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’ INTRODUCTION

Crystal engineering of framework materials built from metal
centers linked by organic spacers has become of great interest in
the field of chemistry andmaterials science. Such interest in these
materials can be attributed to the possibility of designing various
properties and functions into these solids for promising applica-
tions in catalysis,1 energy storage,2 sensing,3 and separation.4

Extensive research has been dedicated to the construction of
porous crystalline architectures connecting rigid metallic build-
ing blocks, referred as secondary building units (SBUs), with
robust organic linkers via strong covalent bonds, compounds
generally referred as metal�organic frameworks (MOFs).5 The
use of multidentate carboxylate ligands as the organic linkers to
join the metallic SBU cores allows the formation of rigid frame-
works, with a particular advantage in many cases that neutral
open networks can be produced in which no counterions are
needed to achieve electroneutrality.5

Metal complexes of linkedmonodentate ligands (using mostly
rigid pyridine-based compounds) have been used to prepare
hybrid organic�inorganic materials containing large voids, usually

filled with solvent molecules.6 These species can be viewed as
different fromMOFs in the sense that in some cases the stability of
the framework is reduced, and the network collapses upon the
removal of solvent molecules.6d,e

Less rigid, but still highly organized structures can be as-
sembled by noncovalent forces, with hydrogen bonding being
the predominant organizational synthon due to its reproducible
and directionality properties.7 Recently, increased attention has
been dedicated to employ hydrogen bonding in the assembly of
flexible hybrid frameworks containing dynamic pores, which can
possess more “elastic” properties than rigid three-dimensional
networks, opening the field for the design of a new class of
practical materials.8 Other noncovalent interactions, predomi-
nantly π 3 3 3π stacking between aromatic rings, have also been
used in the assembly of “soft” crystalline solids.9 Although, this
interaction is not as directional as hydrogen bonding, an order
of stability in the interaction of two π systems has been well
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ABSTRACT: The ligand 4-(1,8-naphthalimido)benzoate, LC4
�, containing a linear link between

the strong π 3 3 3π stacking 1,8-naphthalimide supramolecular synthon and the carboxylate donor
group, reacts with Zn(O2CCH3)2(H2O)2 in the presence of dimethylsulfoxide (DMSO) to yield
[Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2). This compound contains the “paddlewheel” Zn2(O2CR)4
secondary building unit (SBU) that organizes the rigid phenylene and naphthalimide rings of the
carboxylate ligands in a square arrangement. The supramolecular architecture is dominated by
π 3 3 3π stacking interactions between naphthalimide rings of one dimer with four adjacent dimers,
essentially at right angles, forming an open three-dimensional network structure. Two symmetry
equivalent networks of this type interpenetrate generating overall a densely packed three-
dimensional, 2-fold interpenetrated architecture in which the CH2Cl2 solvate molecules are trapped
in isolated pockets. Upon cooling, single crystals of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) undergo
two distinct crystallographic phase transitions, as characterized by X-ray diffraction at different
temperatures, without loss of crystallinity. These two new phases have supramolecular structures
very similar to the room temperature structure, but changes in the ordering of the CH2Cl2 solvate cause shifting of the naphthalimide
rings and a lowering of the symmetry. Crystals of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) undergo a single-crystal to single-crystal gas/
solid guest exchange upon exposure to atmospheric moisture, or faster if placed under vacuum or heated under dry gas to 100 �C,
followed by atmospheric moisture, to yield [Zn2(LC4)4(DMSO)2] 3 3.9(H2O). The molecular and supramolecular structures of this
new compound are very similar to the dichloromethane adduct, with now the water molecules encapsulated into the framework. The
remarkable feature of both the phase changes and exchange of solvates is that this robust network is not porous; local distortions
(ring slippage and tilting changes) of the π 3 3 3π stacking interactions of the naphthalimide rings that organize these structures
allow these changes to take place without the loss of crystallinity. The complexes [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) and
[Zn2(LC4)4(DMSO)2] 3 3.9(H2O) show green emission in the solid state.
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established: π-deficient � π-deficient > π-deficient � π-rich >
π-rich� π-rich, where the stronger interactions can be a force of
similar robustness to hydrogen bonding in a properly chosen
aromatic system.10

In the past few years, our group has exploited the unusually
strong π 3 3 3π stacking interactions of the π-deficient 1,8-
naphthalimide group (see Scheme 1) within different metal
complexes. In our initial studies, it was shown that this naphtha-
limide moiety incorporated into bis(pyrazolyl)methane11a and
2,20-bipyridine11c ligand systems leads to association into dimers
of metal complexes of the ligands. Importantly, we were able to
demonstrate that the strong π-association of the naphthalimide
rings not only is observed in the solid state but also persist in
solution.11 In addition, we have shown that π 3 3 3π stacking of
this functional group leads to the formation of silver(I) coordina-
tion polymers with interesting structures.11b

Recently, we have prepared bifunctional carboxylate ligands
that contain both the carboxylate donor group and the 1,8-
naphthalimide π-stacking synthon (Scheme 1), in order to
assemble three-dimensional, MOF like architectures that com-
bine the robustness of transition metal-carboxylate SBU cores
with the supramolecular organization given by the 1,8-naphtha-
limide rings. We have termed these solids supramolecular metal�
organic frameworks (SMOFs), framework solids with a three-
dimensional structure in which the building blocks are organized
partially or completely by robust supramolecular interactions.
In our initial work, the two carboxylate ligands LC2

� and LC3
�,

pictured in Scheme 1, were prepared and incorporated into the
paddlewheel Cu2(O2CR)4 type SBU core.11d Structural investiga-
tions of these complexes demonstrated the formation of high
dimensionality materials, organized partially or completely by the
strong π-association of the 1,8-naphthalimide rings. Although
highly organized, the supramolecular structures of complexes of
these two ligands were not dominated by the “square” arrange-
ment of the paddlewheel SBU because the two or three sp3

hybridized carbon centers that link the carboxylate donor and the
naphthalimide groups do not necessarily enforce this geometry.

Reported here are the synthesis and properties of new tetra-
carboxylato dizinc complexes that combine the LC4

� bifunc-
tional ligand (Scheme 1) with the robust Zn2(O2CR)4 paddle-
wheel unit. We are particularly interested in the chemistry of
LC4

� because the rigid, linear arrangement of the linking pheny-
lene group enforces the “square” architecture of the paddlewheel
SBU on the positions of the naphthalimide supramolecular
synthons and, in addition, should promote the formation of
more “open” structures. Using noncovalent interactions to
organize the square metallic SBU cores, a unique three-dimen-
sional robust framework is obtained that has “local flexibility” due
to the π 3 3 3π stacking interactions. Particularly interesting

features of these solids are the single-crystal to single-crystal
exchange of small guest molecules in a gas/solid-mediated
transformation as well as temperature induced phase changes.
The new solids also show luminescent behavior.

