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ABSTRACT. A series of hydrophobic dodecyl-terminated 6th-generation poly(amidoamine) dendrimer (H)-encapsulated
cadmium sulfide ((CdS),@H) nanoparticles in a co-solvent (toluene: methanol = 6.8: 3.2 v/v) are synthesized. The diameters
of CdS nanoparticles within the dendrimer were estimated by analyzing the positions of the first excitonic absorption peaks of
CdS in UV-vis spectra. The size of the CdS nanoparticle within the dendrimer shows a saturation value as the CdS/H ratio (n)
increases, which is believed to be due to the limited physical size of the void cavity within the dendrimer. This simple and
convenient method of estimating the saturation of the size of CdS in dendrimers may be useful in determining the maximum
void space within other dendrimers under various solvent conditions.
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INTRODUCTION of Cus; nanoparticles (1.1 nm)."

Dendrimers often employ semiconductor materials as
Dendrimers are monodisperse spherical macromole- guest molecules. Cadmium sulfide (CdS) is popular due to
cules with a repeating, branched unit structure featuring a its direct band gap II-VI semiconductor properties at room
multifunctional core with a high density and precise func- temperature, characterized by an E, value of 2.4 eV."
tional groups attached to the outer surface.' Since the pio- The synthesis of dendrimer-encapsulated CdS nanoparti-
neering synthesis of dendrimers by Tomalia,” different cles," with a size range of 1-2 nm, is straightforward com-
types of dendrimers have been synthesized and found pared to alternative methods. Cd*" ions are typically loaded
numerous useful applications, mainly as hosts for drugs,’ into a dendrimer, followed by the addition of sulfide ions,
metal nanoparticles,* semiconductor nanomaterials,’ cata- resulting in CdS nanoparticles with varying sizes. The
lysts,® and bioimaging.” Dendrimers can also serve as stabiliz- size-dependent optical properties of CdS make it a suit-
ers for metal or semiconductor nanoparticles.® Many guest able guest molecule for many studies, where it can be used
molecules have been introduced into void space inside to determine the size of CdS nanoparticles generated within
dendrimers. The void space inside dendrimers can vary dendrimers. Although transmission electron microscopy
depending on the type of dendrimer, generation, and sol- (TEM) is a precise method for evaluating the size of nano-
vent conditions. Many researchers have endeavored to meter-scale structures, more is needed for quickly mea-
understand the behavior of dendrimers in solutions using suring multiple samples in routine testing.'* To address
molecular dynamics, SAXS, and SANS techniques.’ this issue, alternative approaches that estimate the size of
However, they provided the size of dendrimers that are nanoparticles based on optical absorption measurements
variant depending on the pH of the solution and elucidated have been developed.'® These methods depend on deter-
the size of the internal cavity of dendrimers indirectly.' mining the edge of the absorption band, which is influenced
The comprehension of the maximum internal capacity for by the diameter of the nanocrystal. However, estimating
hosting a guest molecule through experimental endeavors their sizes using these methods can be challenging in cases

is significantly limited. A research group reported on the where nanoparticles with different sizes are mixed.
maximum loading capacity of Cu nanoparticles in a poly(ami- Herein, we report a convenient method to measure the
doamines) (PAMAMSs) dendrimer. They found the diameter practical maximum loading capacity (or size of void space)
of Cus; nanopatrticles sequestered in a hydroxy-terminated of a dendrimer by the synthesis of a series of 6th-generation
PAMAMSs (G6-OH) dendrimer approximately 2.6 nm, hydrophobic dendrimer(H)-encapsulated CdS nanoparti-
which is in severe disagreement with the theoretical size cles ((CdS),@H) in a co-solvent system composed of tol-
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Scheme 1. Schematic diagram of (a) the formation of dendrimer-
encapsulated CdS nanoparticles within the capacity of void space
inside a dendrimer and (b) the formation of CdS particles inside
as well as outside a dendrimer when the size of CdS particles
exceeds the capacity of void space of the dendrimer.

uene and methanol (6.8:3.2 v/v). The size of the CdS particles
is controlled by the molar ratio of Cd*" and S* to H. The
diameter of the nanoparticles is determined by analyzing
the wavelength of the first excitonic absorption peaks of
CdS nanoparticles in UV-vis spectra of corresponding
assemblies. This simple method offers a facile method for
determining the maximum guest size that could be accom-
modated inside a dendrimer depending on the kind of den-
drimers and solvents.

