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Abstract: In order to systematically tailor the structures and properties of a unique family of inorganic-
organic hybrid nanostructured materials based on II-VI semiconductors, we have designed and engineered
a new group of two-dimensional crystalline [(M2Q2)(L)] nanostreuctures (where M ) Zn, Cd; Q ) S, Se;
and L ) ethylamine, n-propylamine, n-butylamine, n-amylamine, n-hexylamine). These compounds are
composed of double atomic layers of M2Q2 separated by organic monoamines. The crystal structures of
2D-[(M2Q2)(L)] are characterized by powder X-ray diffraction (PXRD) analysis. The crystal structures of
these compounds are similar to the 2D-[(MQ)(L)] series that we reported earlier, in that they also contain
II-VI slabs sandwiched by organic monoamines. The main difference is in the thickness of the II-VI slabs,
where they are single-layer (n ) 1) in 2D-[(MQ)(L)] but double-layer (n ) 2) in 2D-[(M2Q2)(L)]. Optical
absorption experiments show that all double-layer compounds exhibit a blue shift in their absorption edge
(0.6-1.2 eV), due to the quantum confinement effect (QCE). However, the extent of such a blue shift is
significantly less than that of the single-layer 2D-[(MQ)(L)] systems (1.0-2.0 eV) as a result of the difference
in their layer thickness. Thermogravimetric (TG) analysis has revealed nanosized II-VI (MQ) particles as
the post-TG product of all double-layer hybrids.

Introduction

II-VI binary chalcogenide compounds such as ZnS, ZnSe,
and CdTe are of great fundamental and technological importance
due to their superior properties and wide applications in
semiconductor industries, including transistors, heterojunction
diodes, space charge limited diodes, photoconductors, and
photovoltaic devices.1 Recent development on the synthesis and
fabrication of nanoparticles of these semiconductors has created
a new way to systematically tune their optical and electronic
properties, simply by manipulating their physical dimensions.2

Quantum dots grown by colloidal methods are particularly
attractive because of their small size, narrow size distribution,
size tunability, controllable morphology, and strong capability
in modifying semiconductor bulk properties.2

Despite the remarkable success in the development of
colloidal quantum dots, the generation of strongly correlated,
uniform, and periodic lattices of dots remains a great challenge.
Single-sized and uniformly arranged nanostructures having

strong correlation in at least one dimension are most desirable
for optical applications that require sharp line width and high
intensity and for optoelectronic devices in which high conduc-
tivity/mobility is needed, such as high-efficiency transistors and
solar cells. Therefore, it is essential to explore new types of
nanostructures that possess these important features while having
the same extent of tunability as those of colloidal quantum dots.

Our strategy to design nanostructured II-VI semiconductor
materials has been to build crystalline lattices that consist of
single-sized and periodic arrays of II-VI fragments at nano-
meter or subnanometer scale, which are interconnected or
separated by suitable organic molecules via coordinative bonds.3

These organic insulators act as spacers that prevent interactions
among the neighboring inorganic fragments, thus inducing
strong quantum confinement. We have successfully developed
a unique class of structures of this type, namely, [MQ(L)x]
(where M) Mn, Zn, Cd; Q) S, Se, Te; and L) mono- or
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diamine molecules or hydrazine;x ) 0.5 or 1), all of which are
composed of single atomic layers or single atomic chains of
II-VI nanocomponents.3 These compounds exhibit significantly
enhanced electronic and optical properties,3-6 including a giant
band gap tunability as a result of strong quantum confinement
effect (QCE; blue shifts up to∼2 eV) and high band-edge
absorption (e.g., 10-20 times higher in 3D-ZnTe(en)0.5 com-
pared to bulk GaAs).4a Theoretical calculations on 3D-[ZnTe-
(en)1/2]3a,4b and 3D-[ZnSe(en)1/2]5a using density functional
theory within local density approximation (LDA) as well as
optical measurements4 have verified that the observed large blue
shifts in the band-edge absorption are primarily due to the strong
quantum confinement effect in the II-VI semiconductor frag-
ments of these hybrid materials. While the extent of band-gap
variation is significantly greater than what has been achieved
for the smallest colloidal quantum dots (∼1 eV), the hybrid
materials have additional advantage of possessing perfectly
ordered crystal structures and thus allowing high carrier mobil-
ity. Our study also illustrates a significant reduction of lattice
mismatch in these systems, which is highly advantageous for
applications in multijunction solar cells. Furthermore, the hybrid
crystals are much lighter and more flexible compared with their
inorganic counterparts, and thus are most desirable for low-
weight and flexible photovoltaic devices.

