, and AmSQD is 1.7 ± 0.7, 1.8 ± 0.7, and 1.8 ± 0.8 nm, respectively,
after analyzing more than 250 dots from different regions of
the grid. The crystallinity of different assemblies of SQDs

To confirm aromatic fluorophore binding to the different SQDs
assemblies, both FTIR and XPS spectroscopy were carried
out. Figure 2 (A) shows the FTIR spectra for Urea-SQD-R6G,
DiAm-SQD-R6G, Am-SQD-R6G, and R6G. The broad band
at 3567 – 3093 cm-1 is attributed to the stretching vibration of
the hydroxyl (OH) band, [28] and the intense peak at 1024

Figure 1. TEM (left), HR-TEM (middle), and diameter distribution with photograph of solution under UV irradiation (right) for DiAm-SQD (A),
Urea-SQD (B), and Am-SQD (C).
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Figure 2. FTIR spectra of A) Urea-SQD-R6G (A), DiAm-SQD-R6G (B), Am-SQD-R6G (C), and R6G (D); and B) Urea-SQD-RITC (A), DiAmSQD-RITC (B), Am-SQD-RITC (C), and RITC (D).

cm-1 is assigned to the Si-O-Si stretching. [29] This confirms
the oxidation of the surface of the SQDs. The peaks at 2992 –
2795 cm-1 correspond to the –CH stretching vibrations of the
alkyl groups and spacers. [30] It is worth mentioning that the
characteristic band at 1711 cm-1 of the carbonyl C=O stretching
mode of the carboxylate group of the R6G is absent in the
three dyads. [31] Furthermore, a new peak appeared at the
wavenumber of 1658 cm-1, which is attributed to the carbonyl
(C=O) vibrations of amide group [32] in the dyads Urea-SQDR6G, DiAm-SQD-R6G, and Am-SQD-R6G. This indicates
the successful binding of SQDs to R6G. Figure 2 (B) presents
the FTIR spectra for Urea-SQD-RITC, DiAm-SQD-RITC,
Am-SQD-RITC, and RITC. The bands at 3693 – 3159, 2994
– 2793, and 1031 cm-1 are attributed to stretching vibrations of
OH, -CH, and Si-O-Si, respectively. The characteristic peak
at 2015 cm-1 of the isothiocyanate (N=C=S) [33] of the RITC
disappeared in the dyads Urea-SQD-RITC, DiAm-SQD-RITC,
and Am-SQD-RITC confirming the attachment of SQDs to the
RITC dye.

the XPS data of N 1s, C 1s, and O 1s for Am-SQD-RITC,
DiAm-SQD-RITC, Urea-SQD-RITC, Am-SQD-R6G, DiAmSQD-R6G, Urea-SQD-R6G. The deconvoluted peaks of N
1s centered at 401.4 and 399.7 eV for Am-SQD-RITC, 401.6
and 399.9 eV for DiAm-SQD-RITC, 401.3 and 399.7 eV for
Urea-SQD-RITC are attributed to protonated amine species
and thiourea nitrogen species (NHC=SNH), respectively.34
The C 1 s binding energy peaks for Am-SQD-RITC, DiAmSQD-RITC, and Urea-SQD-RITC 288.8, 287.8, 286.6, 286.1,
and 284.8 eV are assigned to COOH, NHC=SNH, C=N, C-N,
and C-H/C-C, respectively. [34] The deconvoluted peak of N
1s for Am-SQD-R6hG, DiAm-SQD-R6G, and Urea-SQDR6G centered at 399.5, 399.7, and 399.8 eV, respectively, is
assigned to amidic carbonyl (N-C=O).[1, 35] XPS spectrum
of O 1s shows multiple components at 533.7, 532.3, and 531
eV for Am-SQD-R6G; 533.5, 532.1, and 530.8 eV for DiAmSQD-R6G; 533.9, 532.4, and 530.8 eV for Urea-SQD-R6G.
These peaks are assigned to C-OH/C-O-C, Si-O, and N-C=O,
respectively. [1, 36-37] The XPS data are consistent with FTIR
data, providing clear evidence for successful functionalization
of SQDs with RITC and R6G.

