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Open-framework inorganic materials, which find use in
catalysis, separation, and ion exchange, have undergone
enormous growth in the last decades.[1] Hitherto, inorganic
borates with remarkable open frameworks, such as pringleite,
ruitenbergite, and penobsquisite, were rarely reported.[2]

Although organically modified open-framework borosilicates
and borophosphates have received a certain amount of
attention, many other borate systems need further explora-
tion. Like the isopolyacid system, most of the reported
organically modified borates show molecular structures, and
those with extended structures are extremely rare.[3] Further
studies on inorganic–organic hybrid open-framework borates
are of fundamental importance.

Other important applications of borates are based on their
optical properties, for example, nonlinear optics[4] and photo-
luminescence (PL).[5] There is growing interest in developing
white-light-emitting devices for applications in displays and
lighting. The main approaches adopted currently to produce
white light include employment of a UV LED to excite red,
green, and blue (RGB) phosphors, a blue LED to excite a
yellow phosphor, or three LEDs to generate RGB lights
individually, in accordance with the tricolor theory.[6] White-
light-emitting devices with multiple emitting components,
which are generally rather complicated and expensive, can be
problematic as color balance is difficult to control.[7] Most of
these problems can be avoided by using single-emitting-
component (SEC) phosphors. Thus far, research on SEC
intrinsic white-light-emitting phosphors has mainly focused
on polymers, such as Si-based materials[8] and polyfluorene
derivatives,[9] and inorganic materials doped with rare earth
metal ions.[10] In contrast, the field of SEC white-light-
emitting borate phosphors remains vacant.

Herein we present two three-dimensional (3D) inorganic–
organic hybrid isopolyacid borates, namely, B6O9(en) (1) and
(H2en)2(Hen)2B16O27 (2a ; en= ethylenediamine).[11] They

respectively form interpenetrating and noninterpenetrating
open frameworks. White-light-emitting inorganic–organic
hybrid open frameworks were rarely reported.[12] Notably,
the photoluminescence of 2a can be modified from blue to
white by means of a simple heat-treatment process.

Compound 1 was obtained by solvothermal reaction of
H3BO3 and en at 180 8C. The synthesis of 2a was as for 1,
except that DMF or acetone was added. Powder X-ray
diffraction (PXRD) studies indicate that the products are
phase-pure, because the experimental diffraction peaks
correspond well with those simulated on the basis of single-
crystal structures (see Figures S1 and S2).

The crystal structure of 1 is composed of a twofold
interpenetrating 3D en-pillared borate-based open frame-
work (Figure 1a and d) with 12-ring (12R) channels along the

c direction (Figure 1b). The independent unit contains one en
molecule and six boron polyhedra, of which four are
triangular and two tetrahedral (Figure S3). The B�O bonds
around the tetrahedral B atoms are about 0.085 A longer than
those surrounding the trigonal B atoms.

A striking characteristic of 1 is the presence of neutral 2D
[B6O9] layers (Figure 1c).

[2] Benzene-like 3-ring and triangu-
lar 12-ring units coexist in the layer. The lengths of the three
edges of the triangular ring are 9.172(2), 9.273(2), and
9.166(2) A. The fundamental building block (FBB) of the
layer comprising two BO4 tetrahedra (&) and four BO3

Figure 1. 3D open frameworks of 1 along the b (a) and c (b) directions,
2D layer of 3,12-membered rings with the dashed circle showing the
FBB (c), and the twofold interpenetrating crystal structure (d).
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triangles (~) can be described as 2&4~:h2~&ih2~&i.[2] Thus
far, nine kinds of FBBs have been discovered in 2D borate
compounds.[2] The FBB in 1 is a new type, to the best of our
knowledge.

Compound 2a forms a 3D anionic noninterpenetrating
open framework and is the first 3D ammonium borate
(Figure 2a). The crystallographically independent unit

includes five trigonal and three tetrahedral B atoms (Fig-
ure S4). The B�O bond lengths are analogous to those in 1.
The framework has 13R and 14R channels along the c
direction, of which the minimum circuits individually
have descriptors of 6&7~:h&&~&~~~&~&~&~i and
6&8~:h&~~&~&~&~&~&~~i (Figure 2b). The protonated
en molecules in 2a act as guests to balance the charge. The
void space of the framework corresponds to 46.1% of the
unit-cell volume, which is close to that of zeolite A.[13]

Organic amine molecules in as-synthesized borate-based
frameworks mainly act as a kind of template, either proton-
ated or coordinated to a metal center to form an isolated
complex, but rarely participate in the framework.[3b,14] The en-
pillared 3D open framework in 1 represents the first example
of a layer structure with organic amine molecules as pillars in
borate-based materials. The only known en-templated borate
(H2en)B4O5(OH)4, which has a molecular structure, was
obtained at room temperature.[15] Temperature may play a
key role in the polymerization and dehydration of H3BO3 (see
Scheme S1). While most ammonium-templated borate-based
materials have hydroxy groups in their frameworks, both 1
and 2a contain no hydroxy groups.