An interesting structure-property correlation can be derived
on the basis of our knowledge of the single-layer II-VI hybrid

structures. As shown in Scheme 1, variation of a single structure
parameter, the thicknessn of a II-VI MQ slab (shown in
orange), can lead to systematic tuning of band gap. The structure
of a II-VI bulk (zinc-blende or wurtzite) is sketched at the left
side wheren ) ∞. At the right side is the 3D-[MQ(L)0.5]
structure wheren ) 1 (single atomic layer). They represent the
two extreme cases with zero (n ) ∞) and strongest (n ) 1)
quantum confinement, respectively. Clearly, construction of
hybrid structures having intermediaten between the two extreme
cases will allow controllable and systematic tuning of the band
gap and thus the electronic and optical properties. Two
intermediate cases are also shown in Scheme 1, asn ) 2
(double-layer) andn ) 4 (quadruple-layer).

In this work, we report the design and synthesis, crystal
structure characterization, and optical and thermal properties
of then ) 2 subgroup, [(M2Q2)(L)] (where M ) Cd, Zn; Q)
S, Se; and L) ethylamine, n-propylamine, n-butylamine,
n-amylamine,n-hexylamine), of the II-VI-based hybrid semi-
conductor family; all are composed of double-layered [M2Q2]
slabs and monoamine organic spacers.

Experimental Section

Materials and Instruments. ZnCl2 (98%, Aldrich), Zn(NO3)2‚6H2O
(97%, Alfa Aesar), Zn(ClO4)2·6H2O (reagent grade, Alfa Aesar), CdCl2

(99.9%, Strem), Cd(NO3)2‚4H2O (98.5%, Alfa Aesar), Se (99.5%,
Strem), S (98%, Strem), CS2 (99.0%, Aldrich), methylamine (ma, 40%,
aqueous solution, Alfa Aesar), ethylamine (ea, 70%, aqueous solution,
Alfa Aesar),n-propylamine (pa, 99%, Alfa Aesar),n-butylamine (ba,
99%, Alfa Aesar),n-amylamine (aa, 99%, Aldrich), andn-hexylamine
(ha, 99%, Alfa Aesar) were used as received without further purification.
Powder X-ray diffraction (PXRD) of samples was performed on a
Rigaku D/M-2200T automated diffraction system (Ultima+). Optical
diffuse reflectance spectra were measured at room temperature on a
Shimadzu UV-3101PC double-beam, double-monochromated spectro-
photometer. Thermogravimetric analysis (TGA) was performed on a
computer-controlled TA Instrument TG Q50 system.

Synthesis. Solvothermal reactions were performed in either acid
digestion bombs (23 or 50 mL) or Pyrex tubes. The solid reactants
were weighed and transferred to the reaction vessels, followed by
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Table 1. Summary of Reaction Conditions

2D compounds starting materials amount (mmol) temp (°C) time (days)

