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The reaction of the bifunctional ligand (1,8-naphthalimido)propanoate (Lc;™), containing a carboxylate
group for metal bonding and a 1,8-naphthalimide group for m---m stacking interactions, with
Zn(0,CCH3),(H,0), yields a novel heptanuclear complex [Zn7(0),(Lez)10(DMF),]. In the solid-state struc-
ture, a central zinc(II) cation is linked to six terminal zinc(Il) cations by ten bridging carboxylate ligands
and two [14-0 ions forming a vertex shared bitetrahedron, a new type of secondary building unit (SBU).

The heptanuclear units are organized into a complex three-dimensional architecture by 7t---7t stacking
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interactions of the 1,8-naphthalimide groups. Eight of the naphthalimide rings on each heptanuclear unit
form =7 stacking interactions with rings on eight adjacent units generating a unique “single linked”
three-dimensional architecture. The TGA data indicate this structure is robust and luminescent studies
show the solid emits in the green region.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The construction of highly organized structures from nodes
consisting of metal ions or polynuclear groups of metal ions and
multitopic organic ligands that link the metals into three-dimen-
sional networks is an area of considerable interest. The interest
stems from the diverse topology of the structures and the possibil-
ity of designing solids with particular properties [1-12]. An impor-
tant development in this chemistry was the use of carboxylate
ligands to form robust nodes containing multiple transition metals,
known as secondary building units (SBUs), as synthetic modules to
direct the formation of specific types of networks. Combining an
SBU with a polytopic carboxylate ligand can produce a variety of
highly organized structures, generally called metal-organic frame-
works (MOFs) [13-16].

We have introduced into related chemistry the 1,8-naphthali-
mide supramolecular synthon, a ---mt stacking interaction of con-
siderable organizing capability [17-21]. We have prepared
bifunctional carboxylate ligands, thus capable of building SBUs,
that contain the naphthalimide group (see Scheme 1) for the con-
struction of MOF type structures, but structures that differ signifi-
cantly from MOFs in that one or more of the dimensions are
organized by strong noncovalent interactions. We have termed
these solids supramolecular metal-organic frameworks (SMOFs)

* Corresponding author. Tel.: +1 803 777 2587; fax: +1 803 777 9521.
E-mail address: Reger@mailbox.sc.edu (D.L. Reger).

0277-5387/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.poly.2012.06.011

[17-21], three-dimensional framework solids that are organized
partially or completely by robust supramolecular interactions.
One of the most important novelties of these solids is the increase
in the flexibility of the architecture due to the variable metrics pos-
sible in the m---m stacking interactions, while still retaining signifi-
cant connections between the SBUs. In our first publications, we
incorporated the three ligands pictured in Scheme 1 into paddle-
wheel Cu,(0,CR),4 type SBUs [17,18]. A series of high dimensional
copper(Il) coordination architectures were obtained, where all
the structures show strong 7t---1 stacking interactions of the naph-
thalimide rings. We have also reported the preparation of analo-
gous zinc dimers [19], copper dimers built from similar ligands
that also incorporate a chiral center into the ligand [20] and a zinc
complex built from the trimetallic Zn3(0,CR)s SBU core [21]. Re-
ported here are the synthesis, structure and properties of
[Zn7(0)x(Lc2)10(DMF),], a complex containing the unusual
Zn7(0)2(0,CR)19 SBU core [22], which has a three-dimensional
architecture exclusively organized by the m---m stacking of the
1,8-naphthalimide rings.

2. Experimental
2.1. General considerations

All reactants were used as purchased from Sigma-Aldrich. Ele-
mental analysis was performed by Robertson Microlit Laboratories
(Ledgewood, NJ). The protonated form of the ligand, 3-(1,8-naph-
thalimido)propanoic acid (HL¢z), was synthesized as previously re-
ported [17].
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Scheme 1. Bifunctional ligands.

