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ABSTRACT
The  formation  pathway  of  aqueous-phase  colloidal  semiconductor  magic-size  clusters  (MSCs)  remains  unrevealed.  In  the
present  work,  we  demonstrate,  for  the  first  time,  a  precursor  compound  (PC)-enabled  formation  pathway  of  aqueous-phase
CdSe MSCs exhibiting a sharp absorption peaking at about 420 nm (MSC-420). The CdSe MSC-420 is synthesized with CdCl2
and selenourea as the respective Cd and Se sources, and with 3-mercaptopropionic acid or L-cysteine as a ligand. Absorption
featureless  CdSe  PCs  form  first  in  the  aqueous  reaction  batches,  which  transform  to  MSC-420  in  the  presence  of  primary
amines. The coordination between primary amine and Cd2+ on PCs may be responsible to the PC-to-MSC transformation. Upon
increasing  the  reactant  concentrations  or  decreasing  the  CdCl2-ligand feed molar  ratios,  the  Cd precursor  self-assembles  into
large aggregates, which may encapsulate the resulting CdSe PCs and inhibit their transformation to MSC-420. The present study
sheds essential light on the syntheses and formation mechanisms of nanocrystals.
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1    Introduction
Semiconductor magic-size clusters (MSCs) have their counterpart
precursor compounds (PCs) [1–20]. The main difference between
both is that the MSCs exhibit sharp characteristic absorption peaks
but  the  PCs  are  generally  featureless  in  optical  absorption.  In
organic-phase  metal  (M)  chalcogenide  (E)  reaction  systems,  the
ME  PCs  form  first  upon  the  self-assembly  and  the  subsequent
covalent bonding of M and E precursors [18]. After incubation or
dispersing  in  certain  organic  solvents,  the  resulting  PCs  then
transform to MSCs via intramolecular reorganization [2–19]. The
PCs  may  dissociate  to  result  in  fragments  that  support  the
nucleation and growth of quantum dots (QDs) [9, 12]. Moreover,
one PC is able to interact with monomers/fragments (M/F) in the
reaction  systems  via  either  substitution  or  addition  reaction  to
produce a  new PC with different  structures  and/or  compositions
[2, 3, 7, 9, 11–13, 20].  Such  a  PC-to-PC  transformation  is
responsible  to  the  apparent  transformation  among  MSCs.  It  is
noteworthy  that  the  semiconductor  PCs  are  quite  conceptually
similar  to  the  (CaCO3)n (n =  3–11)  oligomers  and  Posner
molecules  (Ca3(PO4)2)3 as  intermediates  for  the  formation  of
calcium-based inorganic nanomaterials [21, 22].

So  far,  the  syntheses  of  aqueous-phase  semiconductor
nanoparticles,  including  QDs  and  MSCs,  are  quite  empirical
[23–36].  The  understanding  about  the  reaction  mechanism  of

these  synthetic  approaches  in  aqueous  solutions  remains  limited,
which is mainly attributed to the complicated ionic environments
in  aqueous  solutions  [23, 27].  There  are  synthetic  approaches  of
aqueous-phase  CdSe  [31–36]  and  CdS  MSCs  [1]  that  have  been
reported  in  literature.  The  CdSe  MSCs  are  synthesized  in  water
with  CdSO4 and  Na2SeSO3 as  the  respective  Cd  and  Se  sources,
and  with  L-cysteine  (HS–CH2–CH(NH2)–COOH,  Cys)  as  the
ligand.  CdSe  MSCs  exhibiting  a  sharp  absorption  peak  at  about
420  nm  (denoted  as  MSC-420  according  to  the  primary
absorption peak) form gradually in the reaction batches. However,
such  an  approach  suffers  from  poor  stability  of  the  Se  source
(Na2SeSO3)  and  long  reaction  durations  (about  6–7  days)  [31],
and  the  formation  mechanism  of  MSCs  is  left  unrevealed.  The
CdS  MSCs  are  synthesized  with  CdCl2 and  thiourea  as  the
respective  Cd and  S  sources,  and  with  3-mercaptopropionic  acid
(HS–CH2–CH2–COOH,  MPA)  as  the  ligand.  Addition  of  a
primary  amine,  such  as  butylamine  (CH3–(CH2)3–NH2,  BTA),
into  the  mixtures  promotes  the  decomposition  of  thiourea  and
induces  the  formation  of  CdSe  MSCs  with  a  characteristic
absorption  peak  at  about  360  nm  (denoted  as  MSC-360).  The
purified  CdS  MSC-360  transforms  to  its  counterpart  PCs  after
being  dispersed  in  deionized  water,  while  the  MSC-360  recovers
upon addition  of  primary  amines  [1].  In  such  a  reaction  system,
both  the  decomposition  of  thiourea  and  the  formation  of  MSC-
360  occur  simultaneously  after  addition  of  BTA.  Therefore,  the
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formation  pathway  of  CdS  MSC-360  in  aqueous  solutions  from
precursors remains to be explored.

In the present work, we demonstrate the PC-enabled formation
pathway  of  aqueous-phase  CdSe  MSC-420  at  room temperature.
The  CdSe  MSC-420  is  synthesized  with  CdCl2 and  selenourea
(SeU)  as  the  respective  Cd  and  Se  sources,  and  with  MPA  as  a
ligand.  SeU  is  a  commercially  available  compound  that  may  be
hydrolyzed  in  alkaline  aqueous  solutions.  The  use  of  SeU  may
help to obtain CdSe PCs in aqueous solutions with the absence of
primary  amines,  which  facilitates  the  investigation  for  the
formation  pathway  of  CdSe  MSC-420.  The  reaction  mixture  of
these reactants in an alkaline aqueous solution remains absorption
featureless  upon  incubation,  while  the  addition  of  a  primary
amine,  such as  BTA, promotes  the formation of  CdSe MSC-420.
Electrospray  ionization mass  spectrometry  (ESI-MS)  suggests  the
incubated  CdSe  solution  with  absorption  featureless  forms  CdSe
PCs. 1H nuclear magnetic resonance (NMR) spectroscopy suggests
the  coordination  of  primary  amine  with  Cd2+,  which  may  be
responsible to the transformation from the CdSe PCs to MSC-420.
The  Cd-MPA  complexes  may  self-assemble  to  large  aggregates,
which are facilitated upon decreasing the CdCl2-MPA feed molar
ratio.  The  resulting  aggregates  encapsulate  the  PCs  and  inhibit
their  transformation to  MSC-420.  When Cys  is  used as  a  ligand,
MSC-420  evolves  in  the  alkaline  aqueous  solution  without  the
addition of primary amine. We argue that the formation of CdSe
PCs  and  their  transformation  to  MSC-420  occur  simultaneously
due to the presence of primary amine group on Cys. With a high
CdCl2 to  Cys  feed  molar  ratio,  the  resulting  Cd-Cys  complex
exhibits a partially closed configuration with both thiol and amine
groups  coordinated  with  Cd2+.  Such  a  configuration  of  Cd-Cys
complex  decreases  its  reactivity  towards  the  formation  of  CdSe
PCs and MSC-420. With a low CdCl2 to Cys feed molar ratio, the
self-assembly of the resulting Cd-Cys complex is facilitated, which
inhibits  the  formation  of  CdSe  MSC-420  as  well.  The  present
study  demonstrates  that  the  PC-enabled  formation  pathway
model  of  semiconductor  MSCs in  organic-phase  reaction  system
is  also  applicable  to  the  aqueous-phase  one,  promoting  the
syntheses  of  semiconductor  nanomaterials  from  an  empirical  art
to science. 