’EXPERIMENTAL SECTION

General Considerations. All reactants were used as purchased
from Aldrich. The IR measurements were carried out on ground crystals
using a Perkin-Elmer FTIR 100 spectrometer with the attenuated total
reflectance (ATR) accessory. The reflectance measurements were done
on a Perkin-Elmer Lambda 35 UV�vis spectrometer using the Lab-
sphere RSA-PE-20 reflectance spectroscopy accessory. The fluorescence
spectra were recorded on a Perkin-Elmer LS 55 fluorescence spectro-
meter. Ground solid samples were used in a 6 nm cell. Thermogravi-
metric analysis (TGA) was performed using a Thermal Analysis (TA)
SDT-Q600 simultaneous differential thermal analysis (DTA)/TGA
system. The sample was heated in air to 800 �C with a heating rate of
10 �C/min. In the single-crystal to single-crystal transformation experi-
ments, in each cycle, the sample was heated at the rate of 0.5 �C/min
until 100 �C and was held isothermal at that temperature for 15 min;
after this period, the sample was cooled to 25 �C and held isothermal at
that temperature for 48 h. The in situ X-ray diffraction study was
performed using a hot-stage-equipped Rigaku D/Max 2100 powder
diffractometer using CuKα radiation. Data were collected at a 0.02� step
for 4.8 s/step over the 2θ range 5�30�. The protonated form of the
ligand, 4-(1,8-naphthalimido)benzoic acid (HLC4), was synthesized as
previously reported.11i Elemental analyses were performed by Robertson
Microlit Laboratories (Ledgewood, NJ).
Synthesis of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2). HLC4 (0.064 g,

0.20mmol) was dissolved in 2mL of dimethylsulfoxide, and then, 20mL
of dichloromethane was added. Zn2(O2CCH3)2(H2O)2 (0.022 g, 0.10
mmol) was dissolved in methanol (20 mL). Equal aliquots of each
solution were divided into three test tubes (dichloromethane solution
added first) with a buffer layer of pure methanol (6 mL) placed between
the two solutions. The test tubes were stored undisturbed at room
temperature, yielding, after a few days, X-ray quality crystals. Yield:
0.057 g (0.033 mmol, 66%). The analytical sample was dried to constant
weight, Anal. Calcd. (Found) for C80H52Zn2N4O18S2 (without solvent
of crystallization): C 61.90 (61.65); H 3.38 (3.43); N 3.61 (3.51). IR
(cm�1): νCO = 1705 (m), 1643 (s), 1584 (m), 1402 (s), 1373 (m), 1353
(s); νSO = 962 (m).
Synthesis of [Zn2(LC4)4(DMSO)2] 3 3.9(H2O). Crystals of

[Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) were placed under high vacuum
for 5 days and thenwere exposed to atmospheric moisture for 5 days. X-ray
diffraction showed that these crystals were now [Zn2(LC4)4(DMSO)2] 3
3.9(H2O). Anal. Calcd. (Found) for [Zn2(LC4)4(DMSO)2] 3 3.9(H2O)
(C80H59.8Zn2N4O21.9S2): C 59.22 (59.41), H 3.72 (3.58), N 3.45 (3.34).
IR (cm�1): νOH = 3474 (b), νCO = 1704 (m), 1643 (s), 1583 (m), 1401
(s), 1373 (m), 1352 (s); νSO = 961 (m).
Crystallographic Studies. Crystals form as well-faceted yellow

prisms up to ca. 1 mm in size. The crystals variously grow with a block,
plate, or rod habit. In air, fine cracks appear in the crystals on a time scale
of tens of minutes, presumably as a result of the guest�molecule
exchange process taking place (see below). Crystallinity is not adversely
affected by this process. Temperature-dependent phase transition
behavior was identified after room-temperature data and 150 K data
sets gave different unit cells. Subsequently, multiple data sets consisting
of three 25-frame scans at orthogonal crystal orientations were collected
to determine transition temperatures. This procedure was performed by
initially cooling from 295 to 110 K in increments of ca. 25�, followed by
warming to room temperature, and then cooling in smaller increments
(3�) in the area of the transition points bracketed by the first cooling run.

Scheme 1. Bifunctional Carboxylate Ligands
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The phase transitions are reversible; the diffraction pattern behavior is
identical upon warming or cooling.

All X-ray intensity data were measured using a Bruker SMART APEX
diffractometer (Mo Kα radiation, λ = 0.71073 Å).12 The raw area
detector data frames were reduced and corrected for absorption effects
with the SAINT+, SADABS, and TWINABS programs.12 Unit cell
parameters were determined by least-squares refinement of large sets of
strong reflections from the data sets. Direct methods structure solution,
difference Fourier calculations, and full-matrix least-squares refinement
against F2 were performed with SHELXTL.13 In general, all nonhydro-
gen atoms were refinedwith anisotropic displacement parameters except
where noted. Hydrogen atoms were placed in geometrically idealized
positions and refined as riding atoms. X-ray crystallographic data are
given in Table 1.
295 K. The data crystal was encased in epoxy glue to protect against

guest molecule exchange. At 295 K, the reduced unit cell parameters are
a = 14.076 Å, b = 16.977 Å, c = 16.977 Å, α = 65.93�, β = 90�, and γ =
90�, which transform into an orthorhombic C-centered Bravais lattice
with cell constants a = 28.488(2) Å, b = 18.4743(13) Å, c = 14.0764(10)
Å,V = 7408.5(9) Å3. The space groupCmca (No. 64) was determined by
the pattern of systematic absences in the intensity data and by the
successful refinement model. The asymmetric unit consists of 1/4 of one
dizinc complex and half of one dichloromethane molecule. The dizinc
complex is situated about a site with 2/m (C2h) point symmetry. The
zinc atom resides on a mirror plane. There is one independent LC4

