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ABSTRACT: Two new luminescent ditopic naphthalimide-derived
ligands, N-(4-cyanophenylmethylene)-4-(4-cyanophenoxy)-1,8-naphthalimide (L3) and N-(4-carboxyphenylmethylene)-4-(4-carboxyphenoxy)-1,8naphthalimide (H2L4), have been prepared, and their coordination
chemistry has been explored in the synthesis of three new coordination
polymer materials. Complex poly-[Ag(L3)2]BF4·4.5H2O·0.5THF (1) is a
3-fold 2D → 2D parallel interpenetrated coordination polymer in which
three interwoven sheets deﬁne inter- and intralayer channels containing
anions and solvent molecules. Molecules of L3 interact in 1 through
dominant head-to-head π−π stacking interactions, in an opposite
aggregation mode to that observed in the free ligand in the crystalline phase. Complexes poly-[Cu(L4)(OH2)]·2DMF·
0.5H2O (2) and poly-[Cd2(L4)2(OH2)2]·1.5DMF·3H2O (3) are related noninterpenetrated two-dimensional coordination
polymers deﬁned by one-dimensional metal−carboxylate chains, forming layers that interdigitate with adjacent networks through
naphthalimide π−π interactions. Both materials undergo structural rearrangements on solvent exchange with acetonitrile; in the
case of 3, this transformation can be followed by single-crystal X-ray diﬀraction, revealing the structure of the acetonitrile solvate
poly-[Cd2(OH2)2(L4)2]·2MeCN (4), which shows a signiﬁcant compression of the primary channels to accommodate the
solvent guest molecules. Both materials display modest CO2 adsorption after complete evacuation, and the original expanded
phases can be regenerated by reimmersion in DMF. The photophysical properties of each ligand and complex were also explored,
which revealed variations in emission wavelength, based on solid-state interactions, including a notable shift in the ﬂuorescence
emission band of 3 upon structural rearrangement to 4.

■

INTRODUCTION
The study of functional coordination polymer materials has
been a consistent highlight in materials chemistry since the ﬁrst
reports of rationally designed extended coordination networks
in the early 1990s.1 Since then, enormous progress has been
made in designing and understanding the properties of
coordination polymer materials.2 A particular area of interest
is ﬂexible, structurally responsive materials, in which “breathing” processes can take place upon an external stimulus, often
involving guest exchange.3 Such materials have been widely
explored for gated adsorption processes and can often display
fascinating structural properties.4 A recent example reported by
Kaskel et al. showed the unexpected and rapid desorption of
guest molecules following a pressure-dependent structural
rearrangement upon guest uptake.5 In principle, framework
ﬂexibility can be employed to enhance the adsorption selectivity
for particular analytes, an important consideration for sensing
applications where such behavior is coupled with a signaling
mechanism.6 Framework ﬂexibility can be achieved in several
ways. Ligands containing ﬂexible backbone groups are often
employed, to allow for low-energy structural rearrangements
based on alterations of the bridging geometry between metal
ions, although this approach can lead to materials that undergo
irreversible collapse on evacuation.7 Flexibility can also be
© XXXX American Chemical Society

imparted by other mechanisms, such as reorientation of the
metal coordination environment, by reorientation of interpenetrated networks, or by interlayer rearrangements of twodimensional materials.8
The 1,8-naphthalimide skeleton has been widely employed in
supramolecular chemistry as a photoactive scaﬀold that can be
readily functionalized with metal binding sites or incorporated
into supramolecular architectures.9 The presence of an
electron-donating group in the 3- or 4-position, typically an
amine group, provides a green-emitting ﬂuorophore with good
photochemical stability and good to excellent quantum yields.10
Such systems have been used to great eﬀect as ﬂuorescent
sensors and probes for ions and biomolecules, as well as in
cellular imaging applications,11 and in the generation of
intriguing supramolecular assemblies.12 Although somewhat
more amenable to larger scale syntheses with a broad scope of
substitution patterns, relatively fewer studies have reported the
properties of 4-oxo-1,8-naphthalimides13 The emission properties of these compounds are similar to the amino derivatives,
albeit with higher energy of absorption and smaller Stokes
shifts, owing to a decrease in the π-donor capabilities of the
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organic compounds were conﬁrmed using the standard
methods (see full details in the Experimental Section and the
Supporting Information).
Single crystals of L3 were prepared by recrystallization from
hot ethyl acetate and were analyzed by single-crystal X-ray
diﬀraction. The diﬀraction data were solved and the structure
was reﬁned in the triclinic space group P1̅, providing a model
containing one complete molecule of L3 in the asymmetric unit
with no additional solvent or guest molecules. The two phenyl
rings of L3 adopt the expected non-coplanar orientation with
respect to the central naphthalimide unit by virtue of rotation
about the methylene and oxo spacers, and the resulting anti
orientation of the terminal nitrile groups leads to a separation
between the nitrile nitrogen atoms of 19.085(3) Å. A simple
numerical representation of the conformation of L3 can be
given by the dihedral angle C5−C8−O3−C21, the rotation of
the two ipso carbon atoms of the two outer phenyl rings about
the vector between the two ﬂexible linking atoms, equal to
120.4(2)°. A slight deformation from planarity is evident in the
imide group, leading to a dislocation of 0.31 Å for methylene
carbon atom C8 from the naphthalimide mean plane. The
structure of L3 is shown in Figure 1.

alkoxy or phenolic substituents, as recently demonstrated by
Thilagar and co-workers.14 Although the coordination chemistry of many monotopic naphthalimide derivatives has been
well studied,15 few examples are known of naphthalimide
ligands containing divergent coordinating groups for the
synthesis of photoactive coordination polymer materials. This
discrepancy is particularly striking given the wealth of
fascinating extended networks that have been reported
containing the more synthetically facile 1,4,5,8-naphthalenetetracarboxylic diimide core.16 Here we report the synthesis of
two divergent 4-oxo-1,8-naphthalimide-derived ligands, their
photophysical properties, and their use in generating novel
luminescent and guest-responsive coordination polymer
materials. To the best of our knowledge, these are the ﬁrst
examples of coordination polymers derived from ligands
containing the versatile 4-oxo-1,8-naphthalimide core.

■

RESULTS AND DISCUSSION
Synthesis of L3 and H2L4 and X-ray Crystal Structure
of L3. The synthesis of the ligands L3 and H2L4 is outlined in
Scheme 1. The starting materials L1 and HL2 were each
Scheme 1. Synthesis of L1−H2L4a

a
Numbering scheme for 1H NMR shown in red. Reagents and
conditions: (i) 4-aminomethylbenzonitrile, HOAc, 120 °C, 6 h; (ii) 4aminomethylbenzoic acid, HOAc, 120 °C, 6 h; (iii) 4-cyanophenol,
K2CO3, DMSO (Ar), 110 °C, 3 h; (iv) 4-hydroxybenzoic acid, K2CO3,
DMSO (Ar), 120 °C, 3 h.