2    Experimental
 

2.1    Chemicals
SeU (98%),  MPA (99%),  Cys (97%),  BTA (99.5%),  pyrene (99%)
and  deuterium  oxide  (D2O,  99%)  were  purchased  from  Sigma-
Aldrich.  CdCl2∙2.5H2O  (99%)  was  purchased  from  Chengdu
Kelong  Chemical.  Potassium  hydroxide  (KOH,  85%)  was
obtained  from  Tianjin  Zhiyuan  Chemical.  Propylamine  (PrA,
99%)  was  obtained  from Tianjin  Guangfu  Chemical.  Ethylamine
aqueous solution (ETA, 70%) was purchased from Alfa Aesar. All
the chemicals were used without further purifications. 

2.2    Preparation of Cd precursor stock solutions
The  Cd  precursor  stock  solutions  were  prepared  upon  mixing
CdCl2∙2.5H2O (23 mg, 0.10 mmol) with either MPA (35 μL, 0.40
mmol)  or  Cys  (49  mg,  0.40  mmol)  in  5.00  mL  deionized  water
under  stirring.  To  the  resulting  aqueous  solution,  KOH  solution
(1.00  M)  was  used  to  adjust  the  pH  to  a  certain  value.
Subsequently, deionized water was added to obtain a mixture with
a total volume of 10.00 mL, and the resulting solutions were kept
under ambient conditions for further usage. 

2.3    Synthesis of CdSe MSC-420
 

2.3.1    Synthesis of CdSe MSC-420 with MPA as the ligand

In the Cd precursor stock solution (10.00 mL) with MPA, SeU (6
mg,  0.05  mmol)  was  added  at  room  temperature  under  stirring.
Aliquots of the as-mixed sample or the sample with an incubation
for  3  h  were  extracted  and  dispersed  in  a  mixture  of  BTA  and
deionized water. The resulting sample with BTA was then kept at
room temperature for various durations towards the formation of
CdSe MSC-420. 

2.3.2    Synthesis of CdSe MSC-420 with Cys as the ligand

In  the  Cd  precursor  stock  solution  (10.00  mL)  with  Cys,  SeU  (6
mg,  0.05  mmol)  was  added  at  room  temperature  under  stirring.
The resulting aqueous sample was then kept at room temperature
for various durations towards the production of CdSe MSC-420. 

2.4    Characterization
 

2.4.1    Absorption spectroscopy

Optical absorption spectra were collected with an interval of 1 nm
on  TECHCOMP  UV  2310  II  ultraviolet–visible  (UV–vis)
spectrometers.  Background  measurements  were  performed  with
deionized water. 

2.4.2    Fluorescence spectroscopy

A  stock  solution  of  pyrene  (0.3  μM)  was  used  throughout  the
fluorescence  measurements.  The  samples  were  prepared  in  the
pyrene stock solution with various ratios of CdCl2 to either MPA
or Cys with different CdCl2 concentrations. KOH was added with
2.5 times concentrations as high as that of MPA or Cys to result in
an alkaline environment. The solutions were kept for 24 h at room
temperature  before  fluorescence  measurements.  The  emission
spectra were collected on Horiba Fluoromax-4 spectrometer with
an excitation wavelength of  335 nm, and with the excitation and
emission slit widths of 2.5 nm. 

2.4.3    1H  NMR  and  heteronuclear  single  quantum  coherence
(HSQC) spectroscopy

The  solutions  were  prepared  in  deuterium  oxide  (D2O).  All  the
spectra were collected on Bruker A II 400 MHz spectrometer. 

2.4.4    ESI-MS

The  ESI-MS  measurements  were  performed  with  an  Agilent
6210A  HPLC-TOF/MS  in  a  positive  ion  mode.  Acetonitrile  was
used  as  a  mobile  phase.  Agilent  Mass  Hunter  software  was  used
for the collection and analysis of ESI-MS spectra. 

2.4.5    Computation

All density functional theory (DFT) calculations were carried out
via  Gaussian  software  under  the  M062X/Def2-TZVP  level  [37].
The  polarized  continuum  model  (PCM-SMD)  [38, 39]  of  water
was  considered  to  simulate  the  solvent  effect.  Frequency
calculations were performed to evaluate the stabilities of structures
and to obtain the Gibbs free energy. 

3    Results and discussion
 

3.1    Evolution of CdSe MSC-420 with MPA as the ligand
Figure  1 presents  the  optical  absorption spectra  of  CdSe reaction
batches  ((a)–(c))  and of  SeU aqueous solutions  ((d)–(f)).  For  the
CdSe reaction batches, an aqueous sample (pH about 12.0) with a
feed  molar  ratio  of  2CdCl2-8MPA-1SeU  and  with  a  CdCl2
concentration of 10.0 mM was prepared first.  An aliquot (60 μL)
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of  the  as-mixed  aqueous  sample  was  dispersed  in  a  mixture  of
BTA (2.00 mL) and water (0.94 mL) (a), and the same volume of
the incubated sample was dispersed in either water (2.94 mL) (b)
or  a  mixture  of  BTA  (2.00  mL)  and  water  (0.94  mL)  (c).
Absorption  spectra  of  each  sample  were  collected  after  various
durations  as  indicated.  For  the  SeU  aqueous  solutions,  stock
aqueous solutions of 5.0 mM SeU were prepared in water with pH
values of 11.0 (d) and 12.0 (e), and in a mixture of BTA (2.00 mL)
and water (1.00 mL) (f). After certain reaction periods, an aliquot
(30 μL) of each SeU stock solution was extracted and dispersed in
water (2.97 mL) for absorption measurement.