[(Zn2S2)(ea)] (1) ZnCl2 + 1 mL of CS2 + 4 mL of ea 4 60 5
[(Zn2S2)(pa)] (2) 2Zn(NO3)2‚6H2O + S + 4 mL of pa 1 110 5
[(Zn2S2)(ba)] (3) 2ZnCl2 + S + 4 mL of ba 1 120 6
[(Zn2S2)(aa)] (4) 2ZnCl2 + S + 0.3 mL of aa 0.5 90 10
[(Zn2S2)(ha)] (5) 2ZnCl2 + S + 6 mL of ha 2 120 2
[(Zn2Se2)(ea)] (6) 2Zn(NO3)2‚6H2O + Se+ 10 mL of ea 4 150 6
[(Zn2Se2)(pa)] (7) 2Zn(NO3)2‚6H2O + Se+ 15 mL of pa 2 140 5
[(Zn2Se2)(ba)] (8) 2Zn(NO3)2‚6H2O + Se+ 15 mL of ba 2 140 5
[(Zn2Se2)(aa)] (9) 2ZnCl2 + Se+ 0.4 mL of aa 0.5 120 7
[(Zn2Se2)(ha)] (10) 2ZnCl2 + Se+ 10 mL of ha 2 140 5
[(Cd2S2)(pa)] (11) 2CdCl2 + S + 10 mL of pa 1 80 3
[(Cd2S2)(ba)] (12) 2CdCl2 + S + 12 mL of ba 2 80 4
[(Cd2S2)(ha)] (13) 1.5CdCl2 + S + 10 mL of ha 0.5 50 3
[(Cd2Se2)(pa)] (14) Cd(NO3)2‚4H2O + Se+ 7 mL of pa 1 110 5
[(Cd2Se2)(ba)] (15) Cd(NO3)2‚4H2O + Se+ 6 mL of ba 1 110 5
[(Cd2Se2)(ha)] (16) 2Cd(NO3)2‚4H2O + Se+ 5 mL of ha 1 120 6
[(ZnS)(ma)] (17) 2ZnCl2 + S + 12 mL of ma 2 65 7
[(ZnS)(pa)] (18) 2ZnCl2 + S + 10 mL of pa 1 60 3
[(ZnS)(ba)] (19) 2ZnCl2 + S + 16 mL of ba 2 65 7
[(ZnS)(ha)] (20) 2ZnCl2 + S + 16 mL of ba 2 65 7
[(ZnSe)(ma)] (21) 2ZnCl2 + Se+ 16 mL of ma 1 130 7
[(ZnSe)(ea)] (22) 2ZnCl2 + Se+ 8 mL of ea 1 120 8
[(ZnSe)(pa)] (23) 2ZnCl2 + Se+ 8 mL of pa 2 150 2
[(ZnSe)(ba)] (24) 2ZnCl2 + Se+ 4 mL of ba 1 140 7
[(ZnSe)(ha)] (25) 2Zn(ClO4)2‚6H2O + Se+ 4 mL of ha 1 140 3
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injection of solvents. The vessels were then sealed and heated in ovens
at elevated temperatures. The vessels were naturally cooled down to
room temperature after the reactions were complete. The final products
were washed by 95% ethanol, 30% ethanol, and distilled water,
respectively. The samples were further dried in anhydrous ethyl ether.
The reaction conditions for the synthesis of each compound are
summarized in Table 1. Further details can be found in Supporting
Information (S3).

Powder X-ray Diffraction . Powder X-ray diffraction (PXRD)
patterns of all compounds (1-25) (Table 1) were obtained from a
Rigaku D/M-2200T automated diffraction system (Ultima+) with Cu
KR radiation. Measurements were made in a 2θ range of 3-60°. The
data were collected at room temperature with a step size of 0.02° (2θ)
and a counting time of 0.2 s/step. The operating power was 40 kV/40
mA. Data used for the Rietveld refinement of a double-layer 2D-[(Zn2-
Se2)(ba)] (8) structure were collected on a National Synchrotron Light
Source (λ ) 0.619 332 Å) with an image plate detector (2θ range
1-31.5°). For the single-layer 2D-[ZnSe(ba)] (24) structure, data used
in Rietveld refinement were obtained at room temperature on the Rigaku
system (2θ range 3-100°, step size 0.01°, and counting time 8 s/step).