Figure 1. (Top) Structure of L3 with partial atom-labeling scheme.
The atoms C5−C8−O3−C21 used to deﬁne the torsional behavior of
the ligand in this and the following structures are labeled in blue.
(Bottom) Intermolecular π−π interactions between naphthalimide
groups in the structure of L3, with hydrogen atoms omitted for clarity.

prepared by condensation of the commercially available 4-nitro1,8-naphthalic anhydride with the appropriate amine in glacial
acetic acid at 120 °C. In both cases, the ﬁnal products L3 and
H2L4 were prepared by displacement of the electron-deﬁcient
aromatic nitro group by an appropriate phenolate under basic
conditions in DMSO solution. The reaction of L1 with 4cyanophenol in DMSO gave L3 as an oﬀ-white powder in an
overall 69% yield (two steps), while the reaction of 4hydroxybenzoic acid with HL2 aﬀorded H2L4 in an overall
yield of 71% over two steps. The identity and purity of all

Intermolecular interactions in the structure of L3 are
dominated by parallel oﬀset face-to-face π−π interactions,
which align the naphthalimide groups into head-to-tail stacks
oriented parallel to the crystallographic b axis. The minimum
interatomic distance for these interactions is 3.560(3) Å (C18−
C12), with the mean interplanar distance of 3.35 Å indicative of
a strong π−π interaction. The two unique cyanophenyl groups
B
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are occupied by an additional two interpenetrating networks,
providing an uncommon 3-fold 2D → 2D parallel interpenetrated structure, as demonstrated in Figure 3. The

that extend outward from these columns associate into loosely
packed layers in the ab plane with only minor π−π overlap
between nearby groups.
Structure of Poly-[Ag(L3)2]BF4·4.5H2O·0.5THF, 1. The
soft Lewis-basic nature of the donor sites in L3 prompted the
use of a compatible metal cation to study the coordination
chemistry of the system, and the silver(I) ion was selected
based on its lability and aﬃnity for nitrile donor ligands.17
Crystals of poly-[Ag(L3)2]BF4·4.5H2O·0.5THF (1) were
prepared by combining solutions of L3 and silver tetraﬂuoroborate in THF, giving colorless crystals after standing in the
dark for 48 h. Analysis by single-crystal X-ray diﬀraction
provided a structure model in the monoclinic space group C2/c.
The asymmetric unit of complex 1 contains one molecule of L3
and one silver ion occupying a crystallographic special position.
Charge balance requirements mandate the presence of half of
one tetraﬂuoroborate anion per asymmetric unit; this anion was
poorly localized, but was modeled over two representative
positions (Supporting Information). The silver ion within the
structure of 1 is coordinated by four nitrile groups from
symmetry-related L3 species and adopts a regular tetrahedral
geometry with all N−Ag−N angles in the range 102.4(2)−
118.21(13)°, as shown in Figure 2. The two unique Ag−N

Figure 3. Interpenetration mode of complex 1 with independent
networks colored separately, showing π−π interactions between three
interpenetrated networks around a single channel (top) and overall
two-dimensional structure of the assembly (bottom).

interwoven networks interact through robust parallel oﬀset
face-to-face π−π interactions with an unusual head-to-head
alignment of adjacent naphthalimide groups enforced by the
directionality of the individual networks. The mean interplanar
distance of these interactions of 3.34 Å and minimum
interatomic distance of 3.282(4) Å (C9−C18) are consistent
with the strong π−π interactions observed in the structure of
the free ligand, albeit with an inverted orientation. Two sets of
one-dimensional channels oriented parallel to the a axis are
present within the extended structure of 1, within which reside
the poorly localized tetraﬂuoroborate anions, and lattice solvent
molecules. The three interwoven networks encapsulate a series
of narrow, helical intralayer channels, while the oﬀset stacking
of adjacent layers deﬁnes slightly larger interlayer channels. The
combined volume of the two channels, containing both anions
and solvent molecules, accounts for approximately 29% of the
unit cell volume, divided approximately 3:2 in favor of the
interlayer channels. Microanalysis on an air-dried sample
suggested a solvation of 4.5 water molecules and 0.5 THF
molecule per [Ag(L3)2]BF4 repeat unit. This assignment is in
agreement with thermogravimetric analysis data (Supporting
Information), which shows the slow loss of 9.4 wt % below 170
°C (calculated 10.0% for 4.5 H2O, 0.5 THF), before the onset
of decomposition at approximately 250 °C. The relatively high
temperature of desolvation is most likely indicative of pore
blocking by the delocalized tetraﬂuoroborate anions, preventing
free exchange of solvent molecules throughout the narrow
anion/solvent channels. Attempts to perturb these solvent
molecules by soaking in acetonitrile or in 1,4-dioxane led to
destruction of the framework, most likely due to the wellknown coordinative lability of the AgI ion.
Structure of Poly-[Cu(L4)(OH2)]·2DMF·0.5H2O, 2. In
order to explore the coordination chemistry of the carboxylic
acid-functionalized ligand H2L4, reactions were carried out with
divalent d-block metal ions copper(II) and cadmium(II), on the
basis of high Lewis acidity of the d9 species and the lack of
interference with ligand ﬂuorescence processes from the d10
species. The reaction of H2L4 with copper nitrate trihydrate in

Figure 2. (Top) Ligand geometry and coordination environment in
the structure of 1. (Bottom) Extended structure of a single network in
1 viewed perpendicular to the two-dimensional sheet. Hydrogen atoms
and anions are omitted for clarity. Symmetry codes used to generate
equivalent atoms: (i) −x−3/2, y−1/2, + z; (ii) x−3/2, y−1/2, + z;
(iii) −x, +y, 3/2−z.

bond lengths of 2.261(4) and 2.241(3) Å for the oxo- and
methylene-linked benzonitrile groups, respectively, are within
the typically observed values for silver−nitrile interactions from
polynitrile donors in coordination polymers.17 The L3 species
adopts a similar orientation of the nitrile groups to that
observed in the structure of the free ligand, although with the
dihedral angle C5−C8−O3−C21 of 94.7(4)° lessened
compared to L3 itself. As a result, the separation between the
terminal nitrile nitrogen atoms is contracted to 17.506(5) Å,
giving a Ag···Ag distance of 20.7936(16) Å.
The extended structure of 1 comprises a two-dimensional
(4,4) network propagated in the ac plane, with four-connected
silver ions linked by bridging L3 molecules into an undulated
layer. Each individual network of 1 contains large windows
oriented perpendicular to the direction of propagation, which
C
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a 5:95 H2O/DMF solvent mixture at 100 °C for 4 h gave light
green crystals, which were isolated and analyzed by singlecrystal X-ray diﬀraction. The diﬀraction data were solved and
reﬁned in the triclinic space group P1̅, with the asymmetric unit
containing one molecule of fully deprotonated L4, two unique
CuII ions residing on crystallographic special positions, one
aqua ligand, and two noncoordinating DMF molecules with
slight crystallographic disorder on one site. Both copper ions
adopt Jahn−Teller distorted tetragonal coordination geometries, albeit with varying degrees of axial coordination.
Copper ion Cu1 is coordinated in the equatorial plane by two
carboxylate oxygen atoms and two aqua ligands in a trans
orientation, with Cu−O distances of 1.939(3) Å for carboxylate
and 1.929(3) Å for aqua donors. The axial positions are
occupied by weakly interacting carboxylate oxygen atom O2, at
a Cu−O distance of 2.836(3) Å. Copper ion Cu2 is
coordinated by four carboxylate oxygen atoms in the equatorial
plane, at Cu−O distances of 1.955(3) and 1.941(2) Å for O2
and O6, respectively, while the axial positions are involved in a
weak interaction with the strongly bound aqua ligand of the
adjacent Cu1 site, at a Cu−O separation of 2.499(3) Å. The
metal site environment of 2 is shown in Figure 4. The L4