When the  as-mixed  2CdCl2-8MPA-1SeU aqueous  sample  was
dispersed in the BTA-water mixture, a primary peak at about 350
nm with an absorbance of about 0.06 appeared after about 1 min.
The peak shifted to about 393 nm with an absorbance of 0.05 after
reacting  for  20  min.  Subsequently,  the  peak  redshifted  gradually
over  time,  with  the  absorbance  increasing  simultaneously.  After
100  min,  the  peak  appeared  at  412  nm  with  an  absorbance  of
about  0.35,  which  changed  little  in  the  following  20  min
(Fig. 1(a)).  When  the  incubated  2CdCl2-8MPA-1SeU  aqueous
sample was dispersed in water, the resulting solution displayed no
obvious  characteristic  absorption  peak  and  changed  little  up  to
300 min (Fig. 1(b)). Upon dispersing the incubated CdCl2-8MPA-
1SeU  aqueous  sample  in  the  BTA-water  mixture,  the  primary
absorption  peak  located  at  380  nm  with  an  absorbance  of  0.08

after  reacting  for  1  min.  Similarly,  the  peak  redshifted  and
increased  in  absorbance  gradually  over  time.  After  110  min,  the
peak  was  at  411  nm with  an  absorbance  of  0.40,  which  changed
little in the following 10 min (Fig. 1(c)).

The SeU exhibits a characteristic absorption peak at about 250
nm in aqueous solutions. We noticed that in an aqueous solution
with a pH of about 11.0, the absorption peak of SeU changed little
in  durations  up  to  1,440  min  (Fig. 1(d)),  suggesting  that  SeU
remained  stable  under  such  conditions.  When  the  pH  value
increased  to  about  12.0,  the  absorption  peak  of  SeU,  however,
decreased in intensity gradually over time, and almost disappeared
after  1,080  min  (Fig. 1(e)).  In  a  mixture  of  BTA  (2.00  mL)  and
water  (1.00  mL),  the  absorption peak of  SeU almost  disappeared
in about 40 min (Fig. 1(f)). These results suggest the hydrolysis of
SeU in aqueous solutions under  a  high pH or  in  the presence of
BTA.  Upon  increasing  the  pH  (Fig. S1  in  the  Electronic
Supplementary  Material  (ESM))  or  the  volume  of  BTA  in  the
aqueous solutions (Fig. S2 in the ESM), the hydrolysis of SeU was
facilitated significantly. By increasing the volume of BTA from 0.5
to  2.0  mL in  the  BTA-water  mixtures  with  a  total  volume of  3.0
mL,  the  pH of  the  resulting  BTA-water  mixtures  increased  from
12.5 to 13.8 (Fig. 1(f) and Fig. S2 in the ESM), which may lead to
the fast hydrolysis of SeU. We noticed that upon the hydrolysis of
SeU,  the  SeU  aqueous  solutions  evolved  from  transparent  to
turbid  with  a  color  of  brown,  resulting  in  black  precipitates
eventually.

 

(a) (b)

(c) (d)

(e) (f)

Figure 1    Investigations of the formation of aqueous-phase CdSe MSC-420 and the hydrolysis of SeU. An aqueous sample of 2CdCl2-8MPA-1SeU was prepared first
with a CdCl2 concentration of 10.0 mM. The as-mixed sample was extracted and dispersed in a mixture of BTA and water (a). After an incubation period of 3 h, the
incubated aqueous sample was extracted and dispersed in either water (b) or a mixture of BTA and water (c). The absorption spectra were collected for each solution
after certain durations as indicated. SeU stock solutions with a concentration of 5.0 mM were prepared first in aqueous solutions with pH of 11.0 (d) and 12.0 (e), or in
a mixture of BTA and water (f).  After certain periods as indicated, each SeU stock solution was extracted and dispersed in water for absorption measurement. The
formation of MSC-420 obtained in the BTA-water mixture from the incubated sample is faster than that from the as-mixed one, which may suggest the formation of
absorption featureless CdSe PCs in the incubated aqueous sample.
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The appearance of the characteristic absorption peak shown in
Fig. 1(a) suggests the formation of CdSe MSC-420 in the absence
of CdSe QDs from the as-mixed sample in the BTA-water mixture
due  to  the  BTA-promoted  hydrolysis  of  SeU.  The  incubated
aqueous  sample  remained  absorption  featureless  in  water,  but
displayed the formation of MSC-420 in the BTA-water mixture. It
worth  noting  that  the  intensity  of  MSC-420  absorption  peak
obtained  from  the  incubated  sample  remained  higher  than  that
obtained from the as-mixed sample in the same reaction period in
BTA-water mixture (Fig. S3 in the ESM). Therefore, we argue that
the  absorption  featureless  CdSe  PCs  formed  in  the  incubated
aqueous  sample  (Fig. 1(b)),  which  is  supported  by  the  hydrolysis
of SeU in aqueous solutions with a pH of about 12.0. The resulting
PCs  then  transform  to  CdSe  MSC-420  in  the  presence  of  BTA
(Fig. 1(c)).  Upon  dispersing  the  as-mixed  sample  in  the  BTA-
water  mixture,  the  formation  of  CdSe  PCs  and  their
transformation  to  CdSe  MSC-420  occurred  simultaneously
(Fig. 1(a)).  Nevertheless,  a  quantitative  analysis  of  the  conversion
kinetics from CdSe PCs to MSC-420 remains challenging, even for
the  incubated  sample.  It  is  difficult  to  purify  CdSe  PCs  from the
incubated  sample,  while  addition  of  BTA  into  the  incubated
sample  promotes  the  hydrolysis  of  unreacted  SeU  towards  the
formation of new CdSe PCs. Therefore, we are not able to obtain a
simple PC to MSC transformation process for further analysis.