�

ligand. The coordinated dimethylsulfoxide (DMSO) molecule is dis-
ordered across the mirror plane and was refined with half occupancy.
The two independent sulfur�carbon distances were restrained to be
similar (SHELX SADI instruction). The dichloromethane molecule is
also disordered across the mirror plane, with the carbon atom in the
plane. The chlorine atoms are further disordered over three independent
positions A/B/C in the asymmetric unit and were refined with fixed
occupancies A/B/C = 0.5/0.25/0.25. The occupancies were initially
refined to values close to those reported and were subsequently fixed for
refinement stability. Carbon�chlorine distances were restrained to
1.75(2) Å. The carbon atoms of the disordered DMSO and dichlor-
omethane molecules were refined isotropically.
250 K.Upon cooling of the crystal, splitting of the diffraction peaks is

observed starting at ca. 265 K. The splitting becomes further resolved in
the range 260�240 K and then is observed to coalesce again upon
further cooling. The evolution of a diffraction peak profile is shown in

Figure S1 (Supporting Information) to illustrate the change. Data for
this phase were collected at 250 K. Analysis of the 250 K data set shows
the crystal is now twinned by nonmerohedry with two domains. The
diffraction pattern can be completely indexed using two C-centered
monoclinic cells with lattice parameters a = 28.332(3) Å, b =
18.5103(17) Å, c = 14.0046(12) Å, β = 92.769(2)�, and V =
7335.8(11) Å3. This unit cell corresponds to reduced cell parameters
of a = 14.005 Å, b = 16.921 Å, c = 16.921 Å, α = 66.32�, β = 87.68�, and
γ = 87.68�. The two twin domains are related to one another by a 180�
rotation about the reciprocal [100] axis, corresponding in real space to
the [1 0�0.04] axis. The twin law derived by the programCELL_NOW
is, by rows, (1 0 0.08/0 �1 0/�0.03 0 �1), which was also used for
generation of orientation matrices for both domains.14 The small
nonzero twin matrix elements reflect the small peak splitting observed
in the diffraction pattern, i.e., the two domains are nearly in registry. The
space group was eventually determined to be C2/c (No. 15), which is a
maximal nonisomorphic subgroup (Type I, index 2) of the room-
temperature space group Cmca. Data were refined in SHELX using an
HKFL5 format reflection file, which was created using the TWINABS
program.12 Themajor twin fraction refined to 0.671(2). The asymmetric
unit in C2/c consists of half of one dizinc complex and one dichloro
methane molecule. The dizinc complex is situated on an inversion
center. There are two independent LC4

� ligands. The DMSO molecule
is disordered over two general positions in the ratio S1A/S1B =
0.643(3)/0.357(3), with the total population constrained to sum to
unity. The dichloromethane molecule is disordered over three general
positions with refined occupancies A/B/C = 0.647(3)/0.128(4)/
0.225(4), also constrained to sum to unity. Disordered carbon atoms
and theminor chlorine atoms (component B) were refined isotropically.
A total of 22 distance restraints were used to maintain chemically
reasonable geometries for the disordered species.

110 K.On cooling from 250 K, the split diffraction peaks coalesce and
become single maxima again near 195 K. This unusual observation
implies that the two twin domains related by nonmerohedry have
reoriented and are now in registry (their diffraction patterns overlay).
The diffraction pattern can be fully indexed to give a reduced unit cell
with parameters a = 13.86 Å, b = 13.86 Å, c = 16.80 Å, α = 66.27�, β =
90�, and γ = 90�. This unit cell closely corresponds to the reduced unit
cell of the room temperature orthorhombic form (see Figure S1,
Supporting Information). For comparison, the C-centered orthorhom-
bic cell corresponding to these reduced parameters is a = 18.40 Å, b =

Table 1. Selected Crystallographic Data for [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) at Three Different Temperatures

295 K 250 K 110 K

formula C82H56Cl4N4O18S2Zn2 C82H56Cl4N4O18S2Zn2 C82H56Cl4N4O18S2Zn2
fw, g mol�1 1721.97 1721.97 1721.97

cryst. syst. orthorhombic monoclinic monoclinic

space group Cmca C2/c P21/n

T (K) 295 250 110

a, Å 28.488(2) 28.332(3) 16.8397(16)

b, Å 18.4743(13) 18.5103(17) 13.9012(14)

c, Å 14.0764(10) 14.0046(12) 16.8551(16)

α, deg 90 90 90

β, deg 90 92.769(2) 113.631(2)

γ, deg 90 90 90

V, Å3 7408.5(9) 7335.8(11) 3614.8(6)

Z 4 4 2

R1 I > 2σ(I) 0.0529 0.0576 0.0326

wR2 I > 2σ(I) 0.1468 0.1394 0.0851

R (int) 0.0478 0.0810 0.0355
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28.19 Å, c = 13.86 Å,α = 90�, β = 90�, and γ = 89.80�. This cell is actually
given as an option by the SMART indexing software but is rejected
because of the gamma angle and more definitively after structure
solution. More importantly, trial refinements of the 110 K data in Cmca
led to disorder of themethylene chloride andDMSOmolecules, which is
resolved in P21/n, unreasonable displacement ellipsoids for phenyl ring
and solvent atoms, and R-values >15%. The ordering of the CH2Cl2 and
DMSO molecules makes the structure incompatible with the three
mutually perpendicular 2-fold axes that define the orthorhombic system.
After transformation to the standard b-unique monoclinic setting, the
110 K form has a primitive monoclinic lattice with a = 16.8397(16) Å,
b = 13.9012(14) Å, c = 16.8551(16) Å, β = 113.631(2)�, and V =
3614.8(6) Å3. In the 110 K phase, the centered Bravais lattice symmetry
present above 265 K is broken. Systematic absences in the 110 K data set
uniquely determined the space group P21/n, which is in turn a maximal
nonisomorphic subgroup (Type IIa, index 2) of the 250 K space group,
C2/c. The crystal is now twinned with exchange of the similar a and c
axes, with the two domains related by the twin matrix (0 0�1/0�1 0/
�1 0 0). The diffraction patterns originating from the two domains are
superimposed in this form of twinning, and the structure was refined
normally in SHELX using the TWIN instruction and the matrix given
above. The major twin fraction was refined to 0.578(1). The asymmetric
unit in P21/n is similar to that in C2/c, consisting of half of one
centrosymmetric dizinc complex and one dichloromethane molecule,
with all species now ordered. The dizinc complex is situated on an
inversion center, with one zinc atom, two independentLC4

� ligands, and
one DMSO molecule. Examination of the final residual electron density
map shows the largest peak of 0.88 e/Å3 is near the DMSO sulfur atom,
indicating some small DMSO disorder fraction still persists. Trial
DMSO disorder models indicate the minor disordered fraction is ca.
5%, and it was not modeled.
Hydrated (Solvent Exchanged) Forms.No phase transition behavior

was observed in the temperature range 296�110 K. The hydrated form
is orthorhombic, with the space group Cmca and lattice parameters of
a ∼ 28.5 Å, b ∼ 18.3, and c ∼ 13.7, at all accessible temperatures. Each
hydrated data set was collected at 294 K. X-ray crystallographic data for
hydrated forms are given in Table 2.