Thermal Analysis. Thermogravimetric (TG) analyses of the title
compounds were performed on a computer-controlled TA Instrument
TG Q50 analyzer. Single-phased powder samples were loaded into
platinum pans and heated with a ramp rate of 5°C/min from room
temperature to∼430 °C.

Diffuse Reflectance Measurements. Optical diffuse reflectance
spectra were measured at room temperature with a Shimadzu UV-
3101PC double-beam, double-monochromator spectrophotometer. Data
were collected in the wavelength range of 250-2000 nm. BaSO4
powder was used as a standard (100% reflectance). A similar procedure
as previously described7 was used to collect and convert the data by
use of the Kubelka-Munk function.8 The scattering coefficient (S) was
treated as a constant since the average particle size of the samples used
in the measurements was significantly larger than 5µm.

Results and Discussion

Synthesis. All compounds adopting a double-layered structure
2D-[(M2Q2)(L)] (M ) Zn, Cd; Q) S, Se; L) monoamines)
were obtained via solvothermal reactions using monoamines as
solvents as well as reactive reagents. All reactions were carried
out under relatively mild conditions (50-160 °C), as shown
below:

Temperature played a crucial role in the synthesis. Three
competitive products were found from these reactions: double-
layer 2D-[(M2Q2)(L)], single-layer 2D-[(MQ)(L)],3e and II-VI
binary phases. By carefully selecting a suitable temperature
range, we succeeded in isolating single-phase product for each
system. Normally higher temperature favored the formation of
binary MQ, while at intermediate temperature double-layered
2D-[(M2Q2)(L)] became the major phase. At lower temperature,
only single-layered 2D-[(MQ)(L)] phases were formed. For
double-layer 2D-[(M2Q2)(L)] hybrids based on different II-VI
(MQ) system, the single-phase samples were obtained at
different temperatures. For example, pure [(Zn2S2)(L)] were
obtained between 60 and 120°C, while single-phase isostruc-
tural [(Zn2Se2)(L)] compounds were prepared at 120-150 °C.
Similarly, [(Cd2Se2)(L)] samples were obtained at 110-120°C,
while milder conditions (50-80 °C) were required for the
synthesis of CdS-based double-layered hybrid compounds.
Binary II-VI compounds became the major products for
temperatures above 160°C.

Structure Characterization. All compounds (1-25) were
structurally characterized by powder X-ray diffraction (PXRD)
methods. The double-layer 2D-[(Zn2Se2)(ba)] (8) structure
crystallizes in orthorhombic crystal system, space groupPbca.
The cell parameters of8 were obtained from a full indexing of
PXRD data, witha ) 6.8035(9),b ) 6.5194(6), andc ) 41.894-
(6) Å. The details of the Rietveld refinements, as well as crystal
data, are listed in Table S2-1, and positional parameters are

(7) Li, J.; Chen, Z.; Wang, X.-X.; Proserpio, D. M.J. Alloys Compd.1997,
262-263, 28.

(8) Wendlandt, W. W.; Hecht, H. G.Reflectance Spectroscopy; Interscience,
A Division of John Wiley & Sons: New York, 1966.

Figure 1. Top left: crystal structure of double-layer 2D-[(Zn2Se2)(ba)]
(8) viewed along theb-axis. The light blue balls are Zn; red balls, Se; blue
balls, N; gray balls, C. Hydrogen atoms are omitted for clarity. Top right:
crystal structure of single-layer 2D-[(ZnSe)(ba)] (24) viewed along the
b-axis. Bottom left: double atomic layer of [Zn2Se2] of 8 shown along the
ab plane. Bottom right: single atomic layer of [ZnSe] of24 shown along
theab plane. Details of the Rietveld refinements as well as crystal data for
both compounds can be found in Table S2--1 and atomic positions are
given in Table S2--2, Supporting Information.