To further confirm attachment of SQDs to RITC and R6G
dyes, XPS spectroscopy was performed. Figure 3 displays
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The difference between the two ratiometric emission peaks in
the SQD/R6G family is assigned to different efficiencies of
energy and/or electron transfer interaction between the SQDs
and R6G dye in the SQD dyads. On the other hand, the SQD/
RITC family mainly reveals fluorescence of the organic dye
with almost complete quenching of the SQDs fluorescence. This
indicates a more efficient interaction, i.e. energy and/or electron
transfer, involved in SQD/RITC as compared to SQD/R6G; see
Figure 5. Moreover, a variation in the relative contribution
of the two fluorophores in the collected fluorescence spectra
indicates that energy and/or electron transfer efficiency is
most likely dependent on the spacer nature between the SQDs
and organic dye. Furthermore, the PL quantum efficiency
measurements (Ф) for SQD/R6G family increase in the order
of Diam-SQD-R6G > Am-SQD-R6G > Urea-SQD-R6G,
while that for SQD/RITC family increase in the order of UreaSQD-RITC > Diam-SQD-RITC > Am-SQD-RITC; see Table
1. Comparison between the obtained quantum yield values
for Urea-SQD-R6G with those for Urea-SQD-RITC indicates
that the interaction in these systems is of more energy waste
nature i.e. more contribution of electron transfer. The change
in quantum yield values can be attributed to the change in the
degree of intramolecular photoinduced electron transfer (PET)
between the phenyl group and xanthenes ring of the organic
dye. [39, 40] This interruption of the PET can be a consequent
Figure 3. XPS Spectra of N 1s and C 1s for Am-SQD-RITC (A),
DiAm-SQD-RITC (B), Urea-SQD-RITC (C); and N 1s and O 1s for
Am-SQD-R6G (D), DiAm-SQD-R6G (E), Urea-SQD-R6G (F).

Table 1: Photoluminescence quantum yield (Ф) and emission lifetime
(τf) of different samples measured in ethanol. The PL lifetimes were
collected from time-correlated single photon counting (TCSPC) upon
376-nm excitation.

Photophysical properties
In order to understand the nature of the intramolecular
interactions between rhodamine dye derivatives and
SQDs as well as the impact of the spacer on the optical
properties of SQDs, their photophysical properties including
photoluminescence (PL) and excitation spectra, PL lifetime
(τF), quantum efficiency (ΦPL), and femtosecond transient
absorption (fs-TA) measurements were carried out for the
SQDs and their counterparts dyads.
Steady-state photoluminescence measurements: Steadystate fluorescence, photoluminescent (PL) excitation, and
absorption spectra of the investigated SQD/R6G and SQD/
RITC families are given in Figure 4. Fluorescence spectra
were collected with excitation at absorption of the SQDs for
both series of SQDs families. The PL spectra for the SQD/
R6G family reveal a dual emission signature of both SQDs
and R6G fluorophore over the spectral range of 400-500 [1,
12] and 500-650 nm, respectively [38]. Additionally, the PL
maxima of the SQDs in the dyads Am-SQD-R6G, Urea-SQDR6G, and DiAm-SQD-R6G were blue-shifted to 430, 435,
444 nm, respectively, compared to their counterpart SQDs.
The fluorescence spectra reveal a maximum contribution
of R6G fluorescence in the dyad Am-SQD-R6G, while the
contribution becomes relatively weaker for Urea-SQDR6G; whereas the fluorescence spectra of Diam-SQD-R6G
reveals minor contribution from R6G; see Figure 5(A-C).
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% Quantum yield
(%Ф)a

λem (nm)