molecule adopts a similar conformation to that of L2 in
complex 1, with a dihedral angle C5−C8−O5−C21 of
97.3(4)°, Figure 4.
The extended structure of 2 is deﬁned by one-dimensional
columns of carboxylate- and aqua-bridged CuII ions oriented
parallel to the a axis, which are linked in the c direction by L4
ligands. The resulting two-dimensional layer contains onedimensional intralayer channels parallel to a and bordered by
the naphthalimide groups of L4, which are oriented
approximately perpendicular to the channel axis. One of the
two unique lattice DMF molecules is localized within these
channels, displaying slight rotational disorder. Unlike the case
of complex 1, in which similar layers undergo parallel 2D → 2D
interpenetration through π−π interactions, adjacent layers in
complex 2 associate in the c direction, without interpenetration
but instead through interdigitation of the naphthalimide groups.
The resulting π−π interactions, with 180° head-to-tail
geometry, are parallel with mean interplanar distances of 3.32
and 3.30 Å and minimum interatomic distances of 3.383(6) Å
(C10−C16) and 3.468(6) Å (C18−C14), respectively, for the
two unique interactions. As well as the intralayer channels,
linkage of adjacent networks through naphthalimide π−π
interactions leaves additional interlayer solvent channels parallel
to the a axis and bordered by the metal−carboxylate chains.
Within these channels, a well-resolved DMF molecule is
observed; this molecule participates in a hydrogen-bonding
interaction with the aqua ligand, at a D···A distance of 2.625(4)
Å and D−H···A angle of 170(6)° for O8−H8D···O9. These
channels are rhombic in shape, with approximate interatomic
dimensions of 9 × 9 Å, compared to the slit-shaped intralayer
channels, in which the DMF molecules occupy bound volumes
of dimensions of ca. 5 × 10 Å, as shown in Figure 5.

Figure 4. Ligand geometry (top) and metal coordination and
hydrogen-bonding environment (bottom) in the structure of 2.
Hydrogen bonds are shown as green dashed lines, and long Cu−O
interactions along the Jahn−Teller axes are shown as blue dashes.
Hydrogen atoms not participating in hydrogen bonding and additional
lattice solvent molecules are omitted for clarity. Symmetry codes used
to generate equivalent atoms: (i) +x, +y, z−1.

Figure 5. Extended structure of 2, showing the connectivity of a single
layer (top) and interdigitation of two adjacent layers, with
independent networks colored separately (bottom). Hydrogen atoms
and lattice solvent molecules are omitted for clarity.

molecule within the asymmetric unit interacts with four metal
sites through a bridging carboxylate functionality. The
carboxylate group of the oxo-benzoate arm coordinates in a
μ2-κO:κO′ mode to Cu1 and Cu2, while the other carboxylate
group bridges two metal ions through the same oxygen atom,
coordinating to an equatorial position of the Cu2 coordination
sphere and weakly interacting at the axial position of the Cu1
site. The noncoordinating carboxylate oxygen atom from this
group participates in a hydrogen-bonding interaction with the
aqua ligand, with a donor−acceptor distance of O8···O1
2.560(4) Å and D−H···A angle of 173(7)°. The ligand

Microanalysis suggested the presence of an additional water
molecule per two copper sites, presumably facilitated by the
disordered orientation of the intralayer DMF molecule and
providing a formula for the bulk material of poly-[Cu(L4)(OH2)]·2DMF·0.5H2O. Thermogravimetric analysis of 2
revealed a two-step mass loss of 21.2% within the range of
30−250 °C, consistent with the loss of the noncoordinating
solvent molecules (calculated 22%), with the onset of
decomposition above 300 °C.
D
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Structure of Poly-[Cd2(OH2)2(L4)2]·1.5DMF·H2O, 3. The
reaction of H2L4 with cadmium nitrate in a 5:95 H2O/DMF
solvent mixture gave colorless rod crystals after 24 h at 100 °C,
which were analyzed by single-crystal X-ray diﬀraction, and
from which a structure model was generated in the
orthorhombic space group Pccn. The asymmetric unit of 3
contains one molecule of L4, fully deprotonated, and two
unique cadmium ions. Both cadmium ions adopt six-coordinate,
distorted octahedral coordination geometries, and both occupy
crystallographic special positions. Cadmium ion Cd1 is
coordinated by two equivalent chelating carboxylate groups,
which bridge Cd1 and Cd2 in a μ2-κO,O′:κO coordination
mode, and the remaining two cis-oriented coordination sites are
occupied by carboxylate oxygen atoms from a bridging μ2κO:κO′-disposed carboxylate group, as shown in Figure 6.

Figure 7. Extended structure of 3 showing the interdigitation between
two adjacent layers, viewed parallel (top) and perpendicular (bottom)
to the one-dimensional solvent channels, with independent networks
colored separately. Hydrogen atoms and lattice solvent molecules are
omitted for clarity.

Figure 6. Ligand environment (top) and metal coordination
environment (bottom) in the structure of 3 with partial heteroatom
labeling scheme. Hydrogen atoms and lattice solvent molecules are
omitted for clarity. Symmetry codes used to generate equivalent
atoms: (i) x−1/2, 2−y, 3/2−z.

modeled at half-occupancy, which lie nearly ﬂat along the
long axis of the rhombic channels. Reminiscent of the extended
structure of 2, adjacent layers in the structure of 3 associate
through head-to-tail interdigitation of the naphthalimide groups
(Figure 7), forming strong parallel face-to-face π−π interactions
at a mean interplanar distances of 3.37 and 3.38 Å for the two
unique interactions. Microanalysis revealed a formula for the
air-dried sample of 0.75 DMF molecule and 1.5 water
molecules per cadmium ion, although thermogravimetric
analysis of a freshly isolated sample shows a total mass loss
of 16% between 30 and 160 °C with onset at room temperature
(calculated 12.5%), consistent with partial desolvation occurring upon standing in ambient conditions.
Solvent Exchange Studies and Structure of Poly[Cd2(OH2)2(L4)2]·2MeCN, 4. The presence of contiguous
solvent-accessible volumes in both 2 and 3 prompted an
investigation into the guest exchange properties of each
compound. Acetonitrile was chosen as the exchange solvent,
as a relatively volatile guest that can readily exchange with
lattice DMF and water molecules, but is unlikely to disrupt the
coordination sites leading to collapse of the structure. In the
case of compound 2, acetonitrile exchange eﬃciently removed
all lattice solvent molecules, conﬁrmed by thermogravimetric
analysis (TGA), and provided a material that could be readily
desolvated at 100 °C. X-ray powder diﬀraction showed that
although the exchanged material was crystalline, a transition to
another crystalline phase had taken place (Supporting
Information). Despite our eﬀorts, we were unable to eﬀect