EXPERIMENTAL

All the chemicals were purchased from commercial sources,
which include cadmium nitrate tetrahydrate (Cd(NO3), 4
H,0, 99.0%, Sigma-Aldrich, USA), sodium sulfide (Na,S,
99.9%, Sigma-Aldrich, USA), and dodecyl-terminated 6™
generation PAMAM Dendrimer G6-50% C12 Hydropho-
bic (Sigma-Aldrich, USA).

Preparation of ((CdS),/H))

The synthetic procedure has been modified from the
common synthetic method of dendrimer-encapsulated
CdS nanoparticles." Briefly, the stock solutions of dodecyl-
terminated 6th-generation PAMAM dendrimer H (0.50 mM)
in toluene, Cd(NO3), (20 mM) in methanol, and Na,S (20
mM) in methanol was prepared and used as the reactants.
The designated amount of the stock solutions in 7able S1
of H and Cd** were mixed first to form a complex of Cd**
with the tertiary amines inside the dendrimer and agitated
for 10 min. Subsequently, the stock solution of Na,S was
injected to form dendrimer-encapsulated CdS in the solu-
tion (toluene:MeOH = 6.8:3.2 v/v). The final volume of the
solution is fixed at 10 mL. A series of (CdS),(@H, in which

molar ratios (n) of CdS/H are 16, 64, and 254. And for the
saturation test, 1-10 samples were prepared, in which the
molar ratios of CdS/H were 16 for 1, 40 for 2, 64 for 3, 160
for 4, 254 for 5, 400 for 6, 500 for 7, 700 for 8, 960 for 9,
and 1200 for 10, respectively.

Characterization

UV-vis spectra were recorded on a photodiode array
Agilent 8453 UV-vis spectrophotometer (Agilent, Inc., USA)
and 1.00 cm quartz cuvettes. All spectra were background-
corrected using a spectrum obtained from solvent (tolu-
ene:MeOH = 6.8:3.2 v/v). Photoluminescence (PL) spec-
tra were obtained using a Fluorolog Spectrofluorometer
(Horiba Jobin Yvon, Germany) and 1.0 cm quartz cuvettes.
After preparing the samples, 3 mL of the resulting solution
was transferred to a 1.0 cm-thick quartz cuvette and used
for UV-vis and PL spectra acquisition. Detailed informa-
tion for the concentration and volume of the reactant solu-
tions and solvents are provided in Table S1 in the Supporting
Information. Scanning electron microscopic (SEM) images
and energy-dispersive X-ray spectra (EDS) were obtained
using a JEOL JSM-7610F field emission scanning elec-
tron microscope (Japan). High-resolution transmission
electron microscopic images were obtained using a JEOL
model JEM 2010 microscope at an acceleration voltage of
200 kV.

RESULTS AND DISCUSSION

As a preliminary study, the formation of size-monodisperse
CdS inside a hydrophobic 6th-generation dodecyl-termi-
nated poly(amidoamine) dendrimer (H) was evaluated.
Half of the outer surface terminal groups of H are deco-
rated with dodecyl groups, while the rest of the end groups
remain amines. In this preparation, H acts as a nanoreactor
and an internal stabilizer for forming the CdS nanoparti-
cles. For this purpose, three H-encapsulated CdS nanopar-
ticles ((CdS),@H), with molar ratios (), CdS/H of 16, 64,
and 254, were synthesized by the experimental procedure
described in the Experimental section and 7able S1. Briefly,
CdS nanoparticles were synthesized within H using the
following method: First, Cd** ions were sequestered within
H simply by mixing a Cd(NOs), solution with an H solu-
tion for 10 min. The main driving force for the seques-
tration of Cd*" ions in the dendrimer is known to be the
solubility difference of Cd** ions in solvent and the inte-
rior of the dendrimer and coordination of Cd*" to tertiary
amines of the dendrimer.'® Then, a rapid injection of Na,S
solution led to the formation of CdS nanoparticles within
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Figure 1. UV-vis and PL spectra of CdS nanoparticles of (a) CdS/H
= 16:1, (b) 64:1, and (c) 254:1. Each PL spectrum (right) was
obtained by excitation at first absorption peaks of corresponding
UV-vis spectrum (left). (d) UV-vis spectra of CdS nanoparticles
by the same experimental condition as in (a)-(c), but in the absence
of H.

