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Abstract: The first neutral organo zinc phosphites composed
of 2.8 nm-wide ribbons were obtained in pure phases and
exhibit near-white-light photoluminescence (PL). By using the
“mesitylene strategy”, interesting polymorphism in the system
of NTHU-14 was discovered. The S-shaped ribbons are
arranged into R and L arrays, resulting in RLR and RRR
stacking for two polymorphs. m—m interactions exist within each
array and hydrogen bonding between adjacent arrays. Besides
a common ligand-based emission band at 410 nm, the PL
curves of polymorphs 14-a and 14-p are distinctly different: 14-
o gave a defect-based emission at 565 nm, whereas 14-f
primarily shows a m-excimer-based emission at 535 nm.
Electron paramagnetic resonance (EPR) data disclosed that
radical species exist in the reaction and that the two phases were
growing from different environments. Based on these results,
the origin of the 565 nm band can be ascribed to lattice defects,
and one possible cause of 14-f3 not showing noticeable yellow
emission is identified.

Crystalline materials with open-framework structures have
shown a great variety of topology, interesting new properties,
and multifaceted functionality, and may lead to a better
understanding of structure—property relationships as well as
to potential applications, particularly energy-related ones.!
In the past two decades, these materials have been progres-
sively developed from those with inorganic frameworks of
aluminosilicates, germanium oxides, and phosphorus-based
metal phosphates/phosphites (MPOs)>? to those with
organic—inorganic hybrid structures such as coordination
polymers and metal-organic frameworks (MOFs).[*! Strate-
gically, the successful formation of structures with either pure
inorganic or hybrid frameworks usually requires the use of
organic chemicals as structure-directing reagents or tem-
plates. Recently, a major breakthrough in mesoporous
inorganic frameworks in the MPO system has been achieved
with the 56-, 64-, and 72-membered-ring channel structures of
NTHU-13, in which the inorganic mesoporous channel is
firstly shown to possess a completely crystalline ordered pore-
wall structure.’! In addition to the usual organic amine
templates, the organic reagent mesitylene (1,3,5-trimethyl-
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benzene, TMB) was introduced for channel expansion. TMB
is well-known as a swelling reagent in the synthesis of
amorphous mesoporous silica,” but until the synthesis of
NTHU-13 it has not been used to produce single crystals. It
should be of great interest to further expand the use of such
reagents for the exploration of more innovative crystalline
solids.

In this work, we employed TMB in an organic-inorganic
hybrid system to study its influence on the formation of
a novel organo zinc phosphite compound. Beyond its conven-
tional roles, TMB turned out to be a key factor in producing
a polymorphic phase and introducing different optical proper-
ties. Polymorphic solids are interesting and valuable, because
they possess identical chemical compositions but nonidentical
structures; thereby, distinct properties and functions can be
extracted from the same chemical systems.”) For example,
zeolite beta has two polymorphs A and B. Polymorph A has
a chiral framework and can promote enantioselective catal-
ysis, whereas the centrosymmetric polymorph B cannot.®
Other examples are the polymorphs of interpenetration
MOFs, in which open or catenated channels can lead to
contrasting gas sorption properties.[g] However, compared
with the more often encountered isomorphic phases (similar
in structure but different in chemical composition),'” true
polymorphic phases are less explored and difficult to isolate,
particularly those with open-framework structures. In this
study, we show that the “mesitylene strategy” leads to pure-
phase polymorph formation (Scheme 1).

In our previous work, we have prepared metal-activator-
free MPO structures with intriguing white-light photolumi-
nescence (PL), in which M=Zn, Ga, and Sn.*!!! Most of
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Scheme 1. Two polymorphic phases of NTHU-14: 14-a. (left) and 14-f
(right), showing different stacking modes of ribbon arrays under the
preparation with or without TMB in reaction.

Wiley Online Library


http://dx.doi.org/10.1002/anie.201408969

Angewandte

966

Communications

them contain 4,4'-trimethylenedipyridine (TMDP, C;;H,N,)
as a common organic template. In an attempt to generate new
luminescent metal phosphites, we combined the metal sources
of tin and zinc with TMDP and phosphorous acid in one-pot
hydrothermal reactions and successfully prepared a novel
white-light emitting organo zinc phosphite, [Zn,(H,O)-
(HPO3)(C,0,)(tmdp)] (NTHU-14). A preliminary X-ray
diffraction analysis showed that the structure contains
merely arrays of neutral ribbons. The intuitive intention to
increase ribbon spacing led us to introduce TMB to the
mixture of reactants. Surprisingly, a polymorph of NTHU-14
was thus generated. The two polymorphic phases, hereafter
designated as 14-o. and 14- are both acicular transparent
crystals but in different crystal systems, and could be
individually prepared in pure phase with yields of 60% and
40 %, respectively (based on Zn). Presumably, the presence of
TMB, having a nonpolar character and a higher boiling point,
may exert certain synergistic effects on entropy and pressure
so that the reaction system favors the formation of 14-3, which
has a lower symmetry and higher density (see below) than 14-
a. Single-crystal structure analyses were performed to deter-
mine the structures and chemical formulas."? The organic and
water contents were also corroborated by elemental and
thermogravimetric (TG) analysis (see the Supporting Infor-
mation).