Cadmium ion Cd2 is coordinated by four monodentate
carboxylate oxygen atoms, each of which undergoes the
previously described bridging mode, and two cis-oriented
oxygen atoms from aqua ligands. Each L4 molecule coordinates
to four cadmium ions, and the torsion angle C5−C8−O3−C21
of 90.4(11)° compares closely to that observed in the other
complexes. Each of the seven unique Cd−O distances fall in the
range 2.222(10)−2.362(7) Å, and both ions display moderate
distortion from ideal octahedral geometry (∑ = 153° and 73°
for Cd1 and Cd2, respectively),18 with a smaller value for Cd2
consistent with the entirely monodentate coordination sphere.
The extended structure of 3 is a two-dimensional sheet
consisting of one-dimensional cadmium−carboxylate chains
oriented parallel to the crystallographic b axis, which are linked
in the a direction by the bridging L4 groups. Similarly to the
case of 2, one-dimensional channels remain both within the
sheets and between adjacent layers, as shown in Figure 7. The
intralayer channels are of a comparable size and shape to those
in 2, containing cavities of approximately 5 × 10 Å and
bounded in the b direction by the intruding edges of the
perpendicular-oriented naphthalimide rings. The interlayer
channels are also of comparable dimensions to those observed
in 2, being approximately square with minimum interatomic
distances of ca. 9 × 9 Å. Although the contents of the interlayer
channels could not be crystallographically modeled, the
intralayer channels contain well-resolved DMF molecules
E
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Table 1. Summary of Crystal and Reﬁnement Parameters for All Compounds
identiﬁcation code
empirical formula
fw
temp/K
cryst syst
space group
a/Å
b/Å
c/Å
α/deg
β/deg
γ/deg
volume/Å3
Z
ρcalcg/cm3
μ/mm−1
F(000)
cryst size/mm3
radiation
2θ range for data
collection/deg
index ranges
reﬂns collected
indep reﬂns
data/restraints/
params
goodness-of-ﬁt on
F2
ﬁnal R indexes [I ≥
2σ(I)]
ﬁnal R indexes [all
data]
largest diﬀ peak/
hole/e Å−3

L3

1

2

3

4

C27H15N3O3
429.42
100(2)
monoclinic
P21/c
10.4422(10)
6.8590(7)
29.249(3)
90
95.909(2)
90
2083.8(4)
4
1.369
0.091
888
0.37 × 0.11 × 0.05
Mo Kα (λ = 0.71073)
3.922 to 54.972

C54H30AgBF4N6O6
1053.52
100(2)
monoclinic
C2/c
4.4466(4)
39.390(3)
31.168(2)
90
90.755(2)
90
5458.7(8)
4
1.282
0.434
2128
0.28 × 0.1 × 0.05
Mo Kα (λ = 0.71073)
2.446 to 53

C33H31CuN3O10
693.15
100(2)
triclinic
P1̅
6.8306(9)
10.7920(13)
20.523(3)
88.621(3)
88.801(3)
80.851(3)
1492.9(3)
2
1.542
0.799
718
0.08 × 0.05 × 0.05
Mo Kα (λ = 0.71073)
3.824 to 52.17

C57H37Cd2N3O17
1260.69
100(2)
orthorhombic
Pccn
37.4447(10)
7.3470(2)
23.1978(6)
90
90
90
6381.9(3)
4
1.312
0.73
2528
0.23 × 0.21 × 0.08
Mo Kα (λ = 0.71073)
3.512 to 50.998

C29H18CdN2O8
634.85
100(2)
orthorhombic
Pccn
40.5139(15)
7.2658(3)
18.5724(8)
90
90
90
5467.1(4)
8
1.543
0.852
2544
0.23 × 0.06 × 0.05
Mo Kα (λ = 0.71073)
4.022 to 52

−13 ≤ h ≤ 10, −8 ≤ k ≤
8, −37 ≤ l ≤ 37
37 208
4762 [Rint = 0.0989, Rsigma
= 0.0633]
4762/0/298

−5 ≤ h ≤ 5, −46 ≤ k ≤
48, −39 ≤ l ≤ 35
29 855
5684 [Rint = 0.0820, Rsigma
= 0.0742]
5684/135/393

−8 ≤ h ≤ 8, −13 ≤ k ≤ 9,
−25 ≤ l ≤ 25
21 338
5934 [Rint = 0.0995, Rsigma
= 0.1133]
5934/16/462

−45 ≤ h ≤ 29, −8 ≤ k ≤
5, −28 ≤ l ≤ 28
51 379
5936 [Rint = 0.0813, Rsigma
= 0.0440]
5936/139/382

−46 ≤ h ≤ 49, −8 ≤ k ≤
8, −22 ≤ l ≤ 22
33 987
5366 [Rint = 0.1080, Rsigma
= 0.0911]
5366/70/418

1.005

1.078

0.982

1.075

1.023

R1 = 0.0515, wR2 = 0.1001

R1 = 0.0764, wR2 = 0.2132

R1 = 0.1183, wR2 = 0.3186

R1 = 0.0891, wR2 = 0.1929

R1 = 0.1169, wR2 = 0.1203

R1 = 0.1148, wR2 = 0.2352

R1 = 0.1553, wR2 = 0.3496

R1 = 0.1847, wR2 = 0.2357

0.21/−0.28

1.00/−0.69

R1 = 0.0516, wR2 =
0.1037
R1 = 0.1177, wR2 =
0.1229
0.62/−0.63

4.51/−3.14

0.77/−1.30

group, as shown in Figure 8. Notably, whereas compound 3
contained well-localized lattice DMF molecules within the
intralayer channels, compound 4 contains one acetonitrile
molecule at full occupancy per L4 group. The coordinating
aqua ligands and lattice solvent from the interlayer channels in
4 displayed substantial disorder, related to the disorder present
on the metal sites themselves, and as a result, the
noncoordinating solvent molecules from these channels could
not be crystallographically resolved.
The eﬀect of the solvent exchange and framework
contraction in 4 is clear when the extended structure is
considered. The two-dimensional layers in the ab plane are
substantially contracted in thickness along c when compared to
compound 3, with reduction in the size of both the intra- and
interlayer solvent channels. This observation is consistent with
replacement of the comparatively sterically encumbering DMF
molecules in the intralayer channels with the more compact
acetonitrile guests, which can be more eﬀectively encapsulated
by the contracted naphthalimide walls in 4. Although the π−π
stacking interactions between sheets are retained in 4, with
deﬁnite head-to-tail arrangement of the naphthalimide groups,
slight variations are present in the mean (naphthyl−naphthyl)
interplanar distances (3.434(7) and 3.384(5) Å, compared to
3.372(7) and 3.384(10) Å for 3) and the distance between
adjacent naphthyl centroids in each interaction (3.572(5) and
4.173(6) Å for 4 and 3.589(6) and 4.308(7) Å for 3).

this transformation on crystals of suﬃcient quality for singlecrystal X-ray diﬀraction analysis. The equivalent treatment of
compound 3 with acetonitrile produced similar results;
exchange of the labile lattice DMF molecules from the solvent
channels was observed by TGA, while X-ray powder diﬀraction
analysis of the exchanged material showed a new crystalline
phase. However, in contrast to 2, this phase was formed with
suﬃcient retention of crystallinity to allow structure determination by single-crystal X-ray diﬀraction, although with
signiﬁcant disorder in the vicinity of the metal sites.
The X-ray diﬀraction data for 4 were solved and reﬁned in
the orthorhombic space group Pccn, equivalent to 3. The unit
cell volume of 4 is contracted by ca. 15% from 3, mostly
manifested by a contraction of c from 23.1978(6) Å to
18.5724(8) Å, with a smaller concurrent increase in a from
37.4447(10) Å to 40.5139(15) Å, as summarized in Table 1.
The asymmetric unit of 4 contains one molecule of L4,
coordinating in an equivalent bridging mode to that in 3 to two
unique cadmium sites, although with crystallographic disorder
necessitating the splitting of cadmium ion Cd2 into two
symmetry-related half-occupancy locations on either side of the
previously occupied special position. The torsion angle C5−
C8−O5−C21 of 114.9(10)°, compared to 90.4(11)°, is
indicative of a conformational change in the L4 environment
and an overall ﬂattening of the molecule, which is primarily
manifested by a rotation of the imide-bound carboxyphenyl
F
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Figure 9. CO2 adsorption isotherms for compounds 2 and 4,
measured at 273 K after soaking in acetonitrile and activation under
dynamic vacuum at 373 K overnight.