2.2. Synthesis Of [Zn7(o)2(ch)10(DMF)2]

To a powdered sample of HL¢» (0.270 g, 1.0 mmol) suspended in
30 mL water, 1.2 mL of a 1 M methanolic KOH solution and 5 mL of
pure methanol was added. The suspension was stirred until it
cleared and then the solution was filtered. To this solution was
added a solution of Zn(0,CCHs),(H,0), (0.147 g, 0.67 mmol) in
10 mL water containing 0.12 mL of pyridine. A white precipitate
formed immediately. The mixture was stirred for 2 h, the solid
was isolated by filtration, washed with 10 mL of water, 10 mL of
ethanol and diethyl ether each, and was air-dried. Yield: 0.345 g.
Single crystals of the title compound were grown by vapor diffusion
from a DMF/Et,0 solvent system. The analytical sample was dried
to constant weight. Anal. Calc. (Found) for Cy56H114N12044Zn7: C
56.46 (55.63); H 3.46 (2.62); N 5.07 (4.66).

2.3. Crystallographic studies

X-ray intensity data from a colorless blocklike crystal were
measured at 100(2) K using a Bruker SMART APEX diffractometer
(Mo Kot radiation, /=0.71073 A) [23]. Raw area detector data
frame processing was performed with the saint+ and sapaBs pro-
grams [23]. Direct methods structure solution, difference Fourier
calculations and full-matrix least-squares refinement against F
were performed with sHeixtL [24]. Details of the data collection
are given in Table 1.

The final unit cell parameters were determined by least-squares
refinement of 7193 reflections from the data set. The compound
crystallizes in the space group P1 of the triclinic system. There is
half of one centrosymmetric complex in the asymmetric unit and
a large volume of disordered solvent molecules. The crystallo-
graphically identifiable part of the asymmetric unit consists of four
independent zinc(Il) cations, one [4-oxide anion, five independent
ligands and one DMF molecule. The Zn1 is located on an inversion
center. The ligands were numbered similarly except for the label
suffix A-G. Disorder of two of the five ligands and of the coordi-
nated DMF was observed. Ligands D/E and F/G are disordered over
two closely separated positions with refined populations D/
E=0.51(1)/0.49(1) and F/G =0.40(1)/0.60(1). The disordered DMF

Table 1
Selected crystallographic data and structure refinement for [Zn;(0);(Lcz2)10(DMF),].

Formula Ci56H114N12044Zn7
Formula weight (g mol ) 3318.18
Crystal system triclinic
Space group P1

T (K) 100(2)
a(A) 16.648(2)
b (A) 17.283(3)
c(A) 17.895(3)
o (%) 100.322(3)
B(°) 96.187(3)
7 (°) 112.945(3)
V(A% 4574.4(11)
z 1

Ry I>20(I) 0.0695
WR, 1> 2a(]) 0.2084

occupies two equally populated sites. The naphthalimide ring
geometry of each disordered ligand was restrained to be similar
to the well-behaved ligand “C” using the SHELX SAME instruction.
The DMF ligands were restrained to be planar. All atoms affected
by disorder were refined isotropically; all other non-hydrogen
atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were placed in geometrically idealized positions
and included as riding atoms. No chemically reliable disorder mod-
el was attained for the interstitial solvent species. Based on trial
modeling attempts, they appear to be primarily DMF. The sol-
vent-containing volume was calculated to be 1153.6 A3 (25.2% of
the total unit cell volume). The contribution of these diffusely scat-
tering species (305 electrons per unit cell) was removed from the
structure factors with the SQUEEZE program spawned from PLA-
TON [25]. The final tabulated F.W., D,., and F(000) refer to crys-
tallographically identifiable species only.

3. Results
3.1. Synthesis and structure

The reaction of KL¢,, generated in situ from the acid form of the
ligand and KOH, with Zn(O,CCH3),(H,0), in the presence of pyri-
dine yielded a white precipitate. Single crystals of [Zn;(0),(Lc2)10
(DMF);] were obtained by vapor diffusion of diethyl ether into a
dimethylformamide solution of this white solid. Fig. 1 pictures
two views of the molecular structure of [Zn;(0),(Lcz2)10(DMF),]
and Tables 2 and 3 contain selected bond lengths and angles.