The asymmetric unit in Cmca is similar to the dichloromethane
solvates, consisting of 1/4 of a C2h-symmetric dizinc complex with the

zinc atom on amirror plane and the DMSO disordered across the mirror
plane. In the interstitial region, two significant electron density peaks
were observed and were modeled as variably occupied oxygen atoms of
water molecules. These atoms were assigned a fixed isotropic displace-
ment parameter of Uiso = 0.15 Å2, and their occupancies were freely
refined. Free refinement of both the Uiso and occupancy values did not
result in stable or sensible values. It should be noted that, since atomic
site occupancies are strongly correlated with displacement parameters,
the uncertainty in the water content derived from the X-ray refinements
is likely underestimated. The pattern of interstitial occupancy has a
general V-shape, resembling a dichloromethane molecule. Several
refinement models using CH2Cl2 as the guest were attempted but
ultimately rejected because of (1) poor dichloromethane geometry,
even if restrained, (2) unacceptably high displacement parameters
for the carbon and chlorine atoms, and (3) unreasonably short distances
(ca. 2.6 Å) to the closest naphthalimide ring hydrogen (H12). In
comparison, the Cl 3 3 3H nonbonded distance in the 295 K Cmca
dichloromethane solvate structure (see above) is 2.96 Å, which is greater
than the sum of the van derWaals radii for chlorine and hydrogen.15 The
distances observed in the hydrated structures are sensible for a water
molecule hydrogen-bonded to a carbonyl oxygen (O1S 3 3 3O2 = 3.15 Å)
and a CH 3 3 3O interaction with the naphthalimide ring.

’RESULTS

The [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) complex was pre-
pared by layering a CH2Cl2 solution of HLC4 containing a small
amount of dimethylsulfoxide with a methanol solution of Zn-
(O2CCH3)2(H2O)2. The slow diffusion of the layers led to the
formation of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) crystals suita-
ble for X-ray diffraction.
Solid State Structure Analysis. Single crystals of [Zn2(LC4)4-

(DMSO)2] 3 2(CH2Cl2) were characterized by X-ray diffraction
at different temperatures because of phase changes, vide infra. A
drawing of the 295 K structure is shown on the left of Figure 1.
The compound contains the “paddlewheel” Zn2(O2CR)4 SBU
core with two five-coordinate zinc(II) centers bridged equato-
rially by four μ�k2 carboxylate ligands. The remaining axial site
on each zinc atom is occupied by a dimethylsulfoxide (DMSO)
molecule, which is disordered over two positions. The structure
is bisected by a 2-fold rotational axis oriented horizontally and a
mirror plane oriented vertically relative to the figure. The rigid
phenylene groups of the ligand are oriented in the four directions
implanted by the “square” SBU core and are nearly in the same
plane as the carboxylate functional group. The naphthalimide
rings continue this linear, square arrangement and are rotated at
an average angle of 105.5� to the phenylene rings, placing them
nearly perpendicular to the Zn 3 3 3Zn axis.
The dimeric SBU units are organized into an open three-

dimensional supramolecular network by two different types of
π 3 3 3π stacking interactions of the naphthalimide groups. These
π 3 3 3π stacking interactions are formed between naphthalimide
rings of one dimer interacting with four adjacent dimeric units,
Figure 2a. The first type of π 3 3 3π stacking (A) is formed
between rings colored the same, both the two light blue colored
and the two dark blue colored rings. The second π-stacking
interaction (B) is formed between a light blue and a dark blue
ring. Both of the π 3 3 3π stacking interactions are strong;
the naphthalimide rings are 3.60 Å (A) and 3.49 Å (B) apart,
and the rings are nearly parallel. Given the square arrangement of
the dimers, the dipole vectors (running through the central ring
carbon atoms, pointing toward the nitrogen) of the naphthali-
mide units involved in the π 3 3 3π stacking interactions are

Table 2. Selected Crystallographic Data for
[Zn2(LC4)4(DMSO)2] 3 n(H2O)

[Zn2(LC4)4(DMSO)2] 3
2.34(H2O)

[Zn2(LC4)4(DMSO)2] 3
3.92(H2O)

formula C80H56.67N4O20.34S2Zn2 C80H59.84N4O21.92S2Zn2
fw, g mol�1 1594.23 1622.74

cryst. syst. orthorhombic orthorhombic

space group Cmca Cmca

T (K) 294 294

a, Å 28.538(3) 28.6556(14)

b, Å 18.3527(17) 18.2788(9)

c, Å 13.7243(13) 13.6636(7)

α, deg 90 90

β, deg 90 90

γ, deg 90 90

V, Å3 7188.2(12) 7156.9(6)

Z 4 4

R1 I > 2σ(I) 0.0472 0.0468

wR2 I > 2σ(I) 0.1378 0.1393

R (int) 0.0733 0.0585
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oriented close to right angles, at 97� and 78�, respectively. An
additional parameter of interest in these systems is χ, which
measures the amount of slippage one ring involved in the π 3 3 3π
stack has with respect to the other. The parameter 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.11d In the room temperature structure of
[Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2), the slippage values for the
naphthalimide rings in the two interactions are 1.49 Å (A) and

0.47 Å (B), values in the range of strong interactions (0.25�
2.4 Å), as previously reported.11 Along the c crystallographic axis,
the dimers are assembled in an ABA fashion into a three-
dimensional network by the two types of π 3 3 3π stacking
interactions taking place for each of the four naphthalimide
groups in each dimer. Figure 2b shows the same dimers as
Figure 2a but rotated 90�, illustrating the open three-dimensional
network structure of the compound.
In the overall structure of [Zn2(LC4)4(DMSO)2] 32(CH2Cl2),

there are two symmetry equivalent networks of this type, which
interpenetrate generating a three-dimensional, 2-fold interpenetrated
architecture. Figure 3 illustrates the blue-colored network shown in
Figure 2b interpenetrated with the second purple-colored network.
There are no important interactions between the two networks.
The disordered dichloromethane solvent molecules are also

shown in Figure 3 and colored green. Due to the interpenetration
of the two networks, they are encapsulated into the cavity created
by the long rigid phenylene arms of the carboxylate ligands
situated on neighboring dimers. Figure 4 pictures the third
dimension (along crystallographic axis c direction) of the archi-
tecture illustrating the same eight dimers as Figure 3 but rotated
90� and is the same orientation as shown in Figure 2a.
Upon cooling, single crystals of [Zn2(LC4)4(DMSO)2] 3

2(CH2Cl2) undergo two distinct crystallographic phase transi-
tions, as characterized by X-ray diffraction at different tempera-
tures. A numbered drawing of the 110 K structure is shown on
the right side of Figure 1 (these numbers also apply to the 250 K
structure), and selected bond lengths and angles for all three
phases are gathered in Table S1 (Supporting Information). The
molecular and supramolecular structures of all three phases are
broadly similar, showing the 2-fold interpenetrated architecture
outlined above, except for important differences noted below.