the material after adsorption, though not resembling the
original phase or the acetonitrile-exchanged material, suggesting
a further structural change takes place upon complete
evacuation.
Compound 4 displayed a similar maximum uptake to
compound 2, of 29 cc(STP)/g at 1 bar (5.4 wt %). The
higher density of the cadmium-containing framework, however,
means this value correlates to a marginally higher per-mole
CO2 loading of 0.85 molecule of CO2 per [Cd(L4)(OH2)]
repeat unit, which approaches the loading of (crystallographically resolved) lattice acetonitrile in 4. Similar to the
case of 2, X-ray powder diﬀraction of compound 4 after gas
adsorption experiments showed that the material retained some
degree of crystallinity, although with variation in peak positions
consistent with an additional structural rearrangement. In both
cases, however, the solvent-exchanged and evacuated materials
could be reimmersed in DMF to regenerate the original DMFsolvated phases, as evidenced by X-ray powder diﬀraction
(Supporting Information).
Photophysical Studies. Each compound L1−H2L4 was
examined for its UV−visible absorbance and emission response,
and the results are summarized in Table 2. All four

Figure 8. Comparison of the structures of 3 and 4. (Top) Ligand
conformation in 3 (red) and 4 (blue), overlaid using the rigid
naphthalimide groups as anchor points. (Bottom) To-scale comparison of the unit cells of 3 (top) and 4 (bottom), viewed along the
[010] vector, with a horizontal and c vertical. Hydrogen atoms and
oxo-benzoate ring torsional disorder are omitted for clarity.

Gas Adsorption Studies. Both compounds 2 and 3/4
were examined for their gas uptake properties. In both cases,
the noncoordinating lattice solvents were exchanged by soaking
the materials in acetonitrile for 48 h (in the process, necessarily
converting compound 3 to compound 4), followed by
evacuation at 100 °C overnight under dynamic vacuum. Due
to the very narrow and polar pore environments in both
samples, it was envisaged that CO2 would be the most
appropriate probe gas, where low-temperature N2 uptake is
typically very low for ultramicroporous materials.19 Indeed, no
meaningful 77 K N2 or H2 physisorption could be measured for
compound 3 or 4 in the micropore-ﬁlling pressure range, with
any adsorption taking place at or below the instrumental
detection limit. However, both compounds displayed moderate
CO2 adsorption in the pressure range 0−1 bar, albeit with slow
kinetics particularly in the low-pressure region, accompanied by
hysteresis on the desorption branch indicative of a slow
desorption process. The CO2 adsorption isotherms for 2 and 4
are shown in Figure 9.
Compound 2 displayed a maximum uptake of 27 cc(STP)/g
at 1 bar, equivalent to 5 wt %, or ca. 0.66 CO2 molecule per
[Cu(L) (OH2)] unit. This loading is approximately 1/3 of the
observed loading (mol/mol) of DMF guests within the assynthesized material, consistent with substantial contraction of
the framework on evacuation. Measuring an X-ray powder
diﬀraction pattern on the material after the adsorption
experiment showed some degree of crystallinity is retained in

Table 2. Summary of Solution-State Photophysical
Properties of Compounds L1−H2L4

compound

solvent

λabs
(nm)

L1
HL2
L3
H2L4

CHCl3
DMSO
CHCl3
DMSO

351
354
359
361

ε (L·mol−1·
cm−1)
10 200
11 100
14 300
15 400

±
±
±
±

300
300
500
600

λem
(nm, λex
= 366
nm)

Φ

420
440

0.89 ± 0.05
∼0.02

naphthalimide compounds displayed broad absorption bands
with λmax in the range 350−360 nm, and no variations in peak
shape or maxima position were observed in the concentration
range of 10−4−10−6 M. The 4-nitro-substituted precursors L1
and HL2 exhibited no meaningful ﬂuorescence upon excitation,
compared to the 4-oxonaphthalimides L3 and H2L4, both of
which possess well-deﬁned emission bands in the blue region
(Figure 10). Upon excitation at 366 nm in CHCl3, compound
L3 displayed an emission band with λmax = 420 nm, with
partially resolved shoulders in both the absorption and
G
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Figure 10. UV−visible absorption (black) and emission (red, λex = 366
nm) spectra of L3 (top) and H2L4 (bottom), recorded in CHCl3 (40
μM) and DMSO (75 μM), respectively.

Figure 11. Solid-state emission spectra (λex = 366 nm) for complex 1
(top) and complexes 3/4 (bottom), compared to their respective free
ligands in solution and in the solid state.

emission bands. In the solid state, this emission was observed at
λmax = 480 nm, with a bathochromic shift following molecular
aggregation in the crystalline state. Compound L3 displayed a
relatively high ﬂuorescence quantum yield of 89% ± 5% in
solution, using quinine sulfate (ΦF = 54.6%, λex = 366 nm) in 2
M H2SO4 as a reference standard.20 The dicarboxylic acid
species H2L4 in DMSO solution displayed an emission
maximum at λmax = 440 nm (λex = 366 nm), undergoing a
less substantial bathochromic shift to 470 nm in the solid state.
The ﬂuorescence quantum yield of H2L4 in DMSO solution
was measured at ca. 2%.
These quantum yield values can be considered a continuation
of the solution-state trend observed for the 4-aryloxo-Nethylnaphthalimides reported by Thilagar et al.21 In that study,
the presence of ﬂexible groups or groups capable of strongly
contributing to nonradiative decay attached to the phenolic 4position caused a reduction in ﬂuorescence quantum yield from
96% for the most rigid and symmetric phenol derivative to
<10% for the nitro, thioacetyl, and carboxyaldehyde derivatives.
The contributions of carboxylic acid groups to nonradiative
decay pathways are well known22 and most likely lead to the
reduction in ﬂuorescence quantum yield in the case of H2L4.
The ﬂuorescence properties of complexes 1−4 were also
characterized in the solid state, as shown in Figure 11. Complex
1 displayed a broad emission band with λmax = 455 nm, a
notable hypsochromic shift compared to the free ligand in the
solid state. As well as the expected diﬀerences in the local
polarity of the ﬂuorophore in the free ligand compared to
complex 1, this variation may be rationalized by the diﬀerences
in the naphthalimide aggregation modes between the free
ligand and the complex in the crystalline state. The ligand

adopts a head-to-tail stacking mode for the naphthalimide
groups in the crystal structure of the free ligand, while a headto-head, H-aggregate-type packing mode is adopted in complex
1. Unsurprisingly, complex 2 displayed no measurable photoluminescence, presumably due to quenching of the naphthalimide excited state by the d9 CuII ions within the
structure.23 Complex 3 exhibits an emission band eﬀectively
superimposable with that of the free ligand in the solid state,
with λmax = 465 nm. Interestingly, complex 4, which diﬀers from
complex 3 only by a slight reorientation of the naphthalimide
stacks and a change in the size, polarity, and volatility of the
encapsulated guest molecules, displays a notably diﬀerent
emission signature. A bathochromic shift in the emission band
is observed, with λmax = 480 nm, and is accompanied by a peak
broadening, from fwhm = 70 nm for 3 to 90 nm for 4.