Zn2+ + S + L f [Zn2S2(L)] (L ) ea, pa, ba, aa, ha)

Zn2+ + Se+ L f [Zn2Se2(L)] (L ) ea, pa, ba, aa, ha)

Cd2+ + S + L f [Cd2S2(L)] (L ) pa, ba, ha)

Cd2+ + Se+ L f [Cd2Se2(L)] (L ) pa, ba, ha)
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tabulated in Table S2-2, Supporting Information. Compared to
that of the single-layer 2D-[ZnSe(ba)] (24), a ) 6.6746(11),
b ) 6.4642(10), andc ) 34.217(5) Å, the main difference is
the length of thec-axis. As illustrated in Figure 1, the structure
of 8 (Figure 1, left) is composed of double-layer [Zn2Se2] slabs
(n ) 2) rather than the single-layer [ZnSe] slabs (n ) 1) as in
24 (Figure 1, right). In both structures, the slabs are sandwiched
by coordinatedn-butylamine layers. All Zn atoms have tetra-
hedral coordination. In8, there are two crystallographic
independent Zn atoms. One bonds to four Se atoms to form a
distorted tetrahedron. Another coordinates to three Se atoms
and to one N atom ofn-butylamine molecule. There are also
two crystallographic independent Se atoms. One is tetrahedrally
coordinated to four Zn atoms while the other is bound to three
Zn atoms. The double-layer [Zn2Se2] slab (Figure 1, bottom
left) can also be regarded as a “slice” cut from the (110) crystal
face of the hexagonal ZnSe (or wu¨rtzite structure, constructed
of both boat-shaped and chair-shaped six-membered rings). The
thickness of the double-layer [Zn2Se2] slab is ∼8.5 Å (using
covalent radius of Se, 1.17 Å), falling well in the nano region.
PXRD patterns displayed in Figure 2 indicate that all 2D-
[(M2Q2)(L)] (M ) Zn, Cd; Q ) S, Se; and L) pa, ba, ha)
compounds are isostructural to each other. As the length of the
amines increases fromn-propylamine (pa) ton-butylamine (ba)
to n-hexylamine (ha), the first peaks of their PXRD patterns
shift to lower 2θ diffraction angles.

Figure 2. PXRD patterns of double-layer hybrid structures: (a) [(Zn2S2)-
(pa)] (2), [(Zn2S2)(ba)] (3), and [(Zn2S2)(ha)] (5); (b) [(Zn2Se2)(pa)] (7),
[(Zn2Se2)(ba)] (8), and [(Zn2Se2)(ha)] (10); (c) [(Cd2S2)(pa)] (11), [(Cd2S2)-
(ba)] (12), and [(Cd2S2)(ha)] (13); (d) [(Cd2Se2)(pa)] (14), [(Cd2Se2)(ba)]
(15), and [(Cd2Se2)(ha)] (16).

Table 2. PXRD Refined Unit Cell Paramenters of Selected
Compoundsa

compound a (Å) b (Å) c (Å)

[ZnS(ma)] 6.415(3) 6.194(4) 20.296(11)
[ZnSe(ma)] 6.7099(17) 6.4786(17) 19.6134(5)
[ZnSe(ea)] 6.7312(13) 6.4952(9) 24.242(4)
[ZnSe(pa)] 6.687(2) 6.492(3) 30.289(10)
[ZnSe(ba)] 6.6746(17) 6.4642(10) 34.217(5)
[ZnSe(ha)] 6.686(2) 6.4724(19) 44.161(11)

a Selected single-layer 2D compounds [ZnQ(L)] (where Q) S, Se; and
L ) ma, ea, pa, ba, and ha).