The CdSe PCs formed are supposed to be amorphous [6], and
exhibit  similar  molecular  mass  of  the  inorganic  core  with  that  of
MSC-420  [17].  We argue  that  the  PC-to-MSC transformation  in
the  presence  of  BTA  may  involve  the  variation  of  surface
passivation for the CdSe PCs. It is noteworthy that the excess Cd-
MPA  complexes  in  the  reaction  system  may  surround  in  the
adsorption  layer  of  CdSe  PCs  and  MSCs  to  protect  them  from
oxidation  by  dissolved  O2 [40].  Similar  PC-to-MSC
transformations  in  the  presence  of  a  primary  amine  (BTA  or
octylamine)  were  also  observed  in  nonaqueous  reaction  systems
regarding CdSe [16], CdTe [5, 13, 14], CdTeSe [7], and ZnSe [15]
MSCs.  When  the  CdCl2-8MPA-1SeU  aqueous  sample  was
incubated  for  a  long  period  such  as  27  or  72  h  (Fig. S4  in  the
ESM), the resulting CdSe PCs seem to transform to a species with
an absorption peak at about 350 nm. The resulting species with a
long incubation period seems to be a CdSe coordination polymer
that is a fibrillar intermediate with a characteristic absorption peak
at about 350 nm [41, 42].

Besides BTA, the use of other primary amines, such as PrA and
ETA  (70%  aqueous  solution),  were  also  able  to  promote  the

formation of CdSe MSC-420 from either as-mixed (Fig. S5 in the
ESM)  or  incubated  samples  (Fig. S6  in  the  ESM).  Increasing  the
volume of primary amine up to 2.0 mL in a 3.00 mL amine-water
mixture seemed to facilitate the evolution of MSC-420, resulting in
a  faster  formation  rate  and  a  sharper  characteristic  absorption
peak. However, further increase of the volume of PrA and BTA to
about 3.0 mL seemed to suppress the formation of MSC-420 due
to  the  precipitation  of  reactants  (Figs  S5(b4),  S5(c4),  S6(b4)  and
S6(c4) in the ESM), while using about 3.0 mL ETA resulted in the
evolution  of  MSC-420  with  the  co-existence  of  a  new  species
peaking at 437 nm (Figs. S5(a4) and S6(a4) in the ESM). 

3.2    The detection of CdSe PCs via ESI-MS
ESI-MS has been widely employed to investigate the formation of
PCs  in  the  induction  period  samples  [11, 16, 18]. Figure  2(a)
presents  the  ESI-MS  spectra  for  an  as-mixed  sample  (trace  (1)),
and for  an incubated aqueous one in  the  absence (trace  (2))  and
presence  of  BTA  (trace  (3)).  The  as-mixed  sample  was  prepared
with a feed molar ratio of 2CdCl2-8MPA-1SeU and with a CdCl2
concentration  of  10.0  mM  for  ESI-MS  measurement.  The
incubated  aqueous  sample  had  a  similar  composition,  and  was
stored  at  room  temperature  for  1.5  h  first.  The  resulting  sample
was  either  kept  further  for  additional  1.5  h,  or  extracted  in  a
volume  of  0.50  mL  then  mixed  with  BTA  (1.50  mL)  and  water
(1.00  mL)  and  kept  for  a  duration  of  1.5  h  for  ESI-MS
measurement.  The  corresponding  absorption  spectra  of  these
three samples are shown in Figs 2(b) and Fig. S7 in the ESM.

Both  the  as-mixed  sample  and  incubated  one  without  BTA
were  absorption  featureless  (Fig. 2(b),  traces  (1)  and  (2)).
However, the former exhibited no characteristic signal in ESI-MS
spectrum (Fig. 2(a),  trace  (1)),  while  the  ESI-MS spectrum of  the
latter exhibited various characteristic signals that may be assigned
to  fragments  with  compositions  of  CdxSey (where x and y are
integers)  as  labelled  (Fig. 2(a),  trace  (2)).  Upon  mixing  the
incubated  sample  with  BTA,  CdSe  MSC-420  formed  (Fig. 2(b),
trace  (3)).  The  ESI-MS  spectrum  of  the  resulting  mixture
displayed also a series of CdxSey fragments (Fig. 2(a), trace (3)).

The  ESI-MS  signals  obtained  from  the  incubated  sample
(Fig. 2(a),  trace  (2))  suggest  the  formation  of  CdSe  PCs  with
Cd–Se covalent  bonds upon the  hydrolysis  of  SeU in an alkaline
aqueous  solution  [11, 16, 18].  The  PCs  fragmentized  to  result  in
CdxSey fragments during the ESI-MS measurement. The PCs then
transformed to MSC-420 upon addition of BTA. Such a process is
quite  similar  to  the  BTA-facilitated  evolution  from  CdS  PCs  to

 

(a) (b)x/y
CdxSey

Incubated
Incubated
As-mixedAs-mixed

600 900 1,200 1,500

Figure 2    ESI-MS and absorption spectra of an as-mixed aqueous sample and of an incubated CdSe sample in the absence and presence of BTA. Both the as-mixed
and incubated samples (pH about 12) had a feed molar ratio of 2CdCl2-8MPA-1SeU with a CdCl2 concentration of 10.0 mM. The as-mixed sample was prepared and
measured for ESI-MS ((a), trace (1)) and absorption spectra ((b), trace (1)). One incubated sample was incubated at room temperature for 3.0 h for ESI-MS ((a), trace
2) and absorption measurements ((b), trace (2)). Another incubated sample was incubated at room temperature for 1.5 h first, and mixed with BTA and water and
kept for additional 1.5 h for ESI-MS ((a), trace (3)) and absorption measurements ((b), trace (3)).  The ESI-MS spectrometry investigations suggest the formation of
CdSe PCs in the absorption featureless incubated sample.
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CdS  MSC-360  in  aqueous  solution  [1].  The  ESI-MS  signals
obtained  from  the  sample  with  BTA  (Fig. 2(a),  trace  (3))  are
supposed  to  be  relating  to  the  fragmentation  of  CdSe  MSC-420
during  the  ESI-MS  measurements.  It  is  noteworthy  that  a  MSC
and  its  corresponding  PC  are  a  pair  of  polymorphs  with  similar
chemical  compositions  for  the  inorganic  core  [13],  therefore,  the
ESI-MS spectra for samples containing PCs and/or MSCs exhibit
quite similar signals. 

