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In a single-crystal-to-single-crystal (SCSC) transformation, a preformed three-dimensional coordination
polymer,[Ni3(oba)2(bpe)2(SO4)(H2O)4]?H2O (H2oba 5 4,49-oxydibenzoic acid; bpe 5
(E)-1,2-di(pyridin-4-yl)ethane) (1), was shown to undergo a [212] cycloaddition reaction upon exposure to
UV irradiation. The kinetics of this reaction were followed by taking ‘‘snapshots’’ of the solid state
transformation using in situ single crystal X-ray crystallography; a first order process was indicated. The
reaction rate was influenced by many factors such as the separation of the sample from the UV light source,
the heat produced by the UV irradiation, the light flux of the UV lamp used, the size of the single-crystal and
the powder samples. The investigation of the kinetics was complemented by 1H NMR studies. The results
clearly demonstrate that in situ single-crystal X-ray diffraction is able to provide useful insights into the
gradual formation of the photoproducts and the reaction processes. The work also offers a clear indication
that it is possible to use the technique to study the kinetics of other photocycloaddition reactions and SCSC
processes in general.

I
n recent times solid-state reactions involving inorganic and organometallic compounds have attracted con-
siderable interest because of their importance in the area of green chemistry1–2. Moreover, solid-state reactions
can be useful in generating products that are difficult to obtain using solution reaction methods3–5. Although

there are advantages associated with the use of solid state reactions the employment of such a synthetic approach
brings significant challenges. For example, the solid state reactions do not always occur in a controllable man-
ner6–8 or are incomplete at ambient temperature9. In many cases, the products are formed in relatively low yields
(20–30%) and contaminated with unreacted starting materials, side-products, and even some intermediate
species, making it extremely difficult to identify and isolate the desired products from the solid state mixture.
Although recrystallization in solvents may assist in the isolation of the product from the solid state mixture, there
is a possibility that the isolated product is not the species generated in the solid state10. Furthermore, the limited
availability of appropriate analytical techniques makes it difficult to follow the progress of solid-state reactions.
Routine analytical techniques such as IR, 1HNMR, UV-vis etc. which are commonly used to monitor the real-time
generation of products in solution reaction are not easily employed in the identification of products arising from
solid state reactions11. Finally, determining the mechanism of a solid state reaction is problematic because of the
difficulty in probing the reaction kinetics12. In summary, investigations of solid state reactions and the accom-
panying kinetics13 using suitable real-time methods represent a considerable challenge.

Single-crystal-to-single-crystal (SCSC) transformations represent a special type of solid-state reaction which
can be initiated by light or heat, or alternatively by the removal, uptake or exchange of guest molecules. SCSC
transformations provide fascinating examples of solid state reactions and represent a current topic of consid-
erable interest in solid-state chemistry14–17.

Single-crystal X-ray diffraction is the primary tool currently employed to identify the final products of these
transformations in the solid state18. In order for the structural transformation to occur, the single crystal has to
withstand the stress accompanying internal rearrangements with retention of its single crystal character19–23. Thus
the technique of single crystal X-ray diffraction is only going to be useful for probing these transformations when
the structural changes during the reaction are relatively small24–25.
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In 2009 Fujita and co-workers, using single crystal X-ray diffrac-
tion to follow the reaction, reported a transient hemiaminal trapped
in a porous network23. Very recently, Yang and co-workers employed
a similar approach to monitor the progress of a [212] photodimer-
ization involving the C5C bonds of a 1,4-bpeb guest molecule and
the C5C bonds of 1,3-pda ligands which form part of a framework
that has the overall composition of {[Mn(1,4-bpeb)(1,3-pda)]?(1,4-
bpeb)}n (1,4-bpeb 5 1,4-bis((E)-2-(pyridin-4-yl)vinyl)benzene; 1,3-
pda 5 1,3-phenylenediacrylic acid)26. Despite the clear insights
provided by the structural analyses, details relating to the kinetics
and mechanism of the [212] cycloaddition reaction were rarely
reported27–31.

Solid state [212] photodimerization of alkenes in various organic
compounds and metal complexes have been the subject of much
investigation over the past decade32–38. Recently, ditopic spacer
ligands such as bpe and 1,4-bpeb have been found to undergo
photo-cycloaddition in SCSC processes39–48. With respect to these
transformations in coordination polymers, Vittal and co-workers
have made significant contributions that provide clear insights into
the processes as well as offering an indication of the scope and
applicability of the [212] photo-cycloadditions49–50. Despite the
excellent work done by MacGillivray1,3, the isolation of photopro-
ducts formed at different irradiation time intervals has been difficult
to achieve and the kinetics of such processes remains unclear51–54.