Table 3. Band Gap and Blue Shift Values of Selected
Compoundsa

compound BG (eV) BS (eV) compound
BG
(eV)

BS
(eV)

(Zn2S2)(ea) 4.0 0.8
(Zn2S2)(pa) 3.9 0.7
(Zn2S2)(ba) 3.9 0.7 (ZnS)(ba) 4.5 1.3
(Zn2S2)(aa) 4.0 0.8
(Zn2S2)(ha) 4.0 0.8
(Zn2Se2)(ea) 3.5 1.0
(Zn2Se2)(pa) 3.5 1.0
(Zn2Se2)(ba) 3.5 1.0 ZnSe(ba) 4.1 1.6
(Zn-2Se2)(aa) 3.5 1.0
(Zn2Se2)(ha) 3.5 1.0
(Cd2S2)(pa) 2.9 0.6
(Cd2S2)(ba) 2.9 0.6 CdS(pda)1/2 4.0 1.7
(Cd2S2)(ha) 2.9 0.6
(Cd2Se2)(pa) 2.7 1.2
(Cd2Se2)(ba) 2.7 1.2 CdSe(pda)1/2 3.5 2.0
(Cd2Se2)(ha) 2.7 1.2

a Band gap (BG) and blue shift (BS) values of selected double-layer
2D-[M2Q2(L)] compounds are compared with those of single-layer [MQ(L)x]
(where M) Zn, Cd; Q) S, Se; and L) ea, pa, ba, ha, aa, and pda (1,3-
propanediamine)). Estimated band gaps for II-VI bulk materials: CdS
(wurtzite structure), 2.3 eV; CdSe (wurtzite structure), 1.5 eV; ZnS (zinc
blende structure), 3.2 eV; ZnSe (zinc blende structure), 2.5 eV.
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The crystal structure analysis of the single-layer (n ) 1) 2D-
[(ZnSe)(ba)] (24) was also conducted by powder X-ray diffrac-
tion methods. Details of the GSAS refinements are depicted in
Supporting Information (Table S2-1 and S2-2). The crystal
structure of24 (Figure 1, right) is similar to that of 2D-[ZnTe-
(ma)],3e which was determined by single-crystal X-ray diffrac-
tion methods. It crystallizes in orthorhombic crystal system
(space groupPbca). There is only one type of Zn and it is
coordinated to three Se and one N. The structure is composed
of single-layered [ZnSe] slabs that are bonded to butylamine
molecules from both sides of the slabs. The thickness of the
single-layer [ZnSe] slab is∼4.8 Å. The unit cell parameters of
24, along with several other isostructural single-layered 2D-
[ZnQ(L)] (Q ) S, Se; L) ma, ea, pa, ba, and ha) obtained
from the indexing of their PXRD patterns, are listed in
Table 2.

Optical Absorption and Band Gaps. The room-temperature
optical absorption spectra of the double-layer hybrid compounds
were obtained from diffuse reflectance experiments,7,8 and the
results are depicted in Figure 3, along with those of the parent
binary MQ bulk. The absorption edges for [(Zn2S2)(pa)] (2),
[(Zn2S2)(ba)] (3), and [(Zn2S2)(ha)] (5) are found to be 3.9-
4.0 eV (Figure 3a). Compared to the measured value of 3.2 eV
for zinc blende ZnS, it clearly indicates a blue shift of 0.7-0.8
eV. The optical properties of [(Zn2Se2)(pa)] (7), [(Zn2Se2)(ba)]
(8), and [(Zn2Se2)(ha)] (10) were also assessed by the same
experiments conducted at room temperature. As shown in Figure
3b, the estimated absorption edges are 3.5 eV for all three
compounds. Compared to∼2.5 eV measured for the ZnSe bulk
sample (zinc blende structure), the blue shifts are as large as
1.0 eV. The estimated absorption edges for [(Cd2S2)(pa)] (11),
[(Cd2S2)(ba)] (12), and [(Cd2S2)(ha)] (13) are 2.9 eV, showing
a blue shift of 0.6 eV compared to the bulk CdS (wurtzite
structure) (Figure 3c). For [(Cd2Se2)(pa)] (14), [(Cd2Se2)(ba)]
(15), and [(Cd2Se2)(ha)] (16), the blue shifts of the absorption
edges are 1.2 eV (Figure 3d). Previous band structure and
transition probability calculations on the single-layer 3D
structuresR-[ZnTe(en)1/2],3a,4bâ-[ZnTe(en)1/2],4b andR-[ZnSe-
(en)1/2]4b,5 employing density functional theory within local
density approximation (LDA) have verified that the observed
large blue shifts in the optical absorption spectra are due to