■

DISCUSSION
Comparing the structures of L3 and complexes 1−4, the
ﬂexible linkers are seen to exhibit a relatively narrow range of
geometries, where the torsion angle from each aryl group about
the vector between the two sp3 linkers varies in the range 90−
120°. Most likely, the orientation of these freely rotatable
groups is dictated by crystal-packing inﬂuences more than any
preferred position for the low-energy bond rotations involved.
More signiﬁcant in terms of structure direction in the solid state
are the dominant face-to-face π−π interactions between the
naphthalimide groups in each structure. The importance of
such interactions in inﬂuencing the extended solid-state
structure of coordination compounds is well established,24
H
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spectrometer (tof), interfaced to a Waters 2690 HPLC. The
instrument was operated in positive or negative mode as required.
Leucine enkephalin was used as an internal lock mass. Masses were
recorded over the range 100−1000 m/z. Elemental analyses were
carried out at the Microanalytical Laboratory, School of Chemistry and
Chemical Biology, University College Dublin. NMR data were
recorded in commercially available deuterated solvents on an Agilent
400-MR spectrometer operating at 400 MHz for 1H NMR and 100
MHz for 13C NMR. Chemical shifts are expressed in parts per million
(ppm/δ) and were referenced relative to the internal solvent signals.
Infrared spectra were recorded on a PerkinElmer Spectrum 100 FTIR
spectrometer with universal ATR sampling accessory, in the range
4000−650 cm−1. X-ray powder diﬀraction patterns were collected
using a Bruker D2 Phaser instrument with Cu Kα radiation (λ =
1.5418 Å). Samples were ground and mounted on silicon sample
holders, and data were collected in the 2θ range 5−55° at room
temperature while rotating φ at a speed of 1 rpm. Sample background
due to ﬂuorescence was subtracted, and the patterns were compared
with those simulated from the single-crystal data collected at 100 K.
UV−visible absorption spectra were measured using spectroscopic
grade solvents (Sigma-Aldrich) in the range 250−800 nm (CHCl3) or
270−800 nm (DMSO) on a Varian Cary 50 Bio spectrophotometer.
Fluorescence spectra were measured on a Varian Cary Eclipse
ﬂuorimeter. Quantum yields were calculated by comparison with
quinine sulfate in 2 M H2SO4 with excitation at 366 nm using an
excitation slit width of 2.5 nm for all samples, and emission was
integrated across the range 380−600 nm. Solid-state emission spectra
were measured at room temperature with powdered samples pressed
into ﬁlms between quartz plates. Gas adsorption isotherms were
measured using a Quantachrome Autosorb IQ gas sorption analyzer.
Chemically pure (CP) grade He, N2, H2, and CO2 gases from BOC
gases were used for the measurements.
X-ray Crystallography. Structural and reﬁnement parameters are
presented in Table 1. All diﬀraction data were collected using a Bruker
APEX-II Duo dual-source instrument using graphite-monochromated
Mo Kα (λ = 0.710 73 Å) radiation. Data sets were collected using ω
and φ scans with the samples immersed in oil and maintained at a
constant temperature of 100 K using a Cobra cryostream. The data
were reduced and processed using the Bruker APEX suite of
programs.25 Multiscan absorption corrections were applied using
SADABS.26 The diﬀraction data were solved using SHELXT and
reﬁned by full-matrix least-squares procedures using SHELXL-2015
within the OLEX-2 GUI.27−29 The functions minimized were ∑w(Fo2
− Fc2), with w = [σ2(Fo2) + aP2 + bP]−1, where P = [max(Fo)2 + 2F2c]/
3. All non-hydrogen atoms were reﬁned with anisotropic displacement
parameters. All carbon-bound hydrogen atoms were placed in
calculated positions and reﬁned with a riding model, with isotropic
displacement parameters equal to either 1.2 or 1.5 times the isotropic
equivalent of their carrier atoms. Where appropriate, the positions of
hydrogen atoms involved in hydrogen-bonding interactions were
reﬁned to provide the best ﬁt for the residual Fourier peaks and
assigned a Uiso value equal to 1.5 times that of the nearest associated
atom, with the appreciation that the exact positions of these atoms
cannot be meaningfully inferred from X-ray diﬀraction data. The data
sets for 1, 3, and 4 contained regions of diﬀuse electron density
consistent with totally delocalized lattice solvent molecules, alongside
regions of ordered or partially ordered solvents; the scattering
contribution from only the diﬀuse electron density regions to the
measured structure factors was accounted for with the SQUEEZE
routine to allow for more representative reﬁnement statistics for the
framework atoms,30 and the solvent channel contents were ascertained
using TGA and elemental analysis. The reported crystallographic
formulas, densities, and F000 values are based on the crystallographically localized atoms only. Particular reﬁnement strategies for
each structure, including the speciﬁc use of restraints, are provided in
the reﬁne_special_details sections of the combined crystallographic
information ﬁle. CCDC 1497724−1497728.
Synthesis. N-(4-Cyanophenylmethylene)-4-nitro-1,8-naphthalimide, L1. 4-Nitro-1,8-naphthalic anhydride (300 mg, 1.2 mmol) and
4-aminomethylbenzonitrile (200 mg, 1.5 mmol) were combined in 5

and in this case the interactions between the strongly polarized
aromatic surfaces are likely responsible for the resilience of the
three-dimensional structures of 2 and 3/4 to solvent exchange,
evacuation, and resolvation. The low gas loadings and slow
desorption kinetics, implied by the apparent hysteresis on the
desorption branches of both CO2 isotherms, are indicative of a
very narrow pore environment within both samples after
evacuation, which suggests a further contraction of the pores on
evacuation. Given the observed pore contraction in 3 to enclose
the smaller acetonitrile guest molecule in 4, a further
contraction following evacuation of the material is not
unexpected.
The variation in emission behavior in the solid state between
complexes 1, 3, and 4 and their free ligands L3 and H2L4 was
consistent with the expected behavior, based largely on changes
in the solid-state aggregation mode. As the ligand design
provides central ﬂuorophores, which are electronically isolated
from the metal binding groups, little impact on the emission
properties was observed as a direct consequence of metal
coordination, evidenced in the case of H2L4 compared with
complex 3 in the solid state. The variation in emission
properties between complexes 3 and 4 is particularly
interesting, as it provides the basis of a ﬂuorescent signaling
mechanism for a coupled change in both the local polarity of
the ﬂuorophore unit and a structural rearrangement of the host
framework without requiring any chemical change to the
framework atoms themselves.

■

CONCLUSIONS
We have prepared three new coordination polymers, 1, 2, and
3, from the novel luminescent naphthalimide-derived linkers L3
and H2L4. In each case, substantial π−π interactions dominate
the extended structures, leading to dense 3-fold interpenetration in the silver coordination network poly-[Ag(L3)2]BF4·
4.5H2O·0.5THF (1) and a robust and ﬂexible interlayer
interaction in the related two-dimensional networks poly[Cu(L4) (OH2)]·2DMF·0.5H2O (2) and poly[Cd2(L4)2(OH2)2]·1.5DMF·3H2O (3). Both compounds 2
and 3 undergo structural rearrangements on solvent exchange;
in the case of 3, this transition can be monitored with singlecrystal X-ray diﬀraction, using which we elucidated the
structure of the acetonitrile solvate poly-[Cd2(L4)2(OH2)2]·
2MeCN (4). Moreover, CO2 adsorption experiments showed
that both activated materials retained modest guest uptake
capacity on complete evacuation, and both materials could be
reverted to their original phases by reimmersion in DMF after
evacuation. Furthermore, the photophysical properties of the
complexes and their parent ligands have been studied, which
relate the aggregation mode of the ﬂuorophores in the
crystalline state to the photoluminescent properties of the
resulting materials. This relationship can be exploited as a
means of signaling a structural transformation, as in the case of
the transition from 3 to 4 on solvent exchange. These results
highlight the usefulness of electronically isolated organic
ﬂuorophores in ﬂexible coordination polymer assemblies as
reporting elements for chemical sensor devices, and this area of
research is currently being pursued in our laboratory.