The hybrid structures of both polymorphs exclusively
consist of S-shaped ribbons with a width of 2.8 nm (Figure 1).
Although the space groups are different (P2,/c for 14-a and P-
1 for 14-f), their asymmetric unit contents are similar,
consisting of two unique Zn sites (one ZnO;N tetrahedron
and one ZnO,(H,O)N octahedron) and three unique ligands
(HPO;, oxalate, and TMDP; Figure S1). The ribbons are all

b)
~28A .34A

Figure 1. Plots of the neutral ribbon in NTHU-14: a) section of the S-
shaped 1-D ribbon, b) views of the ribbon along the a and ¢ axis,
respectively, showing the width of the ribbon, the two zinc oxalate
infinite chains forming the two edges of a ribbon, the central zinc
phosphite 4-ring chain, and the TMDP ligand molecules, each bridging
one edge and one middle chain. Tetrahedra of Zn in cyan, P in yellow,
and octahedra of Zn in blue.
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alike, neutral, and centrosymmetric, and each is formed of
two linear zincoxalate infinite chains of . [Zn(H,0)(C,0,)]
apart by ca. 28 A, one four-ring zinc phosphite infinite chain
of [Zn(HPO;)], and TMDP molecules bridging the zinc
oxalate and zinc phosphite chains. The middle zinc phosphite
chains (residing on inversion centers) show less usual outward
metal sites of Zn (for TMDP coordination), whose connec-
tivity can be compared with that occurring in NTHU-13"!
(Figure S2). The outer edges of the nanometer-wide ribbon
are water ligands, 5.34 A apart along the edge, because they
are sticking out of the zinc oxalate chains. It endows
hydrophilic character to all neutral ribbon edges.

The two polymorph structures are different, primarily in
the ribbon stacking modes. In 14-a, S-shaped ribbons are
observed to arrange into right-bent (R) and left-bent (L)
arrays (Figure 2), and the R and L arrays are 2, symmetry-
related. In 14-f, all ribbons are in R arrays due to lower
symmetry. The ribbon arrays are stacked in the RLR mode for
14-0 and RRR for 14-8. Despite different stacking modes, the
two polymorphic structures are nearly identical in terms of
intra- and interribbon-bonding interactions, for example,
1) the TMDP ligand molecules are all in the trans—gauche
conformation with an intramolecular NN distance of
9.019 A 2)no m-m interaction between intra-ribbon
TMDP ligands is present, because the pyridyl rings of
adjacent ligands are distant (plane-to-plane distance 5.34 A;
Figure 1); 3) TMDP ni—x pairs solely occur within individual
ribbon arrays, the m—n distance is 3.40 A, the pyridyl ring
centroid—centroid distance is 4.28 A and the angle is 31.4°;
and 4) hydrogen bonds exist between different ribbon arrays.
The nearest contact between ribbons was found to occur
between phosphite oxygen atoms belonging to one array and
water oxygen atoms belonging to an adjacent array with an
O--0 distance of 2.77 A (Figure 2).

TG analyses showed that removal of the coordination
water molecules began at ca. 100°C for both polymorphs 14-
o and 14-f, and water ligands could be completely removed at
ca. 250°C (Figure S3). Variable-temperature powder X-ray
diffraction measurements showed that the structure of 14-a. is
stable up to 200°C, whereas 14-f is stable up to 250°C
(Figure S5). What is the reason for the reduced thermal
stability of 14-o. compared to that of 14-$? Although no
significant differences were detected in any bonding inter-
actions, we found a 0.4 % difference in density between the
two polymorphs. The less dense 14-a with RLR-stacked
ribbons is thus slightly less rigid than the RRR-stacked 14-f.
Nonetheless, from the results of TG and diffraction measure-
ments, it may be concluded that the two neutral frameworks
can be sustained even under the loss of some water molecules
from the partial octahedral zinc centers. Thereby, open metal
sites can be generated by heating below 200°C for 14-a and
below 250°C for 14-p.