Under solvothermal conditions we have carried out a reaction of
NiSO4?7H2O with bpe and H2oba and isolated a three-dimensional
coordination polymer of composition [Ni3(oba)2(bpe)2(SO4)(H2O)4]?
H2O (1). As discussed later in this paper, all C5C bonds within the
network are found in a single crystallographic environment and each
is in relatively close proximity to a symmetry-related C5C bond.
This arrangement in which the only atoms likely to participate in a
[212] cycloaddition are clearly identified provides an opportunity
for studying the kinetics of the photocycloaddition reaction. In this
work, we investigate a SCSC [212] cycloaddition reaction by in situ
single-crystal X-ray diffraction. By taking crystallographic ‘‘snap-
shots’’ of the transformation at various time intervals, the kinetics
of the process can be examined. Supported by powder X-ray diffrac-
tion (PXRD) and 1H NMR measurements, the results show that the
[212] photocycloaddition reaction exhibits first-order reaction
behavior in the solid state.

Results
Synthesis and structural characterization. Compound 1 was
obtained by solvothermal reaction of NiSO4?7H2O with bpe and
H2oba in a molar ratio of 15151 at 145uC. The thermal stability of
1 was investigated by thermogravimetry (Supplementary Fig. S1).
The TG curve of 1 displayed the first weight loss stage at ca. 182uC
(obsd. 6.28%; calcd. 7.26%), which was assigned to the loss of the
lattice and coordinated water molecules. The second weight loss of
60% in the temperature range of 400 to 520uC corresponded to the
decomposition/loss of the ligands. The PXRD patterns of the bulk
products of 1 are well-matched with the simulated ones generated
from the single-crystal X-ray diffraction data (Supplementary Fig.
S2).

Compound 1 crystallizes in the C2/c space group and its asym-
metric unit contains half a [Ni3(oba)2(bpe)2(SO4)(H2O)4] unit and
one water lattice molecule. A trinuclear cluster is formed as indicated
in Fig. 1a. There are two octahedral Ni2 centres in each cluster and
each is coordinated by cis-carboxylate oxygen atoms (O5 and O9), a
nitrogen atom (N1) from a bpe ligand, an oxygen atom (O2) from a
bridging sulfate anion and the oxygen atoms (O3 and O4) of two cis
water molecules. Ni1 is also in an octahedral environment formed
from two trans nitrogen atoms (N2) belonging to two bpe ligands,
oxygen atoms (O2) of a chelating sulfate anion and two cis oxygen
atoms belonging to two separate carboxylate groups. A 2-fold axis

passes through S1 and Ni1. Four bis(carboxylate) oba2- ligands serve
as bridges to four equivalent trinuclear Ni clusters to generate a 2D
4,4-network with nodes approximately 19Å apart. Pairs of bpe
ligands extend above and below the trinuclear clusters to form a
3D network. The distance between the nodes separated by the
bridging bpe ligands is approximately 14 Å. If each pair of bpe
ligands, that extends both above and below the trinuclear cluster, is
treated as a single bridge, then each trinuclear cluster may be con-
sidered as a 6-connecting node within a 3D network possessing the

Figure 1 | Representations of compound 1. (a) View of the trinuclear

cluster; C black, N blue, O red, Ni green; bpe bonds are indicated with blue

connections; H atoms have been omitted for clarity. (b) Part of a single

network showing a trinuclear unit bridged by either oba ligands or pairs of

bpe ligands; colour scheme as for part (a); H atoms have been omitted for

clarity. (c) Schematic representation of the interpenetrating networks;

nodes are represented by pink spheres; the rods of each net are represented

by different colors.
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primitive cubic (a-Po) topology. A representation of a cuboid unit
within this network is presented in Fig. 1b. Three crystallographically
equivalent, interpenetrating networks are present in the crystal struc-
ture. A schematic representation of the interpenetrating network is
presented in Fig. 1c.