3.3    The effect of Cd precursor on the formation of CdSe
MSCs
To understand further  the  formation  of  CdSe  MSC-420  from its
counterpart  PC  in  aqueous  solutions,  we  investigated  the
interactions  between  Cd  precursor  and  BTA,  as  well  the  self-
assembling  behavior  of  Cd  precursors. Figure  3(a) shows  the 1H
NMR spectra obtained from solutions of 80 mM BTA (trace (1)),
80 mM MPA and 200 mM KOH (trace (2)), and a mixture of 80
mM  BTA,  80  mM  MPA  and  200  mM  KOH  in  the  presence  of
CdCl2 with  concentrations  of  0.0  (trace  (3)),  5.0  (trace  (4)),  10.0
(trace  (5)),  20.0  (trace  (6))  and  40.0  mM  (trace  (7)). Figure  3(b)
displays  the  proposed  structures  of  Cd  precursor  with  different
ratios  of  CdCl2 to  MPA  in  the  presence  of  BTA. Figure  3(c)
presents the intensity ratio of the third (I3, at about 380 nm) over
the first  (I1,  at  about 370 nm) peaks (I3/I1)  from pyrene (0.3 μM)
emission spectra in alkaline solutions with CdCl2 and MPA. These
solutions had molar ratios of 1CdCl2-2MPA (diamonds), 1CdCl2-

4MPA  (triangles),  1CdCl2-8MPA  (squares),  and  1CdCl2-16MPA
(circles).  The solutions were stored under ambient conditions for
24 h before emission measurements with an excitation wavelength
of  335  nm  and  with  both  excitation  and  emission  silt  widths
of 2.5 nm.

The 1H  NMR  spectrum  of  BTA  displayed  four  characteristic
signals  at  2.59,  1.38,  1.29,  and 0.86 ppm (trace  (1)),  while  that  of
MPA in the presence of KOH exhibited two resonance signals at
2.59 and 2.33 ppm (trace (2)). These 1H resonance signals shifted
little  when BTA, MPA and KOH mixed together  (trace (3)).  For
the  resulting  mixture,  when  CdCl2 was  added  to  have  its
concentration  increasing  from  5.0  to  20.0  mM,  the  two
characteristic signals a and b of MPA shifted downfield gradually
to  2.71  and  2.41  ppm,  while  those  of  BTA (c  to  f)  changed  little
(traces  (4)  to  (6)).  Upon  further  increasing  the  CdCl2
concentration  to  40.0  mM,  the  signals  a  and  b  of  MPA  kept
shifting  downfield  to  2.88  and  2.52  ppm,  respectively,  while  the
signal  c  relating  to  the  α-proton  of  BTA  shifted  downfield
significantly to 2.65 ppm as well (trace (7)).

It  has  been  acknowledged  that  MPA  coordinates  with  Cd2+ in
alkaline  aqueous  solutions  after  the  deprotonation  of  thiol  group
(Fig. S8 in the ESM) [1], and the binding constant between MPA
and Cd2+ is much higher than that between primary amines (such
as ETA and PrA) and Cd2+ [23]. According to the investigations of
1H  NMR  spectroscopy,  we  proposed  the  corresponding
configurations  of  Cd2+ with  MPA  and  BTA  (Fig. 3(b)).  In  the
alkaline  solutions  with  MPA  and  BTA,  when  the  CdCl2
concentration  increased  from  5.0  to  20.0  mM  (with  the  CdCl2-
MPA  ratios  varying  from  1-16  to  1-4),  the  Cd2+ prefers  to  bind
with deprotonated MPA molecules (Fig. 3(b), bottom). The higher
the  Cd2+ concentration  was,  the  more  the  MPA  molecules  were
bonded.  Further  increasing  the  CdCl2 concentration to  40.0  mM
(with  the  CdCl2-MPA  ratio  of  1-2)  reduces  significantly  the
amount  of  MPA  molecules  bonded  with  each  Cd2+,  leading  to
empty  positions  on  Cd2+ that  are  available  for  the  coordination
with primary amine groups (Fig. 3(b),  top).  As the CdSe PCs are
generally  regarded  as  Cd2+-rich,  we  argue  that  the  coordination
between  amine  group  with  the  Cd2+ of  CdSe  PCs  may  be
responsible to the transformation from CdSe PCs to MSC-420.

It has been reported that the Cd-MPA complexes self-assemble
in aqueous solutions to large aggregates with diameters more than
100 nm, and the resulting aggregates inhibit the formation of CdS
MSC-360 [1]. However, the effect of CdCl2-MPA feed molar ratios
on the self-assembling behavior remains unknown. In the present
work,  the  self-assembling  behavior  of  the  resulting  Cd-MPA
complexes  in  various  molar  ratios  was  investigated  via
fluorescence spectroscopy with pyrene as a probe. The I3/I1 ratio in
the  emission  spectrum  of  pyrene  increases  significantly  when
pyrene molecules  move from a  polar  environment  to  a  relatively
nonpolar one [43–46].

As  demonstrated  in Fig. 3(c),  in  solutions  with  1CdCl2-2MPA
ratios (diamonds), when the CdCl2 concentration was lower than
50.0  mM,  the I3/I1 ratios  obtained  were  quite  similar  to  that
obtained  in  deionized  water  (about  0.63).  With  50.0  mM  CdCl2,
the  corresponding I3/I1 ratio  increased  to  about  0.65,  which
increased to 0.68 with further increase of  CdCl2 concentration to
100.0  mM.  Therefore,  the  aqueous  solution  of  1CdCl2-2MPA
exhibited a critical aggregation concentration (CAC) of about 50.0
mM (for CdCl2). The CAC values decreased significantly to about
5.0, 2.0, and 0.5 mM in solutions with feed molar ratios of 1CdCl2-
4MPA  (triangles),  1CdCl2-8MPA  (squares),  and  1CdCl2-16MPA
(circles), respectively. Therefore, the presence of more MPA seems
to  facilitate  the  aggregation  of  the  resulting  Cd-MPA  complexes.
We  noticed  that  the  formation  of  CdSe  MSC-420  in  reaction
batches  of  CdCl2-MPA-SeU  was  inhibited  significantly  upon
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Figure 3    Investigations  of  the  configurations  and  self-assemblies  of  Cd-MPA
complexes with various CdCl2 to MPA feed molar ratios. The configurations of
Cd-MPA  complexes  were  studied  via 1H  NMR  spectroscopy.  The 1H  NMR
spectra  (a)  were  obtained  from  D2O  solutions  of  BTA  (trace  (1)),  MPA  and
KOH  (trace  (2)),  and  a  mixture  of  BTA,  MPA  and  KOH  in  the  presence  of
CdCl2 with  various  concentrations  (traces  (3)  to  (7)).  The  possible
configurations of Cd-MPA complexes with low ((b), bottom) and high CdCl2-
MPA  feed  molar  ratios  ((b),  top)  were  proposed.  The  self-assemblies  of  Cd-
MPA complexes were investigated in alkaline aqueous solutions with pyrene as
a probe (c). The solutions had feed molar ratios of 1CdCl2-2MPA (diamonds),
1CdCl2-4MPA  (triangles),  1CdCl2-8MPA  (squares),  and  1CdCl2-16MPA
(circles).  KOH  was  added  to  result  in  alkaline  environments.  The I3/I1 ratios
were  then  extracted  from  all  spectra  obtained  and  were  plotted  with  CdCl2
concentration. Evidently, increasing the CdCl2-MPA feed molar ratios facilitates
the coordination of BTA with the Cd2+ capped with MPA, and inhibits the self-
assembly of Cd-MPA complexes.
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decreasing  the  CdCl2-MPA  ratios  with  CdCl2 in  a  constant
concentration  but  MPA in  various  concentrations  (Fig. S9  in  the
ESM). Such a result agrees well with the facilitated self-assembly of
Cd-MPA complexes with lower CdCl2-MPA ratios. We argue that
the resulting aggregates encapsulate the CdSe PCs formed during
incubation, which separate the PCs with the BTA molecules in the
solution phase and inhibit their transformation to MSC-420. 