Figure 3. Optical absorption spectra: (a) [(Zn2S2)(pa) (2)] (red), [(Zn2S2)-
(ba)] (3) (blue), [(Zn2S2)(ha)] (5) (green), and bulk ZnS (pink). The estimated
band gap for ZnS is 3.2 eV, and the onset absorption occurs at 3.9, 3.9,
and 4.0 eV for2, 3, and5, respectively. (b) [(Zn2Se2)(pa)] (7) (red), [(Zn2-
Se2)(ba)] (8) (blue), [(Zn2Se2)(ha)] (10) (green), and bulk ZnSe (pink). The
estimated band gap for ZnSe is 2.5 eV, and the onset absorption occurs at
3.5 eV for 7, 8, and10. (c). [(Cd2S2)(pa)] (11) (red), [(Cd2S2)(ba)] (12)
(blue), [(Cd2S2)(ha)] (13) (green), and bulk CdS (pink). The estimated band
gap for CdS is 2.3 eV, and the onset absorption occurs at 2.9 eV for11,
12, and13. (d) [(Cd2Se2)(pa)] (14) (red), [(Cd2Se2)(ba)] (15) (blue), [(Cd2-
Se2)(ha)] (16) (green), and bulk CdSe (pink). The estimated band gap for
CdSe is 1.5 eV, and the onset absorption occurs at 2.7 eV for14, 15, and
16.

Figure 4. Optical absorption spectra of double-layer 2D-[(Zn2Se2)(ba)] (8)
and single-layer 2D-[(ZnSe)(ba)] (24), along with that of ZnSe bulk (zinc
blende structure). The estimated band gaps are 3.5, 4.1, and 2.5 eV,
respectively.
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strong quantum confinement effect (QCE) in the II-VI single
atomic layers in these hybrid materials. Density of states (DOS)
analysis has revealed that the atomic states that contribute to
the observed band-edge absorption are dominantly from the II/
VI elements. Clearly, the band-edge shifts in the double-layer
2D-[(M2Q2)(L)] structures are significantly smaller than those
of the corresponding single-layer 2D-[(MQ)(L)] compounds (see
Table 3 and Supporting Information). This is because the extent
of QCE is less in the former than in the latter. As shown in
Scheme 1, the strongest confinement is achieved in the single-
layer (n ) 1) structures such as 2D-[(MQ)(L)]. As the layer
thickness increases, the extent of QCE decreases, as does the
blue shift in their band-edge absorption. Thus, forn ) 1 (layer
thickness∼ 4.8 Å) as in a single-layered 2D-[(ZnSe)(ba)] (24)
and n ) 2 (layer thickness∼ 8.5 Å) as in a double-layered
2D-[(Zn2Se2)(ba)] (8), the blue shifts are∼1.6 and 1.0 eV,
respectively (Figure 4).

Thermal Properties. The thermogravimetric (TG) analyses
were performed on selected polycrystalline samples of double-
layer 2D-[(M2Q2)(L)] hybrids, and the results are summarized
in Table 4. As an illustrative example, Figure 5 shows the weight
losses observed for [(Cd2Se2)(pa)] (14), [(Cd2Se2)(ba)] (15), and
[(Cd2Se2)(ha)] (16) as a function of temperature between room
temperature and 430°C. All three compounds were thermally
stable up to 100°C. The decomposition occurred at∼181-
214°C through a single-step weight-loss process. The measured
weight losses of the organic species are 12.6% for pa in14,
16.2% for ba in15, and 22.2% for ha in16, respectively, in
reasonable agreement with the calculated values of 13.4% for
pa, 16.0% for ba, and 20.7% for ha, respectively. Powder X-ray