Am-SQD

16.0

440

Diam-SQD

42.0

440

Urea-SQD

13.8

440

R6G41
RITC

95
33.9

515
515

Am-SQD-R6G

26.8

425
535

450

Diam-SQD-R6G

28.5

Urea-SQD-R6G

8.1

Am-SQD-RITC

17.8

560

Diam-SQD-RITC

22.9

560

Urea-SQD-RITC

25.9

560

540
435
540

Fluorescence
lifetimeb (Pre)c
τf (ns) (Pre)c
10 ± 0.2 (35%)
2 ± 0.1 (65%)
9.2 ± 0.1 (24%)
2.4 ± 0.1 (76%)
10.7 ± 0.2 (27%)
2.2 ± 0.1 (73%)
4 ± 0.2
3.9 ± 0.1
0.6 ± 0.2 (74%)
2.2 ± 0.1 (21%)
6.5 ± 0.3 (5%)
2.6 ± 0.1 (62%)
6 ± 0.1 (38%)
1.6 ± 0.1 (48%)
5.4 ± 0.5 (44%)
16.5 ± 0.8 (8%)
2.2 ± 0.1 (59 %)
6.6 ± 0.1 (41%)
0.91 ± 0.2 (66%)
3.43 ± 0.2 (26%)
10.35 ± 0.8 (8%)
3.5 ± 0.1
2.8 ± 0.1
0.5 ± 0.1 (74%)
3.3 ± 0.1 (26%)
3.5 ± 0.1

Reference used is 6-aminochrysene. b IRF = 350 ps (from LUDOX
colloidal silica solution).
c
Pre-exponential weighting factor for the lifetime components.
a
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Figure 3. XPS Spectra of N 1s and C 1s for Am-SQD-RITC (A), DiAm-SQD-RITC (B), Urea-SQD-RITC (C); and N 1s and O 1s for Am-SQDR6G (D), DiAm-SQD-R6G (E), Urea-SQD-R6G (F).
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of electron density change along with different spacer and/
or different types of interactions with SQDs. Interestingly,
the PL quantum efficiency measurements performed for the
dyad samples stored at room temperature for at least one year
revealed a high photostability for these samples. This indicates
the suitability of R6G and RITC dyes to stabilize the SQDs by
avoiding their aggregation and agglomeration.

favor electron transfer. [1] On the other hand for the SQD/
RITC family, almost complete quenching of emission bands
corresponding to SQDs precluded the estimation of SQDs
lifetime in the dyads. Yet, fluorescence lifetimes monitored
from decay curves at emission wavelength corresponding to
RITC fluorescence are given in Table 1. The TCSPC decay
curves are provided in the supporting information. The
estimated lifetimes for RITC in the SQDs dyad showed almost
the same values as those for RITC alone (within experimental
error); see Table 1.

Time Correlated Single Photon Counting (TCSPC): TCSPC
measurements were carried out to estimate the fluorescence
lifetime for the investigated SQD assemblies and dyads (see
Table 1); whereas fluorescence decay curves are provided in the
supporting information. Fluorescence lifetimes monitored at
the emission wavelength corresponding to SQDs (i.e. 440 nm)
were found to be shorter for the SQD/R6G family than their
counterpart SQDs. Fluorescence lifetime decay curves of the
parent SQDs were fitted to bi-exponential kinetics whereas for
the SQD/R6G family, the decay curves were best fit to a threecomponent exponent kinetic equation. The extra component
detected in the kinetic profile of the SQD dyad can be attributed
to photo-induced energy and/or electron transfer interactions.
This allows estimating the rate of energy and/or electron
transfer to be in the order of Am-SQD-R6G > Urea-SQD-R6G
> Diam-SQD-R6G. Moreover, fluorescence lifetime curves
monitored at the emission of R6G were found to be almost the
same for both Am-SQD-R6G and Diam-SQD-R6G; whereas
a shorter fluorescence lifetime was obtained in the case of
Urea-SQD-R6G. This can be understood by considering the
different nature of interactions involved in Urea-SQD-R6G
i.e. more charge separation was involved. Indeed, this is in
line with the low quantum yield value obtained for Urea-SQDR6G, which supports the suggested involvement of chargeseparation energy wasting process; i.e. radical pair formation.
This could be due to hydrogen bond formation, which would