The heptanuclear zinc complex is centrosymmetric with the
zinc centers forming a vertex shared (Zn1 is central) bitetrahedron
(Fig. 1b). In the SBU core, a 14-O ion is located in the center of each
tetrahedron and each links the central zinc(II) cation with three
terminal zinc(Il) cations. In addition, the zinc centers are linked
by eight bridging x2- and two dibridging 13-carboxylate ligands.
Six of these k2-ligands bridge the six terminal zinc centers on the
“top” and “bottom” of the bitetrahedron. The other two k?- and
the two dibridging w3-carboxylate ligands are located on the
“sides” of the bitetrahedron. The bridging «2-pair links the two ter-
minal Zn3 with the central Zn1. One of oxygen donor atoms in each
of the dibridging 13-pair of ligands is bonded to one of the two ter-
minal Zn4 while the other oxygen bridges Zn1 and a Zn2 that is lo-
cated in the other tetrahedron. In addition, one of the two
dimethylformamide molecules bonds to each of the two Zn2. This
arrangement produces a six-coordinate central Zn1 (distorted
octahedral geometry), two five-coordinate Zn2 (square pyramidal
geometry, Ts=0.08 [26]) and four, four-coordinate Zn3 and Zn4
(distorted tetrahedral geometry).

The heptanuclear SBUs are organized into a complex three-
dimensional architecture by -7t stacking interactions of the
naphthalimide groups of the A, B, C and D carboxylate ligands.
The naphthalimide rings of the two equivalent G carboxylate li-
gands are not involved in m---7 stacking interactions. The naphthal-
imide rings of the A, B and D ligands m---7t stack with equivalent
naphthalimide groups on six adjacent SBUs as is illustrated in
Fig. 2. These six SBUs are color-coded in the same color type to
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Fig. 1. (a) Molecular structure of [Zn;(0);(Lc2)10(DMF),]; disordered components of rings D and G (E and F) are not shown for clarity. (b) SBU core of the complex, with the

naphthalimide rings removed for clarity.

Table 2

Selected bond lengths A for [Zn;(0),(Lcz)10(DMF)].
Zn(1)-0(1) 1.974(3) Zn(3) -0(3G) 1.945(4)
Zn(1) -0(4D) 2.146(3) Zn(3) -0(4B) 1.967(4)
Zn(1) -0(4G) 2.190(5) Zn(3) -0(4C) 1.969(3)
Zn(1)Zn(2) 2.9291(6) Zn(4) -0(1) 1.909(3)
Zn(2) -0(21A) 1.947(7) Zn(4) -0(4A) 1.944(3)
Zn(2) -0(1) 1.967(3) Zn(4) -0(3D) 1.966(3)
Zn(2) -0(3B) 2.056(3) Zn(4) -0(3C) 1.976(3)
Zn(2) -0(3A) 2.061(3)
Zn(2) -0(21B) 2.073(8)
Zn(2) -0(4Da) 2.265(3)

represent the three pairs of symmetry equivalent SBUs (these
equivalent units are oriented on opposite sides of the blue unit)
participating in m---m stacking interactions with the central blue
colored unit.

The B carboxylate ligands on the central blue unit generate
strong 7---7 stacking interactions with equivalent moieties from
the neighboring red/brown SBUs. In these B-B interactions the per-
pendicular distance between the parallel rings is 3.40 A and the di-
pole vectors (which run from the center of the fused aromatic rings
through the nitrogen atom) are oriented at 180°, a “head to tail”
arrangement (see Table 4). Another important parameter, y, quan-
tifies the relative slippage of the naphthalimide rings (the degree of
overlap) and is the third side of the right triangle formed with the
average perpendicular distance between the rings and the line
joining the central carbon atoms of the two rings. Although a range
of y values has been previously reported [17-21], those in the
range of 0.43-2.40 A are considered strong interactions. The y va-
lue of the B-B interactions is 0.81 A.