2023, Vol. 67, No. 4

the dendrimer. As shown in Fig. 1, (CdS);s@H, (CdS)ss@H,
and (CdS),s4@H have the first absorption peak positions
at 326 nm, 347 nm, and 350 nm, respectively. Excitation
photoluminescence (PL) spectra were recorded by exci-
tation on the first absorption peak of the UV-vis spectra of
corresponding samples. The excitations at first excitonic
absorption peaks produce the PL excitation peaks at 439 nm,
460 nm, and 514 nm, respectively.

To clarify the formation of CdS nanoparticles inside H,
the same experiments in the absence of H were per-
formed. As shown in Fig. 1(d), CdS was synthesized with-
out specific peaks over the full span of the spectra. This
result confirms that the size-monodisperse CdS in (CdS),@H
assemblies could be synthesized within the dendrimer.

Transmission electron microscopy (TEM) is a commonly
used method for evaluating the size of nanoparticles. TEM
provides precise measurements of the shape and size of
nanometer-scale structures.'* In this study, poor electron
beam absorption of Cd*" in TEM forced us to choose
methods other than TEM to evaluate the above particle
sizes ranging from 1~2 nm. Among them," Yu et al. reported
that the average particle size of CdS could be estimated by
the wavelengths of the first absorption peaks in the UV-vis
spectra of CdS by the following empirical formula as
shown below:'®

D = (-6.6521 x 10°%) A% + (1.9557 x 10*) A2
—(9.2352 x 10%) & + (13.29)

where D (nm) is the diameter of a CdS nanoparticle, and 1
(in nm) is the wavelength of the first excitonic absorption
peak of the corresponding sample. It should be noted that
the formula provided above is only polynomial fitting
functions of the experimental data, which may need to be
revised in size ranges not covered by the data in the
1.5~5.6 nm range. Average particle sizes obtained by Yu’s
empirical formula for (CdS),(@H, (CdS)q@H, and
(CdS),s4@H are 1.68 nm, 1.99 nm, and 2.07 nm, respec-
tively. Theoretical calculations of particle sizes for the
corresponding CdS, based on the molar volumes (V7;,) of
Cd and S, reveal distinct differences. Specifically, the
Theoretical diameters for (CdS);s@H, (Cd)ss@H, and
(CdS)ps4@H are 1.13 nm, 1.80 nm, and 2.84 nm, respec-
tively. Yu’s empirical formula does not cover the size of
(CdS);s@H, while (CdS)ss@H displays a close coinci-
dence between the two values. However, a notable discrep-
ancy is observed between the sizes of (CdS),s;@H calculated
by Yu’s formula and its corresponding theoretical value.
These observations underscore the need to investigate the
maximum particle size of CdS nanoparticles that the host
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Figure 2. UV-vis absorption spectra of the samples: 1: (CdS),(@H;
2: (CdS)s@H; 3: (CdS)ss@H; 4: (CdS)150@H; 5: (CdS),s4@H;
6: (CdS)400@H, 7 (CdS)S()()@H, 8: (Cds)7()0@H, 9: (Cds)g(,()@H,
10: (CdS)200@H, from bottom to top, respectively. The positions
of the first absorption peaks were denoted as Ay.

can accommodate.