The bpe ligand pairs serve as bipillars in the network of 1 and are
arranged in a face-to-face fashion with a distance of 3.77 Å between
C5C bonds of the neighbouring ligands. According to Schmidt’s
topochemical criteria, such a separation offers the prospect of a
photochemical [212] cycloaddition reaction occurring between
neighbouring molecules. Exposure of crystals of 1 to UV irradiation
for 450min leads to the photodimerization of bpe ligands to give the
stereospecific cycloaddition product, rctt-tetra(4-pyridyl)cyclobu-
tane (rctt-tpcb, rctt indicates the orientations of the four groups on
the cyclobutane ring are cis, trans, trans) (Supplementary Fig. S3)
within the framework structure of [Ni3(oba)2(rctt-tpcb)(SO4)
(H2O)4]?H2O (2). Its PXRD patterns were similar to those of 1
though the intensities of some peaks were affected (Supplementary
Fig. S2). For example, peaks at 6.80 and 6.94u were diminished in
intensity while those of the peaks at 17.5 and 20.5u were enhanced.
The results suggest that the main structural features of 1 are retained
after UV exposure to form 2. The 1H NMR spectrum of the compo-
nents of 2, dissolved in solution as indicated in the experimental
section, showed the disappearance of the signal due to the olefin
protons at 7.58 ppm and the appearance of the signal due to cyclo-
butane protons at 4.66 ppm. Furthermore, shifts of the signals of the
pyridyl protons from 8.60 to 8.32 ppm and from 7.6 ppm to 7.22 ppm
confirmed 100% conversion of bpe into rctt-tpcb (Figure 2). The
TGA of 2 showed that the lattice water molecule was lost at 180uC,
whilst the coordinated water molecules were removed above 250uC
(obsd. 8.15, calcd. 7.26%) (Supplementary Fig. S4). Following loss of
water molecules, this compound appears to be stable up to 400uC;
mass losses in the range 400 to 520uC are attributed to the ligand loss/
decomposition leading to the final product NiO.

A single crystal X-ray structural analysis of 2 reveals similar cell
dimensions to those found for 1 as well as the adoption of the same
space group. General structural features are retained in the genera-
tion of 2 including the geometry of the trinuclear cluster however
there are significant changes associated with the transformation of

pairs of bpe ligands to rctt-tpcb ligands (Supplementary Fig. S5). The
distance of the C5C bond in bpe is elongated from 1.312Å to 1.538Å
following the formation of the C-C bond within the cyclobutane ring.
The newly formed two C-C bonds (1.590Å) are comparable to those
reported in the literature (1.587Å , 1.606Å)55. The two pyridyl rings
from the neighbouring bpe ligands that were previously aligned par-
allel to each other now diverge from the cyclobutane ring. The Ni-
rctt-tpcb-Ni distance is slightly shorter than the Ni-bpe-Ni distance
in the precursor (Supplementary Table S2). The nature of the inter-
penetration is preserved following the formation of the cyclobutane
rings (Supplementary Fig. S6). Overall, the transformation is accom-
panied by a small reduction in cell volume (by 0.6%). Thermo-
gravimetric analysis shows that the water lattice molecules present
in 1 are retained during the irradiation with UV light.

There are limited examples of high-dimensional coordination
polymers in which bpe or its derivatives are oriented in pairs. Gao
et al. observed 60% photodimerization of the pillar-layered coordi-
nation polymer of composition [Mn2(HCO2)3(bpe)2(H2O)2]ClO4?

H2O?bpe56, however, in this case, photocycloaddition occurred
between one type of bridging bpe and a lattice bpe that was held in
place by hydrogen bonding. Subsequently, Vittal and co-workers
reported a beautiful example of a photocycloaddition reaction occur-
ring between parallel, coordinated bpe ligands within an interpen-
etrating 3D coordination polymer49. To our knowledge, the results
described herein represent one of very few examples of a 3DR3D
SCSC transformation of coordination polymers induced by UV light.

When a sample of 2 is heated to 180u to remove the lattice water
molecules, it leads to the generation of compound 2a. A single crystal
X-ray structural analysis revealed that the framework structure of 2 is
preserved upon loss of the lattice water. When 2a is left in humid air
for 3 days, water molecules return to the crystal structure. According
to X-ray diffraction analysis this hydration-dehydration process is
reversible. However, when 2a is heated at 250uC for 2h, cracks in the
crystal occur, which accompany a loss of crystallinity.