■

EXPERIMENTAL SECTION

Materials and Methods. All reagents, solvents, and starting
materials were purchased from Sigma-Aldrich, Merck, or Fisher
Scientiﬁc, were of reagent grade or better, and were used as received.
Mass spectra were acquired using a Micromass time-of-ﬂight mass
I
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mL of glacial acetic acid. The mixture was heated at 120 °C for 6 h and
cooled to room temperature. A 5 mL amount of water was added to
the solution, causing the precipitation of an orange powder, which was
collected by ﬁltration. The solids were washed with water and
methanol and dried in air. Yield: 330 mg (77%). Mp: 243−245 °C.
Anal. Found: C, 66.96; H, 2.95; N, 11.65. Calcd for C20H11N3O4:
67.23; H, 3.10; N, 11.76. 1H NMR δH (400 MHz, CDCl3): 5.42 (s,
2H, H3), 7.64 (second-order multiplet, 4H, H1 + H2), 8.02 (dd, 1H, 3J1
= 8.7 Hz, 3J2 = 7.4 Hz, H5), 8.42 (d, 1H, 3J = 7.9 Hz, H7), 8.72 (d, 1H,
3
J = 7.9 Hz, H8), 8.77 (d, 1H, 3J = 7.4 Hz, H4), 8.86 (d, 1H, 3J = 8.8
Hz, H6). 13C NMR δC (100 MHz, CDCl3): 43.55, 111.75, 118.57,
122.61, 123.73, 123.88, 126.50, 129.13, 129.67, 129.79, 130.01, 130.28,
132.40, 132.89, 141.65, 149.87, 162.46, 163.26. MS: m/z (APCI)
357.0749 [M]−, calcd for C20H11N3O4 357.0755. IR νmax (ATR,
cm−1): 3073m, 2231s, 1700s, 1660s, 1622m, 1583m sh, 1521s sh,
1461w, 1431m, 1410m, 1378m, 1336s sh, 1309m, 1228s, 1170m,
1024w, 969m, 932w, 862w, 817m sh, 787s, 761s, 713w, 663m, 631m.
UV λmax (CHCl3): 351 nm (10 200 ± 300 L·mol−1·cm−1).
N-(4-Carboxyphenylmethylene)-4-nitro-1,8-naphthalimide, HL2.
4-Nitro-1,8-naphthalic anhydride (400 mg, 1.6 mmol) was slurried in 7
mL of glacial acetic acid. To this mixture was added 4-aminomethylbenzoic acid (300 mg, 2.0 mmol), and the mixture was heated
at 120 °C for 6 h. The mixture was cooled to room temperature and
ﬁltered, and the resulting tan solid was washed with water, methanol,
and diethyl ether and dried in air. Yield: 458 mg (74%). Mp: >300 °C.
Anal. Found: C, 63.66; H, 3.05; N, 7.29. Calcd for C20H12N2O6: C,
63.83; H, 3.21; N, 7.44. 1H NMR δH (400 MHz, d6-DMSO): 5.30 (s,
2H, H3), 7.48 (d, 2H, 3J = 8.3 Hz, H2), 7.86 (d, 2H, 3J = 8.3 Hz, H1),
8.08 (dd, 1H, 3J1 = 8.7 Hz, 3J2 = 7.5 Hz, H5), 8.53 (d, 1H, 3J = 7.8 Hz,
H7), 8.60−8.64 (m, 2H, H4 + H8), 8.7 (d, 1H, 3J = 8.7 Hz, H6). 13C
NMR δC (100 MHz, d6-DMSO): 43.17, 122.66, 122.79, 124.23,
126.52, 127.47, 128.56, 129.02, 129.40, 129.61, 129.92, 130.13, 131.97,
141.87, 149.34, 162.33, 163.10, 167.03. MS m/z (HR-ESMS): found
375.0617 [M − H]−, calcd for C20H11N2O6 375.0617. IR νmax (ATR,
cm−1): 3078w, 2968w, 2819w, 2653w, 2541w br, 1687s, 1665s, 1611m
sh, 1581m sh, 1523s, 1430m, 1380w, 1338s, 1317m, 1296s, 1230s,
1182m, 1099m, 1020w, 965m, 932m, 864m sh, 825m, 784s, 759s,
704m. UV λmax (DMSO): 354 nm (11100 ± 300 L·mol−1·cm−1).
N-(4-Cyanophenylmethylene)-4-(4-cyanophenoxy)-1,8-naphthalimide, L3. N-(4-Cyanophenylmethylene)-4-nitro-1,8-naphthalimide
(L1) (200 mg, 0.56 mmol), 4-cyanophenol (133 mg, 1.1 mmol),
and potassium carbonate (240 mg, 1.7 mmol) were combined in 5 mL
of anhydrous DMSO. The mixture was heated at 110 °C under argon
for 3 h. The mixture was cooled to room temperature, and 20 mL of
water was added, causing precipitation of an orange solid. The solids
were collected by ﬁltration, washed with 100 mL of water, 50 mL of
methanol, and 50 mL of diethyl ether, and dried in air. Yield: 216 mg
(90%). Single crystals were prepared by recrystallization from ethyl
acetate. Mp: 247−248 °C. Anal. Found: C, 75.31; H, 3.44; N, 9.72.
Calcd for C27H15N3O3: C, 75.52; H, 3.52; N, 9.79. 1H NMR δH (400
MHz, d6-DMSO): 5.33 (s, 2H, H3), 7.32 (d, 1H, 3J = 8.3 Hz, H8), 7.42
(d, 2H, 3J = 8.6 Hz, H9), 7.55 (d, 2H, 3J = 8.3 Hz, H2), 7.78 (d, 2H, 3J
= 8.4 Hz, H1), 7.94 (dd, 1H, 3J1 = 8.5 Hz, 3J2 = 7.3 Hz, H5), 7.99 (d,
2H, 3J = 8.5 Hz, H10), 8.49 (d, 1H, 3J = 8.2 Hz, H7), 8.57−8.62 (m,
2H, overlapping, H4 + H6). 13C NMR δC (100 MHz, d6-DMSO):
42.85, 107.42, 109.83, 114.26, 117.77, 118.41, 118.76, 120.35, 122.25,
123.93, 127.68, 128.18, 128.37, 129.31, 131.92, 132.35, 132.78, 135.07,
143.08, 157.00, 159.21, 162.88, 163.52. MS m/z (APCI): 327.0771
([M − C6H4CN]−), calcd for C20H11N2O3 327.0770. IR νmax (ATR,
cm−1): 3070w br, 2227s, 1692s, 1655s, 1581s, 1495s, 1465m, 1404w,
1381m, 1340s sh, 1305w, 1234s sh, 1170m, 1109w, 1071w, 1023w,
984m, 943m, 834m, 781s, 758m, 662m. UV λmax (CHCl3): 359 nm
(14300 ± 500 L·mol−1·cm−1). Phase purity was conﬁrmed by X-ray
powder diﬀraction (Supporting Information).
N-(4-Carboxyphenylmethylene)-4-(4-carboxyphenoxy)-1,8-naphthalimide, H2L4. N-(4-Carboxyphenylmethylene)-4-nitro-1,8-naphthalimide (HL2) (200 mg, 0.53 mmol), 4-hydroxybenzoic acid (147
mg, 1.1 mmol), and potassium carbonate (440 mg, 3 mmol) were
combined in 5 mL of anhydrous DMSO. The mixture was heated at
120 °C under an argon atmosphere for 3 h and cooled to room