To study the effect of CdS/H ratios (#) on UV-vis spec-
tra, a series of (CdS),@H samples with different values of
n were prepared. The samples (1-10) had » values of 16,
40, 64, 160, 254, 400, 500, 700, 960, and 1200, respectively.
Sample 1 displayed a first absorption peak at 322 nm,
while sample 2 had one at 338 nm and sample 3 at 344 nm,
as shown in Fig. 2. Sample 4 reached a saturation point in
the increase of the position of the first absorption peak. In
contrast, samples 5 to 10 were unable to identify the exact
positions of the first absorption peaks due to the blurred
peaks in the spectra.

Therefore, deconvolution was necessary to distinguish
the first absorption peaks from CdS formed inside H from
the absorption of CdS outside H. Figure S1 displays the
deconvolution of the spectra of samples 5-10. No further
increase was seen in samples 5 to 10, potentially owing to

CdS diameter (nm)
N

[OF T T T T
0 100 200 300 400 500

Ratio of CdS/H (n)

Figure 3. The trend in diameters of CdS nanoparticles in (CdS),@H
as a function of CdS/H ratio (») calculated by Yu’s formula from
the UV-vis spectra (open circles) and theoretical diameters of
(CdS), calculated based on the molar volume (V;,) of Cd and S
under the assumption that the internal void cavity of the den-
drimer is not limited (closed squares).

the limited size of the void space within H. As revealed by
the deconvoluted spectra, the gradual saturation in the
position of absorption indicates CdS formation outside of
H. This results in a broad size distribution ranging from
sub-nanometer to significantly larger than the CdS formed
inside H. These results confirm that CdS nanoparticles
larger than a specific size could not fit inside the dendrimer
and therefore were generated outside.

The relationship between the CdS/H ratio (n) and the
diameter of CdS nanoparticles within the dendrimer is
demonstrated in Fig. 3. The data indicate that the size of
CdS inside the dendrimer is saturated due to the limited
capacity of the internal void cavity of the dendrimer. Based
on Yu’s empirical formula, the estimated average diameter of
CdS in samples 5-10 is 2.04 + 0.05 nm, corresponding to
approximately (CdS)s. The theoretical particle sizes of
CdS in (CdS), were calculated and shown in Fig. 3 (filled
squares). It displays the theoretical sizes of (CdS),@H for
the respective samples, which deviate from the values cal-
culated using Yu’s formula for samples 5-10 (open circles).
This suggests that the physical void space of H constrains
the size of CdS nanoparticles sequestered within it.

Fig. S2 displays high-resolution transmission electron
microscopic (HR-TEM) images and X-ray energy disper-
sive spectroscopic (EDS) data of 1 and 10. The HR-TEM
image of sample 1 in Fig. S2 shows its transparency under
HR-TEM imaging. Therefore, the detection of CdS nanopar-
ticles can be challenging. Still, their presence is confirmed
through EDS data, which reveals an atomic ratio of Cdto S
close to 1:1. In contrast to sample 1, sample 10 demonstrates
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a notable aggregation of CdS nanoparticles that have
formed outside of H and are larger than 2 nm in size. Fig. S3
shows the EDS result of sample 10, which also supports
the severely aggregated entities are CdS.

CONCLUSION

In this study, a series of hydrophobic poly(amidoamine)
dendrimer (PAMAM)-encapsulated cadmium sulfide
((CdS)n@H) using a co-solvent (toluene: methanol = 6.8:
3.2 v/v) system were synthesized. The size of the CdS
formed inside the dendrimer is determined by the molar
ratio of Cd*" and S* to H. The diameters of a series of (CdS),
were estimated by the positions of the first absorption peaks
of CdS in UV-vis spectra and exhibited a saturation to a
specific value as 7 increases, likely due to the limited size
of'the void cavity inside the dendrimer. These results offer
insight into the effective void cavity size for guest molecule
accommodation in a dendrimer. The method herein might
be applied to determine the maximum loading capacity of
other dendrimers. It might have promising implications
for various research areas and offers essential information
such as drug delivery.
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tants for product formation, deconvolution data for sam-
ple 1-10, and HR-TEM images and EDS data for 1 and 10
are available online.
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