Figure 1. Molecular structures of the 295 and 110 K phases of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2). Displacement ellipsoids drawn at the 60%
probability level (both). All disordered components of the 295 K structure are shown. Atom label suffixes a, b, and c denote symmetry-equivalent atoms
with symmetry codes: 295 K, a = 1 �x, y, z; b = x, �y, 1 � z; c = 1 � x, 1 � y, 1 � z. 110 K, a = 2 � x, 1 � y, 2 � z.

Figure 2. (a) Two pairs of stacked dimers in [Zn2(LC4)4(DMSO)2] 3
2(CH2Cl2) (295 K) generating a three-dimensional network; (b) The
same dimers are shown as in Figure 2a but rotated 90�.
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The phase transitions are characterized by progressive loss of
symmetry through the space groupsCmcaf C2/cf P21/n, and
twinning and ordering of coordinated DMSO molecules and
uncoordinated CH2Cl2 guest molecules. The structural transi-
tions occur at 265 and 195 K and are fully reversible over a
number of warming-cooling cycles. The crystallographic group�
subgroup relationships of the three phases can be represented by
the series Cmcaf C2/c (t2)f P21/n (k2), where t2 indicates a
translationengleiche subgroup of index 2, and k2 a klassengleiche
subgroup of index 2.16 The presence of the translationengleiche
subgroup relationship of the first step requires the crystal to
segregate into a number of domains equal to the index (two),
with twinning occurring via a lost symmetry element. In this case,
the twin element is a 2-fold axis along the monoclinic a axis and
the twin pairs are related by nonmerohedry. The twinning by a
2-fold axis persists through the second klassengleiche phase
change step, although now the diffraction patterns from the
two domains are superimposed. In the first phase transition from
Cmca f C2/c, the lattice translations (cell edge lengths) are
essentially unchanged but there is distortion of the orthorhombic

β angle from 90� to 92.769(2)�. This distortion is accompanied
by a shift along the orthorhombic a axis direction of the
[Zn2(LC4)4(DMSO)2] molecules, generating π 3 3 3π stacks that
are tilted by 2.7� relative to the orthorhombic form. The shift is
manifested by a change within the π 3 3 3π stacking interactions
(Table 3), causing a third type of π 3 3 3π stacking (C); see
Figure 5. This new C-type π-stacking interaction is formed
between a light green and a dark green ring that was a B-type
interaction at higher temperatures but now has different metric
parameters. Thus, in the second phase, the dimers are held
together in ABAC fashion along the c crystallographic axis. The
most important change that results from this lowering of the
symmetry is a larger χ “slippage” value of 0.87 Å in the B
interaction and smaller value of 0.15 Å in the C interaction at
250 K compared to the equivalent χ value of the B interaction of
0.47 Å for the 295 K structure. This lateral shift translates through
the crystal to produce a nonorthogonal axial system, i.e., a
reduction in crystal symmetry from orthorhombic to monoclinic.
This change is illustrated in Figure S2 (Supporting Information).
Partial ordering of the DMSO and CH2Cl2 molecules also
occurs. The DMSO molecules show 0.50/0.50 disorder occu-
pancy at 295 K compared to 0.64/0.36 at 250 K, and the CH2Cl2
molecules were modeled with occupancies of 0.5/0.25/0.25 at
295 K and 0.65/0.22/0.13 at 250 K. The increase in occupancy of
one component indicates nascent ordering, which becomes
complete at lower temperatures. The ordering movement of
these molecules likely contributes to the shift and causes the
intermediate Cmca f C2/c phase transition, although precise
analysis is obscured by the persistence of disorder. At 110 K,
the DMSO and CH2Cl2 molecules are both fully ordered (see
Figure 1). Remarkably, the lateral shift and tilting of the π 3 3 3π
stacks has disappeared, and the supramolecular structure has
reverted to the 295 K form, with the critical difference being the
presence of fully ordered solvent species. This similarity is
apparent upon comparison of the reduced unit cell parameters
for the 295 and 110 K phases; taking into account the cell
contraction as a function of temperature, they are essentially
the same.
The observed solvent ordering is likely driven by a reduction in

thermal energy for molecular motion as well as temperature
contraction of the unit cell. Disorder requires space; the DMSO
andCH2Cl2molecules have less available “free space” in which to
adopt multiple orientations on their crystallographic sites
throughout the crystal. An increasingly confined environment
caused by shortening of the nonbonded distances of the host
framework upon contraction induces the molecules to order. It is
the ordering of the CH2Cl2 molecules alone which drives the
symmetry-breaking phase transitions. As evident in Figure S3
(Supporting Information), the low-temperature ordered ar-
rangement of the CH2Cl2 molecules in the 110 K P21/n phase
is clearly not consistent with the additional mirror and 2-fold
rotational symmetry present in the orthorhombic form. The
ordering of the DMSO is a response to ordering of the CH2Cl2
molecules, owing to the close proximity of these species in
the crystal. A data set of the hydrated form collected at 110 K,
which undergoes no phase change (space group Cmca from 296
to 110 K) showed that the DMSO species remain disordered in
the absence of the ordered CH2Cl2 (vide infra).
Single-Crystal to Single-Crystal Transformations. Crystals

of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) were placed under vacuum
for approximately 3 days, followed bymounting of the crystals for
X-ray diffraction in air. The diffraction experiment showed that

Figure 3. Three-dimensional interpenetrated network structure of
[Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) (295 K). The blue and purple
colors delineate each network; the light and dark colors indicate eight
dimers within each network. The dichloromethane solvent molecules
are colored green, with all three disorder components shown.