Femtosecond transient absorption (fs-TA) spectroscopy. In
order to better understand the kinetics encountering the excited
state in the SQDs systems upon photoexcitation, time-resolved
laser spectroscopy was conducted using femtosecond transient
absorption (fs-TA) measurements with broadband capabilities.
Details of the experimental set up can be found elsewhere.
[42] The fs-TA spectra of Am-SQD-R6G and time dependent
absorption change of assemblies monitored at both photoinduce excited state absorption (PIA) decay and ground state
bleach (GSB) recovery are given in Figure 6 and supporting
information.
Kinetic traces collected at the PIA change for SQD/R6G family
compared to Am-SQD are shown in Figure 6(B). From the
kinetic traces and the estimated lifetimes given in Table 2, it
is clear that kinetic decay traces for excited-state absorption in
the SQDs dyads exhibited an extra faster lifetime component
as compared to parent SQDs. For both of the Am-SQD-R6G
and DiAm-SQD-R6G, kinetic traces initially reflected this
fast component at early delay times whereas kinetic traces
exhibited almost the same kinetic decay profile of free R6G
over extended delay times (see Figure S6 in supporting
information). For Urea-SQD-R6G, the magnitude of the

Figure 5. fs-TA spectra at different delay times in response to 350 nm optical excitation of Am-SQD-R6G (A), kinetic traces for absorbance
change (B) and (C) (monitoring wavelengths are given on graph; fit in red); in EtOH.
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GSB recovery, see Figure 6 (C) and Figure S6 in supporting
information, kinetic traces collected at 535 nm corresponding
to R6G ground-state absorption is longer for SQD/R6G family
than those for R6G alone. This is in favor of the involvement
of charge separation/recombination affecting the ground-state
recovery kinetics for R6G in the SQD/R6G family. It is worth
mentioning that the GSB kinetic trace for DiAm-SQD-R6G
was not possible to obtain due to stimulated emission from
SQDs over the same spectral range. These results allow us
to confidently suggest the involvement of photo-induced
electron transfer in the interaction in the investigated SQD/
R6G family without excluding the contribution of energy
transfer. It is expected that both the photoinduced energy
and electron transfer mechanisms are operative, with the
photoinduced electron transfer to be more predominant in
Urea-SQD-R6G. On the other hand for the SQD/RITC family,
the fs-TA spectrum was predominated by the GSB of RITC;
see Figure 6. Thus, it was difficult to monitor the TA signal
for excited state absorption either for SQD or RITC over
the investigated spectral range. Yet, kinetic traces associated

faster component is clearly predominating the kinetic trace
in distinguish difference to the other two dyads namely AmSQD-R6G and DiAm-SQD-R6G. Considering the mechanism
of interaction to be both energy and electron transfer, we can
assign this to a major contribution of electron transfer for
Urea-SQD-R6G. Due to the strong spectral overlap observed
over the investigated spectrum range, it was not possible to
observe charge separated ion signature. Yet, from kinetics of
Table 2: Lifetime of the different SQDs as obtained from fs-TA kinetic
traces.

Am-SQD-R6G

Diam-SQD-R6G

Urea-SQD-R6G

λmon (nm)

τ (ps)

650

0.54 ± 0.08 (44%)
25.47 ± 4.06 (22%)
305.20 ± 26.80 (34%)
4.48 ±0.98 (26%)
50.30 ±12.20 (52%)
565.20 ± 83 (22%)
˂ 0.12 (80%)
4.38 ± 0.69 (10%)
130.90 ± 19.10 (10%)