diffraction analysis immediately following the TG experiments
showed that the residues of all samples are nanoparticles of CdSe
of würtzite structure. Similar behavior was observed for the
[Cd2S2(L)] structures. [(Zn2Se2)(pa)] (7) and [(Zn2Se2)(ba)] (8)
underwent two- and three-step decomposition between room
temperature and∼ 400 °C, with an onset decomposition
temperature of∼180 °C. Compared to the single-layer 2D-
[(ZnSe)(L)], the decomposition temperatures of the double-layer
hybrids are slightly lower (see Supporting Information). The
weight losses are slightly higher than the calculated amount of
monoamines, due possibly to the surface solvent. The post-TGA
residuals were found to be wu¨rtzite ZnSe. [(Zn2S2)(pa)] (2),
[(Zn2S2)(ba)] (3), and [(Zn2S2)(ha)] (5) also adopted a two-step
weight loss process from room temperature to 420°C. The
experimental weight losses are in approximate agreement with
the calculated weight of corresponding organic monoamines,
while the post-TGA products are pure wu¨rtzite ZnS. Note that
the decomposition temperatures of double-layer 2D-[(Zn2S2)-
(monoamine)] are comparable to those of single-layer 2D-[ZnS-
(monoamine)] but slightly lower than those of single-layer 3D-
[ZnS(diamine)1/2].3e

Summary

A new series of inorganic-organic II-VI hybrid semicon-
ductors with a general formula of 2D-[(M2Q2)(L)] (M ) Zn,
Cd; Q ) S, Se; and L) ea, pa, ba, aa, and ha) have been
designed and synthesized. The crystal structures of these
compounds have a very similar topology as those of 2D-[(MQ)-
(L)], but their 2D inorganic slabs are a double atomic layer of
M2Q2 (n ) 2), rather than a single atomic layer of MQ (n ) 1)
as in the 2D-[(MQ)(L)] structures. As in the case of the single-
layer hybrid structures, a strong blue shift is observed in the
optical absorption edges (band gaps) of all double-layer 2D-
[(M2Q2)(L)] compounds as a result of strong quantum confine-
ment effect, although the values of such a blue shift are smaller
because the confinement in the II-VI slabs is less forn ) 2
than for n ) 1. The results from both optical measurements
and thermal analysis are in excellent agreement with the
structure proposed. The success in preparing the double-layer
2D-[M2Q2](L) structures serves as a beautiful example of
structure-property correlation and illustrates how physical
properties may be tuned systematically on the basis of the
principles of quantum confinement effect and by modification
of the crystal structures.
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Table 4. Thermogravimetric Data Analysis for Selected
Structuresa

compound WL % (calcd) WL % (exptl) Td (°C) residue

[(Zn2S2)(pa)] (2) 23.26 26.93 156/263 ZnS(w)
[(Zn2S2)(ba)] (3) 27.28 27.35 187/248 ZnS(w)
[(Zn2S2)(ha)] (5) 34.14 35.58 145/238 ZnS(w)
[(Zn2Se2)(pa)] (7) 16.99 18,68 181/262 ZnSe(w)
[(Zn2Se2)(ba)] (8) 20.21 21.43 180/257/315 ZnSe(w)
[(Cd2S2)(pa)] (11) 16.98 18.49 201 CdS(w)
[(Cd2Se2)(pa)] (14) 13.38 12.55 181 CdSe(w)
[(Cd2Se2)(ba)] (15) 16.03 16.23 193 CdSe(w)
[(Cd2Se2)(ha)] (16) 20.69 22.15 214 CdSe(w)

a Selected double-layer 2D structures [(M2Q2)(L)] (where M ) Zn, Cd;
Q ) S, Se; and L) pa, ba, and ha) were studied.Td ) decomposition
temperature; w) wurtzite structure; WL) weight loss.

Figure 5. TG profiles for [(Cd2Se2)(pa)] (14), [(Cd2Se2)(ba)] (15), and
[(Cd2Se2)(ha)] (16).
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