Kinetic analysis of photodimerization. In order to determine the
kinetics of this reaction, we monitored the SCSC reaction and the
corresponding structural transformation upon UV irradiation by in
situ single-crystal X-ray analysis. When samples are exposed to
unfiltered light from a high-pressure mercury lamp, producing UV
radiation, significant structural changes are observed in 1 as
indicated by PXRD patterns (Supplementary Fig. S2). Figure 3
depicts the transformation of the bpe to cyclobutane ring upon UV
irradiation. These changes were monitored by collecting X-ray data
sets after different periods of exposure to UV radiation. The
structural refinement process using SHELXTL allowed refinement
of the site occupancies of the atoms belonging to both the
disappearing bpe ligands and the emerging tpcb ligands. This
process allows the progress of the reaction in the crystal to be
followed. There are many factors that may influence the
photochemical kinetic study, such as the heat produced by the UV
irradiation, the light flux of the UV lamp used, the light scattering,
and the sizes of the single-crystal and the powder samples. Taking
into these factors into consideration, we designed a UV light
irradiation system (Supplementary Fig. S7). There is a cooling
water system that can absorb the maximum heat from the UV
irradiation. Each sample is placed into a glass plate that is also
cooled by a cooling water system. The temperature at the sample
can be kept at ca. 25uC. The distance between the crystal and the UV
source was fixed to be 10 cm with the light flux of 37.55 mw/cm2 or
20 cm with the light flux of 12.95 mw/cm2. In addition, because the
single-crystal and the powder samples absorb the UV light, it may
cause the product gradient in the direction normal to the surface of
the sample. The product gradient may be different for the single-
crystal and the powder samples. Thus we tried to make the same
thickness (ca. 0.2 mm) for both samples. Plots showing the

Figure 2 | 1H NMR spectra of the samples of 1 irradiated by UV light
within different irradiation time intervals.
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percentage conversion of bpe dimers to tpcb versus time are
presented in Fig. 4.

Figure 4 indicates that exposure of a crystal to UV radiation for a
period of 70 min (1(70 min)), leads to a 45% conversion of bpe
ligands to rctt-tpcb ligands (see 1(70 min) in Fig. 3 and
Supplementary Table S3). After 240 min, the reaction was found
to be 80% complete (see 1(240 min) in Fig. 4) and after 450 min
(see 1(450 min) in Fig. 3), the reaction is essentially complete. This
process could also be followed by monitoring the change in separa-
tion between Ni(II) centres that are initially bridged by bpe ligands
(Supplementary Table S2 and S4, Fig. S8 and S9). The course of the
photocycloaddition of 1 under UV light was also monitored by mea-
suring the 1H NMR spectra of the crystal components dissolved in
DMSO-d6 (Supplementary Fig. S10 to S20), which were extracted
using the method (see Supplementary Information). Inspection of
Fig. 2 reveals that over a period in excess of 450 min the sharp
olefinic signal at 7.58 ppm disappears to be replaced by the char-
acteristic cyclobutane protons at 4.66 ppm (Fig. 2). Analysis of the
data indicated the first order kinetics with rate constants of 12.55 3

1023 min21 and 7.14 3 1023 min21, being obtained for lamp-to-
sample separations of 10 and 20 cm with the light flux of 37.55
and 12.95 mw/cm2, respectively (Fig. 5a and 5b). The results are
identical to those reported previously27–28.

Discussion
In this work reported here, we have prepared a 3D coordination
polymer 1 from the solvothermal reactions of NiSO4 with oba and
bpe. Compound 1 has been shown to undergo a SCSC structural
transformation in which upon UV irradiation, bpe ligands are con-
verted into rctt-tpcb ligands within a 3D network, yielding com-
pound 2. We have used in situ single-crystal X-ray diffraction
snapshots to probe the reaction kinetics, which showed the first-
order reaction behavior. The results are consistent with those
obtained from 1H NMR spectra. We have also been able to confirm
that the rate of the photoreaction is dependent upon the separation
between the sample and the light source. To our knowledge, this is
the first time that the rate order of a [212] photocycloaddition
reaction in the solid state has been determined by in-situ X-ray
diffraction snapshotting, with first order behavior being observed.
It is anticipated that this methodology may be applied to examine the
kinetics and mechanisms of photoreactions within single crystals of
other compounds in which the rate of transformation is similar to
that reported here.

Methods
General. Ligands (H2oba and bpe) and other metal salts were obtained commercially
and used without further purification. Elemental analyses (C, H, and N) were
performed using a PE 2400 II elemental analyzer. The FT-IR spectra were recorded
with a Nicolet Mana-IR 550 spectrometer in dry KBr disks in the 400–4000 cm21

range. The thermogravimetric analyses (TGA) were performed using a Mettler TGA/
SDTA851 thermal analyzer under an N2 atmosphere with a heating rate of 10uC/min
in the temperature region of 20-800uC. Powder X-ray diffraction (XRD) patterns
were collected on a Bruker D8 advance diffractometer using graphite
monochromatized Cu Ka radiation (l5 1.5406 Å). The UV-irradiation experiments
were conducted with a high-pressure mercury lamp and a radiation with l5 365 nm.