620

535

Figure 6. fs-TA spectra at different delay times in response to 350 nm optical excitation of Am-SQD-RITC (A), kinetic traces for absorbance
change (B) (monitoring wavelengths are given on graph; fit in red); in EtOH.
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constant; see SI. Different quenching efficiencies observed
for different metal solutions as calculated using fluorescence
intensity quenching. Maximum quenching efficiency for Cu2+
is estimated to be 80-95% as calculated using fluorescence
spectrum recorded in presence of 5 mM of metal ion addition.
Moreover, the lowest detection limit for Cu2+ metal ion, as
indicated by fluorescence quenching, was shown to be 0.5 μM.
Similar quenching efficiency was detected for Pb2+ solutions,
with maximum quenching detected upon addition of 26 mM
of metal ion and lowest detection was found to be 2.6 μM.
On the other hand, dyads showed lower sensitivity for Ni2+
as confirmed by the lower fluorescence quenching efficiencies
observed and higher metal concentrations used. In general,
lowest Ni2+ solution required to induce fluorescence quenching
found to be 50 μM; whereas maximum quenching efficiency
observed after addition of 0.5 M (see Figure 7).

with GSB recovery clearly reveal faster kinetics for the
SQDs dyads as compared to the organic dye alone. The faster
kinetics associated with GSB recovery in SQD/RITC family
strongly indicate of charge separation/recombination affecting
the ground-state recovery rates for these dyads. Clearly GSB
recovery rates observed for SQD/RITC dyads are faster than
the free organic dye (RITC); in difference with the behavior
observed for SQD/R6G where GSB recovery rates were found
to be slower than the organic dye (R6G); see Figure 6C. This
allows us to anticipate the structure differences between the
counter parts organic dyes in these two dyads which play an
important role in stabilizing the charge-separated radicals.
Potential Applications
Metal sensors are an important topic motivated by the
implications of metals on environment. In this respect, organic
dyes have extensively been used as detectors through metal
complexation; QDs have proven to be efficient in this regard
as well. [43] Modification of the QDs surface with organic dye
allows benefiting of unique properties of the QDs in improving
the metal detection capacities and sensitivities. In general,
changes in the emission spectra used for metal-ion detection
attributed to complex formation with the organic dye, i.e. the
rhodamine. Herein, we tested our synthesized SQD dyads for
potential applications as metal sensors; in this respect emission
spectra recorded in presence of several additions of Cu2+, Pb2+,
and Ni2+. For all investigated SQDs dyads, the fluorescence
intensity suffered from successive quenching with increasing
of the metal ion solution while maintaining dyad concentration

For all investigated SQDs dyad solutions, the observed
quenching in the fluorescence can be attributed to metal
complex formation involving the connecting bridge between
the organic dye and SQDs. This formed complex in turn is
interrupting the communication between the SQDs and
organic dye, and hence resulting in the observed fluorescence
quenching.

Conclusion
In summary, we have successfully synthesized two families
of SQDs, SQD/R6G and SQD/RITC, that were covalently
functionalized with rhodamine 6G and rhodamine B
isothiocyanate dyes via the carbonyl and thiourea groups

Figure 7. The photoluminescence quenching of SQDs dyads upon the addition of different metal solution concentration.
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in the phenyl part of the dye using different spacers. The
photoluminescence of the SQD/R6G family showed a dramatic
variation of the relative intensity of the dual emission peaks,
while that of SQD/RITC family presented a single emission
peak with a complete quenching of the SQDs fluorescence.
Photoinduced interactions within the investigated dyads
were found to be operative via photo-induced energy and/
or electron transfer. Charge separation confirmed from the
fs-TA measurements where charge recombination found to
be dependent on the spacer as well as position of connection
with the organic dye. Slower rates for charge recombination,
as confirmed from GSB recovery, was obtained for SQD/
R6G whereas faster rates obtained for SQD/RITC. Moreover,
rates for forward interaction in SQD/R6G found to be in the
order of Urea-SQD-R6G ˃ Am-SQD-R6G ˃ DiAm-SQDR6G. The presented results show the possibility to control
the efficiency of the photoinduced energy or the electron
transfer processes in SQDs dyads to be used for biomedical
or optoelectronic applications, respectively. Assemblies were
tested for application as metal sensors where results supported
by fluorescence quenching indicated potential application as
metal detectors for Pb2+, Cu2+ and Ni2+. Indeed, assemblies
indicated high sensitivity toward Cu2+ as indicated both by
strong quenching efficiency and low metal detection limit.
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