Figure 4. Third dimension of the supramolecular architecture of
[Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) (295 K). The same dimers are
shown as in Figure 3 but rotated 90� (along crystallographic c axis).
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these crystals were now [Zn2(LC4)4(DMSO)2] 3 2.3(H2O),
demonstrating a gas/solid-mediated, single-crystal to single-
crystal transformation had taken place (see Figure 6). X-ray
diffraction data on a number of samples demonstrates that the
maximum amount of H2O molecules/Zn2 units that can be
picked up is 3.9. The exchange of water for the methylene chloride
also takes place over days on crystals of [Zn2(LC4)4(DMSO)2] 3
2(CH2Cl2) left in the air.
At room temperature, the hydrated [Zn2(LC4)4(DMSO)2] 3

3.9(H2O) complex has the same C-centered orthorhombic
structure (space group Cmca, unit cell volume 7156.9 Å3) as
the dichloromethane adduct at the same temperature but does
not change symmetry at lower temperature. Apparently, the
mobility and “compressibility” enabled by partially occupied,
“small”, mobile water molecules in the place of fully occupied,
larger methylene chloride molecules allows the host framework
enough freedom of movement to adapt to the contracting unit
cell, and therefore, no symmetry-breaking crystallographic phase
changes are observed. The molecular and the supramolecular
structure of both forms of the hydrated complex are similar to the
dichloromethane complex. Selected bond lengths and angles for
both hydrated forms are gathered in Table S2 (Supporting
Information). Again, two types of π 3 3 3π stacking interactions
organize the dimers into an open three-dimensional network,
which is interpenetrating with a second network to generate a
2-fold interpenetrated architecture. The metrics of the two
π 3 3 3π stacking interactions are slightly different than in the
dichloromethane adduct, but both interactions fall in the range of
a strong naphthalimide π-stacking interaction. Table 4 contains

the π 3 3 3π stacking interaction parameters for two hydrated
species containing 2.3 and 3.9 H2O molecules per dimeric unit.
Figure 7 illustrates the [Zn2(LC4)4(DMSO)2] frameworks with

the two different guests. In the case of [Zn2(LC4)4(DMSO)2] 3
2(CH2Cl2) (Figure 7, left), the solvent molecules are mainly
“trapped” in the lattice, although there are weak C�H 3 3 3Cl
interactions with a CH 3 3 3Cl distance of 2.96 Å (C 3 3 3Cl =
3.87 Å) and a CHCl angle of 168� between the dichloro-
methane guest and the naphthalimide rings of the framework. In
the case of the hydrated compound (Figure 7, right), the guest
molecules are bonded to the framework by stronger (magenta
dots) and weaker (green dots) C�H 3 3 3O interactions. The
C�H 3 3 3O interactions of the guest molecules with the naphtha-
limide rings of the framework are strong with a CH 3 3 3O
distance of 2.60 Å (C 3 3 3O = 3.52 Å) and CHO angle of 172�.
The less favorable C�H 3 3 3O interactions are formed between
the guest molecules and the dimethylsulfoxide axial ligands
with a CH 3 3 3O distance of 2.79 Å (C 3 3 3O = 3.35 Å) and
CHO angle of 118�.
It is worth noting that although both frameworks contain

pockets of solvent, none of the compounds or phases possess
permanent porosity. Figure 8 pictures two units of the
[Zn2(LC4)4(DMSO)2] 3 3.9(H2O) framework shown in Figure 7
(right) but rotated 90� in the horizontal direction. Additionally,
two units (purple colored) of the interpenetrating second net-
work are shown. It can be noticed that the water molecules are
encapsulated into the cavity created by the four interpenetrating
dimeric units. The cavity measures approximately 15.7 Å� 3.7 Å.
The remarkable feature of the single-crystal to single-crystal
transformation is that, even though neither of the two com-
pounds are porous solids, the methylene chloride is easily
removed and the water can permeate into the cavity without
the loss of crystallinity.
The presence of the H2O in the crystal structure was also

demonstrated by infrared spectroscopy. Figure S4 (Supporting
Information) shows the IR spectra of the dichloromethane and
the water solvated species. The broad O�H stretching band at
3474 cm�1 corresponds to the solvent of crystallization in the

Table 3. π 3 3 3π Stacking Interaction Parameters

T

(K)

interaction

type

central carbon-

central carbon

(Å)

dipole

angle

(deg)

plane

angle

(deg)

avg.

perpendicular

distance (Å)

avg.

slippage,

χ (Å)

295 A 3.89 97 4.0 3.60 1.49

B 3.52 78 4.0 3.49 0.47

250 A 3.86 98 2.5 3.54 1.53

B 3.57 79 1.2 3.47 0.87

C 3.47 75 3.5 3.46 0.15

110 A 3.79 97 3.8 3.52 1.41

B 3.47 79 1.9 3.44 0.48

Figure 6. Single-crystal to single-crystal transformation with
[Zn2(LC4)4(DMSO)2] crystals. Left: picture taken on the as collected
crystals of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) from the mother liquor.
Right: picture of [Zn2(LC4)4(DMSO)2] 33.9(H2O) taken after TGA cycle
of heating of the [Zn2(LC4)4(DMSO)2] 32(CH2Cl2) crystals to 100 �C in
dry air followed by cooling to room temperature in ambient air (see below
and Figure 10).

Figure 5. Naphthalimide π 3 3 3π stacking interactions in the intermediate
C-centered monoclinic phase (265�195 K) of [Zn2(LC4)4(DMSO)2] 3
2(CH2Cl2) generating a three-dimensional network.
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[Zn2(LC4)4(DMSO)2] 3 3.9(H2O) framework (see bottom spec-
trum, Figure S4, Supporting Information). The spectra from 400
to 2000 cm�1 are remarkably similar.
Thermogravimetric Analysis.TGA analysis of the [Zn2(LC4)4-

(DMSO)2] 3 2.3(H2O) crystals (see Figure 9) also corroborates the
presence of 2.3watermolecules/Zn2 unit in the crystal of the sample
used in the first structural study. Upon heating, the weight loss of
3.1% (calcd. 2.6%) in the first step corresponds to the loss of the 2.3
water molecules of crystallization. In the next step, between 161 and
330 �C, the loss of the two coordinated dimethylsulfoxidemolecules
occurs (10.4%, calcd: 9.8%). The weight change in the last step
corresponds to the loss of the four carboxylate ligands (77.9%, calcd:
77.4%). The final residual weight is 8.5% corresponding to ZnO
(calcd: 10.2%).
The single-crystal to single-crystal transformations can also be

followed byTGA. A crystalline sample of [Zn2(LC4)4(DMSO)2] 3
2(CH2Cl2) was heated to 100 �C and held at that temperature for
15min; this sample lost the weight expected for the removal of two