3.4    Evolution of CdSe MSC-420 with Cys as the ligand
Cys has thiol, carboxyl, and primary amine groups, and it may be
regarded  as  a  combination  of  both  MPA  and  BTA  for  the
formation  of  CdSe  MSC-420.  Therefore,  we  argue  that  the
formation  of  CdSe  PCs  and  their  transformation  to  CdSe  MSCs
occur  simultaneously  in  aqueous  reaction  batches  with  Cys  as  a
ligand  in  the  absence  of  primary  amines. Figure  4 shows  the
evolution  of  absorption  spectra  obtained  from  aqueous  reaction
batches  (pH  about  12.8)  of  CdCl2-Cys-SeU  with  various  CdCl2-
Cys  feed  molar  ratios.  The  reaction  mixtures  had  similar  CdCl2
and SeU concentrations of 10.0 and 5.0 mM, respectively, with the
CdCl2-Cys ratios of 1-2 (a),  1-4 (b), 1-8 (c),  and 1-16 (d). After a
certain reaction period, an aliquot (60 μL) of the resulting mixture
was  extracted  and  dispersed  in  2.94  mL  water  for  absorption
measurement.  Figure  S10  in  the  ESM  presents  the  absorption
spectra obtained with various pH values.

As shown in Fig. 4, the absorption spectra of the 2CdCl2-4Cys-
1SeU  batch  (a)  showed  a  characteristic  absorption  peaking  at
around 380 nm with an intensity  of  0.13 in a  quite  short  period.
Such  a  peak  was  gradually  red-shifted  to  about  404  and  411  nm
after  1  and  2  h,  respectively,  with  the  respective  intensity
increasing to 0.17 and 0.19. Afterwards, the peak kept red-shifting,
with its absorbance increasing simultaneously. The peak appeared
at  420  nm  with  an  absorbance  of  about  0.61  after  72  h.  The
reaction  batches  of  2CdCl2-8Cys-1SeU  and  2CdCl2-16Cys-1SeU
were quite  absorption featureless  after  dispersing,  but  exhibited a
peak at about 420 nm after 1 h. Subsequently, the absorption peak
position changed little, with its absorbance increasing gradually to
1.10 in 48 h and remaining unchanged up to 72 h. However, the
absorbance  for  the  peak  at  about  420  nm  was  only  0.26  for  the
batch of 2CdCl2-32Cys-1SeU after reacting for 72 h.

These absorption features suggest the formation of CdSe MSC-
420  in  the  absence  of  CdSe  QDs  without  additional  primary
amines.  The  1CdCl2-4Cys  and  1CdCl2-8Cys  seemed  to  be  the
optimal feed molar ratios for the production of MSC-420. Batches
with  decreased  or  increased  CdCl2-Cys  feed  molar  ratios  seemed
to  inhibit  the  formation  of  CdSe  MSC-420.  Comparing  to  the
batch with MPA and BTA, the use of Cys reduced significantly the
amine group concentration for  the  formation of  CdSe MSC-420.
We  argue  that  the  passivation  of  the  deprotonated  thiol  group
with the Cd2+ of  PCs may facilitate  the interactions of  the nearby
amine  group  of  Cys  with  PCs.  Consequently,  the  CdSe  PCs  are
more readily to transform to MSC-420. The resulting CdSe MSC-
420  is  quite  stable  in  the  reaction  system.  For  example,  in  a
reaction  batch  of  2CdCl2-8Cys-1SeU,  the  concentration  of  CdSe
MSC-420  reached  a  plateau  after  reacting  for  2  days,  which
changed little after a following duration up to 10 days (Fig. S10 in
the ESM).