The napthalimide rings of the two A carboxylate ligands on the
central blue SBU 7t---1t stack with equivalent naphthalimide groups
on the two adjacent yellow/orange colored SBUs. In both of these
A-A interactions the parallel naphthalimide rings are 3.45 A apart

Table 3
Selected bond angles (deg) for [Zn(0),(Lc2)10(DMF),].

0(1)-Zn(1)-0(4D) 98.97(12) O(3A)-Zn(2)-Zn(1) 123.46(10)
0(1)-Zn(1)-0(4Da) 81.03(12) 0(21B)-Zn(2)-Zn(1) 120.8(2)
0(1)-Zn(1)-0(4G) 100.02(14)  O(4Da)-Zn(2)-Zn(1)  46.67(8)
0(4D)-Zn(1)-0(4G) 88.13(19) 0(1)-Zn(3)-0(3G) 117.23(15)
0(1)-Zn(1)-0(4Ga) 79.98(14) 0(1)-Zn(3)-0(4B) 114.87(14)
0(4D)-Zn(1)-0(4Ga) 91.87(19) 0(3G)-Zn(3)-0(4B) 97.88(18)
0(21A)-Zn(2)-0(1) 159.7(2) 0(1)-Zn(3)-0(4C) 109.82(13)
0(21A)-Zn(2)-0(3B) 97.1(2) 0(3G)-Zn(3)-0(4C) 112.23(17)
0(1)-Zn(2)-0(3B) 102.35(13)  O(4B)-Zn(3)-0(4C) 103.59(14)
0(21A)-Zn(2)-0(3A) 83.3(3) 0(1)-Zn(4)-0(4A) 117.17(13)
0(1)-Zn(2)-0(3A) 100.56(13)  O(1)-Zn(4)-0(3D) 117.19(13)
O(3B)-Zn(2)-0(3A) 95.57(13) 0(4A)-Zn(4)-0(3D) 102.24(15)
0(1)-Zn(2)-0(21B) 162.6(2) 0(1)-Zn(4)-0(3C) 109.15(13)
0(3B)-Zn(2)-0(21B) 87.1(2) 0O(4A)-Zn(4)-0(3C) 106.03(14)
O(3A)-Zn(2)-0(21B) 92.9(2) O( D)-Zn(4)-0(3C) 103.74(15)
O(21A)-Zn(2)-0(4Da)  92.8(2) Zn(4)-0(1)-Zn(3) 113.13(14)
0(1)-Zn(2)-0(4Da) 78.20(11) Zn(4)-0(1)-Zn(2) 111.87(13)
O(3B)-Zn(2)-0(4Da) 99.54(12) Zn(3)-0(1)-Zn(2) 111.59(14)
0O(3A)-Zn(2)-0(4Da) 164.76(12)  Zn(4)-0(1)-Zn(1) 110.37(13)
0(21B)-Zn(2)-0(4Da) 85.9(2) Zn(3)-0(1)-Zn(1) 112.70(13)
0(21A)-Zn(2)-Zn(1) 119.6(2) Zn(2)-0(1)-Zn(1) 96.01(12)
0(1)-Zn(2)-Zn(1) 42.08(7)