CH2Cl2 molecules (calcd: 9.86%, found: 9.38%) forming
unsolvated [Zn2(LC4)4(DMSO)2]. The sample was then
cooled and left in the ambient air of the TGA chamber, during
which time a weight gain corresponding to the expected 3.9
mol H2O/Zn2 unit was observed (calcd: 4.33%, found:
4.71%), Figure 10 (top curve). Importantly, the sample is
still crystalline and its constitution as [Zn2(LC4)4(DMSO)2] 3
3.9(H2O) was verified by single-crystal X-ray crystallography.
Moreover, these hydrated crystals can be dehydrated and rehy-
drated in a reversible process in which the sample retains
crystallinity. As shown in the middle of Figure 10, heating the
sample of the now [Zn2(LC4)4(DMSO)2] 3 3.9(H2O) (removal
of crystals for the X-ray experiment causes a weight loss
between the first and second experiments) to 100 �C reforms
[Zn2(LC4)4(DMSO)2] and cooling as in the first experiment
leads to the reformation of [Zn2(LC4)4(DMSO)2] 3 3.9(H2O)
(calcd: 4.33%, found: 4.90%). As shown in the bottom of
Figure 10, this same sequence was repeated again (again less
sample was present in the final run due to removal of crystals for
X-ray analysis). As in the first step, the crystals maintain their
crystallinity during this process as demonstrated by single-crystal

Table 4. [Zn2(LC4)4(DMSO)2] 3 n(H2O) π 3 3 3π Stacking
Interaction Parameters

nH2O

interaction

type

central carbon-

central carbon

(Å)

dipole

angle

(deg)

plane

angle

(deg)

avg.

perpendicular

distance (Å)

avg.

slippage,

χ (Å)

2.3 A 3.73 94 1.8 3.49 1.32

B 3.46 82 4.9 3.42 0.50

3.9 A 3.72 93 1.1 3.48 1.32

B 3.44 82 5.1 3.41 0.46

Figure 7. [Zn2(LC4)4(DMSO)2] framework with guests CH2Cl2 (left)
andH2O (right). The C�H 3 3 3Cl and stronger C�H 3 3 3O interactions
are represented by magenta dots, and the weaker C�H 3 3 3O interac-
tions are represented by green dots.

Figure 8. Encapsulated H2O guest molecules in the cavity of the
[Zn2(LC4)4(DMSO)2] 3 3.9(H2O) framework.

Figure 9. TGA andDTA curves for [Zn2(LC4)4(DMSO)2] 3 2.3(H2O).

Figure 10. Controlled TGA of crystalline samples of [Zn2(LC4)4-
(DMSO)2] 32(CH2Cl2) (1) and [Zn2(LC4)4(DMSO)2] 3 3.9(H2O) (3).
Top: TGA of sample of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) (1) to form
[Zn2(LC4)4(DMSO)2] (2) at 100 �C followed by cooling in ambient
air to form [Zn2(LC4)4(DMSO)2] 33.9(H2O) (3). Middle and bottom:
Two cycles of dehydration and rehydration of [Zn2(LC4)4(DMSO)2] 3
3.9(H2O). Part of the sample was removed for X-ray analysis after each run,
thus changing the starting weight of each cycle.
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X-ray diffraction performed after each cycle (see Figure 6). These
experiments demonstrate the exceptional thermal stability of
the [Zn2(LC4)4(DMSO)2] framework and also represent an
unusual example of a gas/solid single-crystal to single-crystal
transformation followed by TGA.
Powder X-ray Analysis. The above TGA experiments were

supported by powder X-ray diffraction studies carried out under
analogous conditions. The powder X-ray diffraction of a ground
sample of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) (1) matches the
spectrum predicted from the single-crystal experiments,
Figure 11a. This sample was heated in a nitrogen atmosphere
to 100 �C, and the powder X-ray pattern matches that predicted
for [Zn2(LC4)4(DMSO)2] (2), using the structure of 1 as the
model with removal of the methylene chloride solvates. Clearly,
crystallinity has been maintained for this sample that now
contains no solvent of crystallization, and the spectrum has
changed versus that observed for 1. The spectrum looks the
same after this sample was cooled under nitrogen to ambient
temperature. The sample was then allowed to sit in ambient air
for 48 h, and the spectrum was recorded again, showing a new
pattern that matches that predicted for [Zn2(LC4)4(DMSO)2] 3
3.9(H2O) (3) from the single-crystal work. In comparing the
three spectra, which have a similar overall appearance, as
expected, given the similarity of the samples that are all in the
space group Cmca, the most notable change is the peak at 2θ =
6.3� that is very apparent in the “empty” framework but only just
noticeable in the water solvate and not present at all in the
methylene chloride sample. The peak at 2θ = 13.8� also
noticeably changes intensity along this series.
UV�vis and Fluorescence Spectral Properties of [Zn2(LC4)4-

(DMSO)2] 32(CH2Cl2) and [Zn2(LC4)4(DMSO)2] 33.9(H2O). The
diffuse reflectance (UV�vis) spectra of the protonated form of
the ligand, HLC4, and the two complexes, [Zn2(LC4)4(DMSO)2] 3
2(CH2Cl2) and [Zn2(LC4)4(DMSO)2] 3 3.9(H2O), show a sharp
maxima, λmax,UV, at 365 nm for HLC4, and a broader band centered
approximately at 384 nm for the two complexes. The fluorescence

emission profile of the compounds was also recorded in the solid
state at room temperature (Figure 12). HLC4 shows blue fluores-
cence with a λmax,Fl at 441 nm. For the two complexes, λmax,Fl was at
475 and 484 nm, which were significantly red-shifted compared to
the free ligand.

’DISCUSSION

A novel zinc-based supramolecular metal�organic framework
solid (SMOF), [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2), which com-
bines the robust Zn2(O2CR)4 SBU core with theπ 3 3 3π stacking
capabilities of the 1,8-naphthalimide supramolecular synthon,
was prepared and characterized. As expected from the design of
the LC4

� ligand, which has a long, linear link between the two
functional groups, the “square” architecture of the SBU core is
retained in the molecular structure. As shown in Figure 2b, the
linear directional orientation of the phenylene arms places the
naphthalimide rings of adjacent dimers in positions where they
can formπ 3 3 3π stacking interactions in which the dipole vectors
of the rings are oriented at nearly right angles, leading to the
formation of a three-dimensional open framework. The acces-
sible region in this open network is occupied by interpenetration
of a second three-dimensional network structure (Figure 3) and
two dichloromethane solvates of crystallization. This unique
2-fold interpenetrated three-dimensional architecture is orga-
nized solely by noncovalent π 3 3 3π stacking interactions.