It  is  noteworthy  that  in  the  reaction  batches  of  2CdCl2-8Cys-
1SeU,  CdSe  MSC-420  formed  with  pH  ≥  11.1,  which  was
accelerated upon increasing the pH up to 12.9 but got inhibited by
further  increasing  the  pH  to  14.0  (Fig. S11  in  the  ESM).  The
accelerated  formation  of  MSC-420  in  solutions  with  high  pH
values may be attributed to the facilitated hydrolysis of SeU, while
the inhibited formation of MSC-420 at pH 14.0 may be due to the
competitive formation of Cd(OH)2 with a high OH− concentration
[27, 47]. Comparing the two processes of SeU hydrolysis and MSC-
420  formation  with  various  pH  values  (Fig. 1,  and  Figs.  S1,  S10
and S11 in the ESM), the SeU remained stable in solution with a
pH of about 11.0 after 24 h (Fig. 1(d)), while MSC-420 evolved in
a reaction batch with a similar condition (Fig. S11(a) in the ESM).
We  argue  that  the  interaction  of  Cd-Cys  complex  with  SeU
promotes the hydrolysis of SeU, which is similar to the facilitated
decomposition  of  thiourea  in  the  presence  of  Cd-MPA  complex
[1].  As  a  side  note,  the  formation  of  MSC-420  took  a  longer
duration  than  the  hydrolysis  of  SeU  in  solutions  with  pH  from
12.0 to 14.0 (Fig. 1(f), and Figs. S1(a), S2(b), and S11(b)–S11(d) in
the ESM). We therefore argue that the CdSe PCs formed in such a
reaction  system  with  a  relatively  faster  rate  than  their
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Figure 4    Absorption spectra of reaction batches with various CdCl2-Cys feed molar ratios. The reaction samples were prepared with feed molar ratios of 2CdCl2-4Cys-
1SeU (a), 2CdCl2-8Cys-1SeU (b), 2CdCl2-16Cys-1SeU (c), and 2CdCl2-32Cys-1SeU (d) in the presence of 10 mM CdCl2. Similar to the reaction system with MPA, the
presence of Cys in a too high concentration inhibits the eventual formation of CdSe MSC-420, which may due to the aggregation of Cd-Cys complexes. However, the
batch of 1CdCl2-2Cys also shows the inhibited formation of CdSe MSC-420, which is different to the reaction system of MPA.
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transformation to  MSC-420.  As  the  CdSe  MSC-420 capped with
Cys is able to be purified, we performed X-ray diffraction (XRD)
measurement  of  the  purified  MSC-420  for  its  structural
information.  However,  the  XRD  pattern  exhibits  quite  broad
signals  (Fig. S12  in  the  ESM),  which  may  be  attributed  to  the
limited atom number of MSC-420.

To  further  understand  the  inhibited  formation  of  CdSe  MSC-
420 in reaction batches of 2CdCl2-4Cys-1SeU and 2CdCl2-32Cys-
1SeU,  we  performed 1H  NMR  and  fluorescence  experiments  for
the solutions with various CdCl2-Cys feed molar ratios. Figure 5(a)
presents the 1H NMR spectra of D2O solutions with 80.0 mM Cys
(trace (1)), a mixture of 80.0 mM Cys and 200.0 mM KOH in the
presence of CdCl2 with concentrations of 0.0 (trace (2)), 5.0 (trace
(3)), 10.0 (trace (4)), 20.0 (trace (5)), and 40.0 mM (trace (6)). We
labeled the methylene (CH2)  proton at  the same side with amine
group  as  a1 and  the  other  one  as  a2.  The  methenyl  (CH)  proton
was labeled as b. Figure 5(b) displays the proposed configurations
of  Cd-Cys  complexes  with  various  feed  molar  ratios. Figure  5(c)
presents  the I3/I1 ratios  of  pyrene  (0.3  μM)  from  four  alkaline
aqueous mixtures with ratios of 1CdCl2-2Cys (diamonds), 1CdCl2-
4Cys  (triangles),  1CdCl2-8Cys  (squares),  and  1CdCl2-16Cys
(circles).

The 1H  NMR  spectrum  of  the  Cys  solution  (pH  about  5.8)
exhibited three resonance signals centered at about 3.02, 3.11, and
3.99 ppm (trace (1)), which were corresponding to the protons a1,
a2, and b, respectively, according to their coupling constants (Table
S1  in  the  ESM).  In  the  solution  with  80  mM  Cys  and  200  mM

KOH  (pH  about  12.1),  the  characteristic  signals  of  Cys  shifted
upfield  to  2.46,  2.90,  and  3.09  ppm  (trace  (2)),  which  may  be
assigned  to  protons  a1,  a2 and  b  according  to  the  HSQC  pattern
(Fig. S13  in  the  ESM)  and  the  coupling  constant  of  each  signal
(Table S1 in the ESM). After the deprotonation of carboxyl, thiol,
and amine groups with the respective pKa values of 1.92, 8.37, and
10.70,  the  electronic  repulsion  between  the  negatively  charged
deprotonated carboxyl  and thiol  groups  restricted the  rotation of
C–C  bonds.  Therefore,  the  chirality  of  the  carbon  atom  bonded
with amine group led to the significant difference of the chemical
shift  of  signals  for  protons  a1 and  a2.  In  the  presence  of  5.0  and
10.0  mM  CdCl2 (traces  (3)  and  (4),  respectively),  the  three
characteristic  signals  for  deprotonated  Cys  shifted  downfield
slightly. Upon increasing the CdCl2 concentration to 20.0 mM, the
signals  for protons a1,  a2 and b were at  2.59,  2.92,  and 3.25 ppm,
respectively (trace (5)). Further increasing the CdCl2 concentration
to 40.0 mM, the signals of protons a1,  a2,  and b shifted downfield
to 2.77, 2.97, and 3.48 ppm, respectively (trace (6)).

Comparing  the  chemical  shifts  of  three  characteristic  signals,
the  signal  a2 exhibited  limited  downfield  shifts  by  increasing  the
CdCl2 concentrations.  The  downfield  shifts  of  signals  a1 and  b
were quite small in solutions with 1CdCl2-16Cys and 1CdCl2-8Cys
ratios (traces (3) and (4)), but became significant in solutions with
1CdCl2-4Cys  and  1CdCl2-2Cys  ratios  (traces  (5)  and  (6)).  As
protons  a1 and  b  are  spatially  close  to  the  amine  group  in  Cys,
their  significant  change  in  chemical  shift  upon  increasing  the
CdCl2-Cys  ratio  seems  to  be  attributed  to  the  coordination  of
amine group with Cd2+.

Therefore,  we  proposed  that  with  low  CdCl2-Cys  feed  molar
ratios,  the  Cys  molecules  bonded with  Cd2+ via  the  deprotonated
thiol group (Fig. 5(b), bottom), whereas the amine group involved
in the coordination with high CdCl2-Cys feed molar ratios due to
the  lack  of  enough  thiol  groups  (Fig. 5(b),  top).  Upon increasing
CdCl2 concentration  (traces  (3)  to  (6)),  the  configuration  of  Cd-
Cys complex might change from [Cd(Cys)4]6− to [Cd(Cys)3]4− and
then  to  [Cd(Cys)2]2− (Fig. S14  in  the  ESM).  Such  a  result  agrees
well  with  the  configurations  of  Cd-Cys  complexes  proposed  in
literature via different techniques such as 113Cd NMR spectroscopy
[48].  The  DFT  calculation  indicated  that  [Cd(Cys)2]2− complex
with both thiol and amine groups coordinated with Cd2+ was more
stable than that with only thiol groups coordinated (Fig. S15 in the
ESM). In the [Cd(Cys)2]2− complex, the centered Cd2+ appeared to
be clawed by two Cys molecules. Such a configuration shields the
Cd2+ from  the  outer  aqueous  environment  and  reduces  the
collision possibility with Se2− derived from SeU. Consequently, the
reactivity of Cd precursor towards the formation of CdSe PCs and
MSC-420 was reduced significantly (Fig. 4(a)).