Heat treatment of colorless 2a yields yellow 2b at 250 8C
and gray-yellow 2c at 360 8C (Figure 3a). Yellow 2b has a
similar PXRD pattern to 2a, that is, the framework is stable at
250 8C (Figures S2 and S5). However, the framework has
collapsed in the gray-yellow 2c, since its PXRD pattern
differs from that of 2a. Interestingly, solid samples 2a–c
display blue, white, and pale white photoluminescence,
respectively, when illuminated with near-UV light (Fig-
ure 3a). Air-stable 2b displays a broad visible PL spectrum
that appears white to the eye. It has an external PL quantum
yield of about 14.3%,[16] which is close to that of the best
sample reported by Hayakawa et al.[8c] The PL intensity of 2b
is higher than those of 2a and 2c (Figure 3b). The 460-nm
band has a tf value of 5.79 ns, suggestive of its fluorescence
character. The heat-treatment time influences the shape of
the 2b band. With increasing heat-treatment time, the full
width at half-maximum (FWHM) increases and tends to
saturation (Figure 3b, inset). This interesting phenomenon
has not been found before. To improve the emission in the

red-light range, we introduced Eu3+ ions into a sample of 2b
by soaking it in an aqueous solution of EuCl3.

[17] Whereas the
resulting white-light-emitting sample 2b-Eu has a weaker
broad emission compared with 2b, the emission peaks of Eu3+

ions reinforce the red-light emission (Figure 3).
The emission spectrum of 2b has a 32-nm red shift

compared with that of 2a. A similar red shift was also found in
B2O3 (Figure S7). Diffuse reflectance measurements show
that 2a and 2b have band gaps of 2.99 and 1.92 eV,
respectively (Figure S8). The narrower band gap of 2b
means increased transition probability of longer-wavelength
photons, which is consistent with the red shift between 2a and
2b. Similarly, the band gap of B2O3 also becomes narrower
when it is heated at 250 8C (Figure S9). Thus, the PL of 2a,b
should originate from the borate framework rather than the
isolated ammonium ions. Since no metal activator ions exist in
the sample, the self-activating PL of 2b probably originates
from structural defects caused by heat treatment.

In summary, we have prepared the first borate-based
framework with organic aminemolecules as pillars (1) and the
first 3D ammonium borate (2a) under solvothermal con-
ditions. These intriguing structures enrich the borate family.
Especially zeolite-like 2a with large void space may find
utility in ion exchange in future. Compound 2b is the first
intrinsic white SEC phosphor in the borate system. Facile
synthesis, moderate thermal stability, high PL intensity, cheap
reactants, recyclable solvent, easy separation, zero metal
content, and white-light emission make 2b a good candidate
for display and lighting applications.

Figure 2. 3D open framework viewed along the c direction (a) and
rings (b) for 2a.

Figure 3. a) Images of the solid samples of 2a–c and 2b-Eu (top left
to right) and their corresponding photoluminescence (lex : 353 nm for
2a, 381 nm for 2b, 361 nm for 2c,and 381 nm for 2b-Eu) at room
temperature. b) Solid-state PL spectra of 2a–c and 2b-Eu at room
temperature. Inset: dependence of FWHM on heat-treatment time for
2b.
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Experimental Section
1: Typically, a mixture of H3BO3 (1.237 g, 20 mmol) and en (8 mL)
was loaded into a 25-mL teflon-lined stainless steel autoclave, heated
to 180 8C at a rate of 1 Kmin�1, and then kept at 180 8C for 1 day, after
which it was cooled to room temperature at a rate of 0.1 Kmin�1.
Colorless block crystals of 1 (341 mg, 38% yield based on H3BO3)
were obtained by filtering the final solution and successively washing
the solid products with distilled water and acetone. C,H,N analysis
(%) calcd for C2H8B6N2O9: C 9.42, H 3.20, N 10.87; Found: C 8.86, H
3.01, N 10.39. The IR spectrum of 1 is shown in Figure S6a.

2a : The synthesis of 2a was as for 1 except that DMF or acetone
(0.5 mL) was added. Colorless prismatic crystals of 2a (460 mg, 43%
yield based on H3BO3) were obtained by filtering the final solution
and successively washing the solid products with distilled water and
acetone. C,H,N analysis (%) calcd for C8H38B16N8O27: C 11.29, H 4.50,
N 13.16. Found: C 11.96, H 4.65, N 13.36. The IR spectrum of 2a is
shown in Figure S6b.

Heat treatment of 2a : A colorless solid sample of 2a was placed
in an Al2O3 crucible, which was heated to 250 8C in a programmable
furnace at a rate of 5 Kmin�1, followed by a 3-h isothermal hold, after
which it was cooled to room temperature to yield yellow 2b. Gray-
yellow 2c was obtained as for 2b except that the temperature was
changed to 360 8C.

2b-Eu and its heat treatment: A yellow solid sample of 2b was
soaked in a 0.01m aqueous solution of EuCl3 for 2 h. The final mixture
was filtered and the residue washed with distilled water, ethanol, and
diethyl ether successively to yield a colorless solid, which was further
heat-treated as for 2a to give pale yellow 2b-Eu. PXRD studies show
that the framework of 2b is retained in 2b-Eu (Figure S2).
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