O(3B)-Zn(2)-Zn(1) 127.11(9)

and have a “head to tail” arrangement. The y value is 2.93 A, indi-
cating that the overlap between the two naphthalimide rings is not
as substantial as in the B-B interaction. These rings are oriented in
Fig. 2 such that the “slippage” can be readily viewed (green circles),
although considerable overlap still exists. The D (E) carboxylate li-
gands (in this case a D always pairs with its disordered counterpart
E) are involved in m---1t stacking interactions from the neighboring
purple/magenta SBUs. The metric parameters for the D-E interac-
tions are as follows: the parallel naphthalimide rings are 3.40 A
apart, the dipole vector angle is 153° and the slippage value is
1.41A.
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Fig. 2. Seven heptanuclear SBUs of [Zn;(0),(Lc2)10(DMF),] assembled by the 77
stacking interactions of the naphthalimide rings. The central blue-colored unit
overlaps with the trans-oriented A-rings of the yellow and orange units (green
circles), B-rings of the red and brown units, and D-rings of the purple and magenta
units (view down crystallographic axis a direction). The green circles emphasize the
slippage of the C-rings. (Color online.)

Fig. 3 illustrates the m---m stacking interactions of the B and C
rings down the crystallographic axis b, an orientation approxi-
mately perpendicular to that in Fig. 2. The B rings on the central
blue-colored unit interact with equivalent moieties from the
neighboring red/brown SBUs, interactions also shown in Fig. 2.
The C rings on the central blue-colored unit interact with the
equivalent moieties from the neighboring light and dark green
SBUs. The C-C interactions are strong, with the parallel naphthali-
mide rings 3.46 A apart and a y value of 1.40 A. The substantial
overlap of the C-rings is clearly viewed in the figure, red circles.
The naphthalimide rings generating the C-C interactions are per-
pendicularly oriented with respect to the naphthalimide moieties
forming the B interaction.

All of these 7---1 stacking interactions build up a complex three-
dimensional framework. Fig. 4 shows the overall three-dimen-
sional architecture of this compound. In the three-dimensional
structure, each SBU is linked to eight adjacent SBUs: six in the bc
plane and two in the ac plane.

3.2. UV-Vis and luminescence spectra

The diffuse reflectance (UV-Vis) spectrum of [Zn;(0),(Lc2)10
(DMF),] shows a broad maxima (4imaxuv) at 364 nm. We also re-
corded the solid state excitation (Fig. 5a) and emission (Fig. 5b)
spectra at room temperature. The compound shows green lumi-
nescence with Zmaxp at 444 nm and a large shoulder at 472 nm
upon excitation at 288 or 380 nm. This emission maxima is slightly

Table 4

1,8-Naphthalimide interaction parameters for [Zn;(0);(Lcz2)10(DMF),].
Interaction  Central carbon-  Dipole  Plane Avg. Avg.
type central carbon angle angle  perp. slippage,

distance (A) ©) ©) distance (A)  y (A)

A-A 4.53 180 0 3.45 2.93
B-B 3.50 180 0 3.40 0.81
C- 3.73 180 0 3.46 1.40
D-E? 3.69 153 0.7 3.40 141

@ D-rings pairs with its disordered counterpart E-rings on adjacent SBUs.

Fig. 3. Five heptanuclear SBUs of [Zn;(O)(Lcz2)10(DMF),| assembled by the m---w
stacking interactions of the central blue-colored unit overlapping with the B-rings
(red and brown units) and the C-rings of the light and dark green units (view down
crystallographic b axis). The red circles emphasize the substantial overlap of the C-
rings. (Color online.)

Fig. 4. Three-dimensional architecture of [Zn;(0)x(Lc2)10(DMF),]. Three supramo-
lecular layers are shown: central layer corresponds to Fig. 2, color coded according
to this figure; bottom layer is light green and top layer is dark green as in Fig. 3. For
the top dark green layer only three SBUs are added, in order to show the color coded
central layer. The three supramolecular layers in the bc plane are further connected
by m---m stacking interactions in the ac direction. (Color online.)

blue shifted in comparison with HL¢2 (Amaxm at 449 nm). The green
emission of the heptamer is due to the large shoulder at 472 nm, a
feature not present in the spectrum of the protonated ligand, that
can be tentatively assigned as a charge transfer band.