As demonstrated in Fig. 5(c), for the alkaline aqueous solutions
of  CdCl2 and  Cys,  the  CAC  (for  CdCl2)  obtained  from  the
solutions  of  1CdCl2-2Cys  was  as  high  as  20.0  mM,  which
decreased  to  about  10.0,  5.0,  and  2.0  mM  in  aqueous  solutions
with feed molar ratios of 1CdCl2-4Cys, 1CdCl2-8Cys, and 1CdCl2-
16Cys, respectively. Similar to the reaction batches with MPA and
BTA, the aggregation of Cd-Cys complexes inhibited significantly
the formation of CdSe MSC-420 (Fig. S16 in the ESM). Therefore,
the inhibited formation of CdSe MSC-420 in the reaction batch of
2CdCl2-32Cys-1SeU  with  10.0  mM  CdCl2 (Fig. 4(d))  was
attributed to the aggregation of Cd-Cys complexes. 

4    Conclusion
In  conclusion,  we  have  developed  a  PC-enabled  formation
pathway  of  aqueous  CdSe  MSC-420  at  room  temperature.  The
aqueous-phase  CdSe  MSC-420  was  synthesized  by  using  CdCl2
and  SeU  as  the  respective  Cd  and  Se  sources,  and  MPA  as  the
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Figure 5    Investigations  of  the  configurations  and  self-assemblies  of  Cd-Cys
complexes  with various  CdCl2 to  Cys  feed molar  ratios.  The configurations  of
Cd-Cys  complexes  were  studied  via 1H  NMR  spectroscopy.  The 1H  NMR
spectra (a) were obtained from D2O solutions with Cys (trace (1)), a mixture of
Cys and KOH in the presence of CdCl2 with various concentrations (traces (2)
to (6)). The possible configurations of Cd-Cys complexes with low ((b), bottom)
or  high  CdCl2-Cys  feed  molar  ratios  ((b),  top)  were  proposed.  The  self-
assemblies of Cd-Cys complexes were investigated in alkaline aqueous solutions
with pyrene as a probe (c). The solutions had feed molar ratios of 1CdCl2-2Cys
(diamonds),  1CdCl2-4Cys  (triangles),  1CdCl2-8Cys  (squares),  and  1CdCl2-
16Cys  (circles).  KOH  was  added  to  result  in  alkaline  environments.  The I3/I1

ratios  then  extracted  from  all  spectra  obtained  and  were  plotted  with  CdCl2
concentration.  Evidently,  increasing  the  CdCl2-Cys  feed  molar  ratios  facilitates
the formation of Cd-Cys complex in a partially closed configuration with both
thiol  and  primary  amine  groups  on  Cys  coordinated  with  Cd2+.  In  addition,
increasing the CdCl2-Cys feed molar ratios also inhibits the self-assembly of Cd-
Cys complexes, which is similar to the solutions with MPA.
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ligand.  The  first  step  was  the  formation  of  CdSe  PCs  in  the
alkaline  aqueous  solutions  upon the  hydrolysis  of  SeU,  while  the
second step involved the transformation from CdSe PCs to MSC-
420 upon the addition of a primary amine such as BTA. ESI-MS
measurements suggest the presence of species with Cd-Se covalent
bonds in the absorption featureless sample obtained after the first
step  of  the  reaction,  supporting  the  formation  of  CdSe  PCs.  The
1H NMR spectra of solutions with various CdCl2-MPA feed molar
ratios  suggest  the  interaction  of  primary  amine  group  and  Cd2+,
which  may  be  responsible  to  the  transformation  from  PCs  to
MSCs. The Cd-MPA complex self-assembles in aqueous solutions
when  its  concentration  is  above  the  CAC.  The  lower  the  molar
ratio of CdCl2 to MPA, the lower the CAC for the corresponding
Cd-MPA  complex.  The  resulting  aggregates  may  encapsulate
CdSe  PCs  and  isolate  them  with  the  primary  amines  in  the
solution  phase,  which  inhibit  their  transformation  to  MSC-420.
Therefore,  in  reaction  batches  of  CdCl2-MPA-SeU  with  similar
CdCl2 and SeU concentrations, increasing the MPA concentration
may  result  in  the  inhibited  formation  of  CdSe  MSC-420.  When
Cys,  which has  both thiol  and amine groups,  is  used as  a  ligand,
CdSe  MSC-420  forms  directly  in  the  absence  of  additional
primary amines.  In such a reaction system, the formation of PCs
and their transformation to MSC-420 occur simultaneously. With
10.0  mM  CdCl2,  the  formation  of  CdSe  MSC-420  is  favored  in
batches  of  2CdCl2-8Cys-1SeU  and  2CdCl2-16Cys-1SeU,  but  gets
inhibited  significantly  in  reaction  batches  of  2CdCl2-4Cys-1SeU
and  2CdCl2-32Cys-1SeU. 1H  NMR  spectroscopy  suggests  that
with  high  CdCl2-Cys  feed  molar  ratios,  the  amine  group  on  Cys
coordinates  with  Cd2+.  The  resulting  Cd-Cys  complex  exhibits  a
partially  closed  configuration,  which  inhibits  its  further  covalent
bonding  with  Se2− derived  from  SeU,  resulting  in  the  inhibited
formation of MSC-420. The Cd-Cys complexes also self-assemble
in  aqueous  solutions,  which  is  facilitated  upon  decreasing  the
CdCl2-Cys feed molar ratios. Therefore, the inhibited formation of
CdSe MSC-420 with a quite low CdCl2-Cys feed molar ratio is due
to  the  facilitated  aggregation  of  the  Cd-Cys  complexes.  The
present  study  provides  an  in-depth  understanding  towards  the
formation  pathway  of  aqueous-phase  CdSe  MSC-420.  These
investigations  may  guide  the  synthesis  of  aqueous-phase
semiconductor  MSCs  with  different  compositions  and  may
promote  the  synthesis  of  aqueous-phase  semiconductor
nanocrystals from an empirical art to science. 
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