Incorporating a bifunctional carboxylate ligand bearing
the strong 1,8-naphthalimide π-stacking synthon into the
Zn2(O2CR)4 SBU core leads to a material with novel properties
as well as interesting structural characteristics. Single crystals of
the [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) complex undergo two
successive symmetry-breaking crystallographic phase changes
upon lowering the temperature, resulting in three distinct but
very similar structures. The compound retains crystallinity after
each phase change, adopting space groups Cmca (T > 265 K),
C2/c (265�195 K) and P21/n (T < 195 K), and was thoroughly

Figure 11. Simulated (top) and measured (bottom) powder X-ray diffraction of (a) [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2), (b) [Zn2(LC4)4(DMSO)2],
and (c) [Zn2(LC4)4(DMSO)2] 3 3.9(H2O).
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characterized by single-crystal X-ray diffraction at each step. The
phase changes are reversible and are clearly driven by thermally
induced ordering (cooling) or disordering (warming) of dichloro-
methane guest molecules. The absence of such phase changes in
the CH2Cl2-free, hydrated forms of the compound is strong
support for the critical role of the CH2Cl2 molecules. Order/
disorder type phase transitions have been previously observed in
inorganic�organic hybrid materials, and in several cases, prac-
tical applications of these materials have been reported.17 Oc-
currences of multiple phase transitions studied by X-ray diffr-
action in the same single crystal are rare.18

A second interesting property of these solids is that crystals of
[Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) undergo a single-crystal to
single-crystal gas/solid guest exchange upon exposure to atmo-
spheric moisture or faster if placed under vacuum or heated to
100 �C under a dry gas before being shown atmospheric mois-
ture, yielding [Zn2(LC4)4(DMSO)2] 3 3.9(H2O). This new com-
pound possesses the same three-dimensional interpenetrated
framework structure (no change in space group) as the dichloro-
methane adduct. The water molecules are encapsulated into the
same cavities where the dichloromethane molecules were
residing, although they have stronger noncovalent inter-
actions with the network. The solvate free intermediate,
[Zn2(LC4)4(DMSO)2], was characterized by TGA and powder
X-ray diffraction studies and also holds the structure observed
for the dichloromethane and water adducts at 100 �C, the high
temperature limit measured in these studies. Importantly, even
though the cavities that hold the solvates are created by the long
rigid arms of the ligands, these compounds do not possess
channel like void spaces which would classify them as porous
solids. The remarkable feature of the single-crystal to single-
crystal guest exchange is that, even though the frameworks are
not porous, the relatively large methylene chloride guest mole-
cules can readily “leave” the solid and water guest molecules can
permeate back into the cavities without the loss of crystallinity
and with no phase change.

By organizing the solids reported here with strong and flexible
π 3 3 3π stacking interactions, the compounds possess a robust
but dynamic supramolecular network that retains integrity and
crystallinity upon removal and uptake of “guest” solvent mole-
cules. This unique framework also enables the cooperative
reorganization necessary for the two phase transitions observed
by changing the temperature of the CH2Cl2 adduct without loss
of crystalline integrity. Importantly, comparisons of the crystal
structures of the different solvates and three phases of
[Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) allow the direct observation
of changes in the π 3 3 3π stacking interactions (see Tables 3 and
4), changes that show the local flexibility built into these solids by
design. Thus, by combining strong but flexible noncovalent
interactions with the classic SBU central core of the Zn2(O2CR)4
unit, the resulting SMOF solids that are obtained are robust
enough to maintain overall structure but have local flexibility
to permit guest transport in a nonporous material and phase
changes without loss of crystallinity.

Also, the presence of the naphthalimide rings in both CH2Cl2
and H2O solvates leads to green emission in the solid state that
can likely be assigned to a charge transfer transition. In addition
to the green luminescence, the exceptional thermal stability of
these complexes, as well as the fact that they are insoluble in
common organic solvents, makes them a good candidate for use
as green-fluorescent materials.9a,19

’CONCLUSION

We have shown that judicious ligand design can lead to novel
materials with interesting properties. The above structural studies
coupled with our earlier work11 demonstrate that the 1,8-
naphthalimide group is a reliable supramolecular synthon that
can be transferred from one system to another to generate high-
dimensionality materials. Importantly, the π 3 3 3π stacking
interactions of the naphthalimide rings allow the formation of
“robust” frameworks (SMOFs) that have “local flexibility”. The
flexible but robust π 3 3 3π stacking interaction of the naphthali-
mide rings facilitates temperature induced phase changes and the
exchange of small guest molecules without the loss of crystal-
linity. As shown in Tables 3 and 4, the metrics of the naphtha-
limide π-stacking interactions are changing somewhat in the
different crystalline phases and solvates, but the overall strength of
these interactions does not change to any appreciable degree. The
naphthalimide ring interactions allow a slight “dynamic motion” of
the frameworks to permit phase changes and the exchange of new
guest molecules without the loss of crystallinity. Similar single-
crystal to single-crystal gas/solid-mediated transformations have
also been observed previously in homochiral metal complexes
organized in one dimension by π 3 3 3π stacking interactions of
1,8-naphthalimide rings. In these cases, water molecules that were
trapped in pockets in the densely packed structures could be readily
removed and reintroduced.11g,h Thus, we have used crystal engi-
neering for the rational design of robust network solids with local
flexibility that show single-crystal to single-crystal phase changes and
gas/solid guest exchange transformations.8,9,20

’ASSOCIATED CONTENT

bS Supporting Information. X-ray crystallographic files in
CIF format for the structural determinations, figures of evolution
of diffraction peak profiles, comparisons 295, 250, and 110 K unit
cells of [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2), selected bond

Figure 12. Fluorescence emission spectra of HLC4 (excitation at
263 nm), [Zn2(LC4)4(DMSO)2] 3 2(CH2Cl2) (excitation at 412 nm),
and [Zn2(LC4)4(DMSO)2] 3 3.9(H2O) (excitation at 413 nm) in the
solid state. Excitation of the complexes at 263 and 380 nm resulted in the
same emission profile.
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distances and angles, and infrared spectra. This material is
available free of charge via the Internet at http://pubs.acs.org.
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