3.3. Thermogravimetric analysis

The DTA-TGA data for [Zn7(0),(Lc2)10(DMF),] (Fig. 6) show a
four step decomposition: the loss of unknown solvent of crystalli-
zation, followed by loss of the two coordinated DMF molecules at
265 °C, 4.7% (calc. 4.4%). The next two steps, above 290 °C, involve
the decomposition of L¢,, consequently the collapse of the hepta-
mer. The last step is complete at 558 °C. The remaining 12.8% solid
corresponds to ZnO (calc. 15.6%).
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Fig. 5. Excitation (a) and emission (b) spectra of [Zn;(0),(Lc2)10(DMF),] in the solid state.
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Fig. 6. TGA-DTA curves of [Zn7(0)(Lcz2)10(DMF);].

4. Discussion

The complex [Zn;(0),(Lc2)1o(DMF),] has a unique SBU core.
While other compounds have central cores containing seven zinc
centers [27,28], only one previously reported example of a complex
with a similar formula exists, [Zn7(0),(pda)s(H,0),] (pda = dicar-
boxylate from p-phenylenediacrylic acid). This compound has a
somewhat different structure where each of the four oxygen atoms
of the bridging carboxylate ligands bonded to the central Zn1
(those located on the “sides”) also bridge to one of the terminal
Zn centers in the second tetrahedron; they are all dibridging «>-
carboxylate ligands [29]. In [Zn7(0)x(Le2)10(DMF);] only half of
the analogous four carboxylate ligands bridge in this manner, the
other two are bridging x2-ligands. Importantly, the linkages within
the extended structure are very different. The biggest difference is
that the links with [Zn,(O),(pda)s(H,0),] are covalent bonds
whereas with [Zn;(0)2(Lc2)10(DMF);] these links are noncovalent
-1 stacking interactions. Both heptanuclear zinc complexes have
potentially 10 points of linkage extensions. As pointed out in a re-
cent review [16], [Zn;(0),(pda)s(H,0);] links to six other SBUs,
with four of the links “double links” between the SBUs with the
other two “single linkages,” thus using all the linking groups. For
[Zn7(0)2(Lc2)10(DMF),], two of the potential linking groups, the
naphthalimide “G” groups, do not interact with other SBUs. The
other naphthalimide groups in each SBU, form eight single links to
eight adjacent SBUs generating a supramolecular metal-organic
framework structure. Although held together only by noncovalent
interactions, the TGA analysis indicates the structure has

considerable stability as it does not break down until approxi-
mately 265 °C, with the loss of the coordinated solvent.

This study, when taken together with our previous studies on
structures organized mainly by m---7t stacked naphthalimide rings
[17-21], demonstrate the versatility and importance of the 1,8-
naphthalimide supramolecular synthon. In the structure of
[Zn7(0)2(Lc2)10(DMF),], the variability of the metrics in the 7.1t
stacking interactions, particularly of the slippage parameter y,
establishes that this supramolecular synthon can support a wide
variety of geometric arrangements. That is, this supramolecular
synthon is very flexible and can vary its metric parameters without
much change in the strength of the interaction to accommodate
various structural arrangements and, although not observed here,
can also interact on both sides of the rings [18,19]. In addition,
[Zn;(0)x(Lc2)10(DMF),] and other naphthalimide complexes
[19,21,29] are good candidates for green fluorescent materials
due to their thermal stability and insolubility in common organic
solvents.

5. Conclusions

A bifunctional ligand containing a carboxylate group for metal
bonding and a 1,8-naphthalimide group for 7t---7 stacking interac-
tions forms a new type of heptanuclear zinc(II) SBU that has non-
covalent “single links” to eight other SBUs forming a complex
three-dimensional supramolecular metal-organic framework
(SMOF). This structure demonstrates the organizational versatility
of the naphthalimide supramolecular synthon and the TGA analy-
sis indicates thermal stability for these SMOF solids.
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Appendix A. Supplementary data

CCDC 857169 contains the supplementary crystallographic data
for [Zn;(0),(Le2)10(DMF),]. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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