temperature. A 20 mL amount of water was added, to give a dark green
solution, which was acidiﬁed with dilute acetic acid, causing
precipitation of a tan solid. The solid was ﬁltered, washed with 3
mL of DMSO, 100 mL of water, 100 mL of methanol, and 50 mL of
diethyl ether, and dried in air. Yield: 237 mg (96%). Mp: >300 °C.
Anal. Found: C, 67.51; H, 3.50; N, 2.90. Calcd for C27H17NO7·
0.66H2O: C, 67.64; H, 3.86; N, 2.92. 1H NMR δH (400 MHz, d6DMSO): 5.31 (s, 2H, H3), 7.22 (d, 1H, 3J = 8.2 Hz, H8), 7.34 (d, 2H,
3
J = 8.9 Hz, H9), 7.46 (d, 2H, 3J = 8.3 Hz, H2), 7.88 (d, 2H, 3J = 8.3
Hz, H1), 7.93 (dd, 1H, 3J1 = 8.3 Hz, 3J2 = 7.5 Hz, H5), 8.07 (d, 2H, 3J =
8.8 Hz, H10), 8.48 (d, 1H, 3J = 8.2 Hz, H7), 8.60 (d, 1H, 3J = 7.4 Hz,
H4), 8.64 (d, 1H, 3J = 8.5 Hz, H6). 13C NMR δC (100 MHz, d6DMSO): 42.82, 113.26, 117.11, 119.65, 122.16, 123.79, 127.36,
127.51, 128.45, 129.22, 129.46, 129.71, 131.89, 131.96, 132.92, 142.30,
157.85, 158.71, 162.87, 163.52, 166.61, 167.10. MS m/z (HR-ESMS):
466.0916 ([M − H]−, calcd for C27H16NO7− 466.0927); 232.5413
([M − 2H]2−, calcd for C27H15NO72− 232.5430). IR νmax (ATR,
cm−1): 2992w br, 2657w, 2546w, 1680s sh, 1651s, 1579s sh, 1504m,
1468w, 1424m, 1384s, 1346m, 1317w, 1292m, 1234s sh, 1213m,
1168m, 1126m, 1100m, 1017w, 939w, 874m, 780s, 754s, 704m. UV
λmax (DMSO): 361 nm (15400 ± 600 L·mol−1·cm−1).
Poly-[Ag(L3)2]BF4·4.5H2O·0.5THF, 1. Compound L3 (20 mg, 47
μmol) was suspended in 1 mL of THF with the aid of brief sonication.
To this mixture was added a solution of silver tetraﬂuoroborate (8 mg,
41 μmol) in 2 mL of THF, and the mixture was capped and sealed in
foil and allowed to stand for 2 days. After this period, colorless crystals
of the product were isolated by ﬁltration, washed with THF, and dried
in air. Yield: 13 mg (47%). Mp: 169−172 °C (dec). Anal. Found: C,
57.42; H, 3.09; N, 6.73. Calcd for [Ag(L3)2]BF4·0.5THF·4.5H2O,
C56H43N6O11BF4Ag: C, 57.45; H, 3.70; N, 7.18. IR νmax (ATR, cm−1):
3420w br, 3071w, 2954w, 2872w, 2248s, 1696s, 1650s sh, 1624w,
1578s sh, 1498s, 1466m, 1402m, 1382s, 1350s, 1303m sh, 1232s sh,
1180m, 1132w, 1109w, 1053s sh, 987m, 942m, 883m, 846m, 813m,
780s, 757m, 665m. Phase purity was conﬁrmed by X-ray powder
diﬀraction (Supporting Information).
Poly-[Cu(L4) (OH2)]·2DMF·0.5H2O, 2. Compound H2L4 (20 mg,
42 μmol) and copper nitrate trihydrate (24 mg, 99 μmol) were
combined in 2 mL of a mixture of 5% H2O in DMF. The mixture was
brieﬂy sonicated, capped, and heated to 100 °C. After 4 h, the mixture
was sonicated for 5 s to separate the product from a small quantity of
copper oxide particles, and the green solids were decanted and isolated
by ﬁltration. The solids were washed with several portions of DMF
and dried in air. Yield: 13 mg (44%). Mp: >300 °C. Anal. Found: C,
56.39; H, 4.26; N, 5.66. Calcd for [Cu(L4)(OH2)]·2DMF·0.5H2O:
C33H32N3O10.5Cu: C, 56.45; H, 4.59; N, 5.98. IR νmax (ATR, cm−1):
2870w, 2802m br, 1698m, 1654s sh, 1591s sh, 1545m, 1502m, 1467w,
1436w, 1380s, 1347s, 1233m sh, 1209m, 1184m, 1164w, 1134w,
1092w sh, 1019m, 991m, 948m, 884m, 787s, 767s, 711m sh. Phase
purity was conﬁrmed by X-ray powder diﬀraction (Supporting
Information).
Poly-[Cd2(L4)2(OH2)2]·1.5DMF·3H2O, 3. Compound H2L4 (10 mg;
21 μmol) and cadmium nitrate tetrahydrate (12 mg; 39 μmol) were
added to 1 mL of a 5% H2O in DMF mixture and sealed in a screw-cap
vial. The mixture was brieﬂy sonicated before being heated to 100 °C
and left to dwell at this temperature for 24 h. After this period, the
mixture was ﬁltered hot, and the pale yellow crystals were washed with
DMF and dried in air. Yield: 6 mg (43%). Mp: >300 °C. Anal. Found:
C, 53.36; H, 3.13; N, 3.74. Calcd for [Cd2(L4)2(OH2)2]·1.5DMF·
3H2O, C58.5H46.5N3.5O18.5Cd2: C, 53.26; H, 3.55; N, 3.72. IR νmax
(ATR, cm−1): 3300 w br, 1700m, 1654s sh, 1593s sh, 1518m, 1507m
sh, 1398m, 1379s, 1345m, 1256m, 1234s, 1209m, 1173m, 1131m,
1107m, 1078m, 1016w, 997m, 960w, 946m, 887m, 804w, 791w, 778m,
754m, 710m, 672m. Phase purity was conﬁrmed by X-ray powder
diﬀraction (Supporting Information).
Conversion of Poly-[Cd2(L4)2(OH2)2]·1.5DMF·3H2O, 3, to Poly[Cd2(L4)2(OH2)2]·2MeCN, 4. A sample of solid 3 (20 mg) was
suspended in 20 mL of acetonitrile with vigorous mixing. The mixture
was allowed to stand for 48 h, with the solvent decanted and replaced
with fresh acetonitrile, with mixing, every 12 h. The exchanged
material was recovered by ﬁltration in quantitative yield. The lattice
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solvent is lost almost immediately on standing in air, and so the
solvation of the bulk material is estimated based on the crystallographically located solvent molecules only. Mp: >300 °C. IR νmax
(ATR, cm−1): 3257 w br, 2359m, 2342m sh, 1702m sh, 1655s sh,
1592m, 1579m, 1559m, 1518m, 1500s, 1399s, 1383s, 1346s, 1259s,
1235s, 1209m, 1173m, 1132w, 1105w, 1069w, 1017m, 995m, 945m,
861m, 804m, 779s, 755m, 669m. Phase purity was conﬁrmed by X-ray
powder diﬀraction (Supporting Information).
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