Both 14-a and 14-f were found to display near-white light
under excitation with 320 nm UV light. Their PL emission
curves are very broad and most likely involve many lumines-
cent centers. As shown in Figure 3, the two polymorph PL
emission spectra are distinctly different. In the one of 14-
o two maxima can be observed, which are located at ca.
410 nm and 565 nm. The combination of these two bands
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Figure 2. Structure plots of NTHU-14: a) 14-a with the ribbon arrays
stacked in RLR mode; b) 14-f with the ribbon arrays stacked in RRR
mode; in both (a) and (b) the adjacent TMDP ligands within an array
form m—t pairs (in red); c) a closer look of the —t pair showing the
parallel planes at a distance of 3.40 A and the ring displacement of
31.4°; and d) the nearest contact between adjacent ribbons. Tetrahedra
of Zn in cyan, P in yellow, and octahedra of Zn in blue.

results in near pure white light (CIE coordinates: (0.31, 0.34)
with quantum efficiency (QE) of 10 % ). In the spectrum of 14-
[ one broad band is observed, which corresponds to cool-
white light (CIE coordinates: (0.25, 0.29) with QE ~8%).
However, in the asymmetric band two major emissions at ca.
410nm and 535nm were identified. The 410 nm band
observed in both polymorphs can be attributed to the
ligand-based emission of TMDP molecules (Figure S6). The
535 nm band, which was found in 14-f§ but could not be
successfully isolated in 14-q, is assumed to be an excimer-
based emission from aforementioned mi—m pairs of TMDP.'¥
The major difference in the two PL spectra evidently lies in
the longer wavelength region. Based on our prior experience
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Figure 3. PL spectra and CIE chromaticity diagram showing a) the
emission curve of 14-a showing two maxima at ca. 410 nm and

565 nm; b) the broad emission curve of 14-f with two embedded
bands located at ca. 410 nm and 535 nm; and c) CIE coordinates indi-
cating that the emission of 14-a is closer to white than that of 14-8.

with those yellow-emitting MPOs,”! the 565 nm band of the
14-0. polymorph could be related to emission centers other
than the m-excimers. We also found that the emission
maximum from a heat-treated sample of 14-a was blue-
shifted (Figure S7), showing some resemblance to defect-
related PL luminescence occurring in earlier MPOs,>!* which
had all given unanticipated EPR signals. Accordingly, we
performed EPR measurements on both solid samples of the
14-a polymorph. It was not surprising that an EPR signal was
observed (Figure S8). These results indicate that the 565 nm
band of 14-o might originate from certain types of lattice
defects occurring in MPO lattices.

We further explored the reason for the absence of
a recognizable band at 565 nm in polymorph 14-f. Due to
the fact that all differences between the two polymorphs
result from the presence or absence of TMB in their
generation, we decided to investigate the filtrates, in which
the crystals of 14-o and 14-f were obtained, by EPR
spectroscopy. The filtrate of 14-f was EPR-silent, whereas
that of 14-o. did show a signal corresponding to radical species
(Figure S9). From these results, three conclusions can be
drawn about the chemistry involved in our mild hydrothermal
reactions: firstly, the conducted reactions lead to the gener-
ation of radical species, which are presumed to form on the
aromatic amine by electron uptake; secondly, the radicals
could be scavenged by using TMB, a hydroxyl radical
scavenger;'® and thirdly, crystals growing in the presence of
radicals develop more lattice defects like it was observed for
14-a. compared to 14-f. As a consequence, 14-f3 did not show
a noticeable yellow emission like 14-a.

In conclusion, we have generated an innovative white-
light luminescent system of organo zinc phosphites, NTHU-
14, by employing organic reagents in mild hydrothermal
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reactions. We have successfully demonstrated the versatile
use of mesitylene/TMB for the preparation of crystalline
materials, apart from its known use for the generation of
noncrystalline or partially crystalline mesoporous materials.
TMB is not only related to the formation of a polymorphic
phase, leading to interesting nanoribbon-structured frame-
works, but more importantly it leads to new results regarding
the presence and elimination of radical species!'”! in hydro-
thermal reactions that were not known before. The “mesity-
lene strategy” is anticipated to result in profound effects
besides polymorphism and the optical properties discovered
in NTHU-14. Further investigations on related systems are in
progress.

Experimental Section

A pure phase of transparent crystals of 14-a was obtained by heating
a mixture of zinc lactate, tin oxalate, phosphorous acid, 4,4'-
trimethylenedipyridine (C;3;H,N,), deionized water, ethanol, and
hydrofluoric acid with absolute molar amount in the ratio
0.5:0.5:3:2:277:17:2.3 in a 23 mL Teflon-lined acid digestion bomb at
150°C for 48 h. By including an extra 1 mL of mesitylene (1,3,5-
trimethylbenzene) in the above reaction, acicular-shaped crystals of
14-B were obtained in pure phase as well. The yields (based on Zn)
were 60 % and 40% for 14-a and 14-f, respectively.

CCDC 1022642 and CCDC 1022643 contain the supplementary
crystallographic data for 14-a and 14-f, respectively. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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