Preparation of [Ni3(oba)2(bpe)2(SO4)(H2O)4]?H2O (1). To a thick Pyrex tube was
loaded NiSO4?7H2O (280 mg, 1 mmol),H2oba (258 mg, 1 mmol), bpe (182 mg,
1 mmol) and 2 mL of DMF and H2O (v/v 5 456). The tube was sealed and then
heated at 145uC for 120 h. After it was cooled to room temperature at a rate of 5uC/h,
green crystals of 1 were formed, which were collected by filtration, washed with EtOH
and Et2O, and dried in air. Yield: 718 mg (58% based on NiSO4?7H2O). IR (KBr
disk,): 3447, 1614, 1600, 1553, 1408, 1336, 1236, 1142, 980, 825, 785 cm21

(Supplementary Fig. S21); analysis (calcd., found for C52H46N4Ni3O19S): C (50.40,
50.29), H (3.74, 3.64), N (4.52, 4.58).

Preparation of [Ni3(oba)2(rctt-tpcb)(SO4)(H2O)4]?H2O (2). Single crystals of 1
(500 mg) in between glass slides were irradiated with a Hg lamp for ca. 450 min to
form 2 in 100% yield based on 1. IR (KBr disk): 3446, 1612, 1603, 1551, 1402, 1339,
1235, 1142, 985, 822, 783 cm21 (Supplementary Fig. S22); analysis (calcd., found for
C52H46N4Ni3O19S): C (50.40, 50.33), H (3.74, 3.66), N (4.52, 4.54).

Figure 3 | Photocyclodimerization of the bpe ligands in single crystals of
1 over the course of the UV irradiation. The purple spheres and

connections of the olefin and cyclobutane components represent higher

occupancy while other paler colours correspond to lower occupancy.

Figure 4 | Plots showing the percentage of bpe converted to rctt-tpcb in

the single crystal sample 1 with irradiation time; A: Data corresponding to

a lamp-to-sample separation of 20 cm with the light flux of 12.95 mw/cm2;

B: Data corresponding to a lamp-to-sample separation of 10 cm with the

light flux of 37.55 mw/cm2.
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Preparation of [Ni3(oba)2(rctt-tpcb)(SO4)(H2O)4] (2a). Single crystals of 2 were
heated at 180uC in the oil bath for 2 h to give compound 2a. IR (KBr disk): 3446, 1614,
1600, 1553, 1408, 1331, 1232, 1148, 981, 827, 784 cm21 (Supplementary Fig. S23);
analysis (calcd., found for C52H44N4Ni3O18S): C (51.15, 51.19), H (3.63, 3.64), N
(4.59, 4.56).

UV irradiation. Single crystals: One single crystal of 1 was sealed in a glass tube and
irradiated with a high-pressure mercury lamp at ambient temperature. The distance
between each sample and the UV light source was fixed to be 20 cm with the light flux
of 12.95 mw/cm2. The single crystal X-ray diffraction was used to monitor the ratio of
bpe/rctt-tpcb in each sample within the different irradiation time intervals (50 min,
70 min, 100 min, 145 min, 190 min, 240 min, 290 min, 340 min, 400 min and
450 min). The other single crystal of 1 was sealed in a glass tube and irradiated with
high-pressure mercury lamp at ambient temperature for 30 min, 80 min, 160 min,
200 min and 250 min, respectively. However, the distance between the single-crystal
sample and the UV light source was fixed to be 10 cm with the light flux of 37.55 mw/
cm2. The aforementioned same procedure was repeated for each sample.

Powder crystals: The crystals were firmly ground into small particles and then
spread evenly on a glass plate. Each sample was turned over frequently to receive the
maximum uniform irradiation. The distance between each sample and the UV light
source was fixed to be 20 cm with the light flux of 12.95 mw/cm2. The samples were
divided into 10 parts, each of which was exposed to the UV light for a different time
interval (50 min, 70 min, 100 min, 145 min, 190 min, 240 min, 290 min, 340 min,
400 min and 450 min). The photoproduct in each irradiated part was extracted using
the method (see Supplementary Information) for the 1H NMR identification.

Isolation of bpe and other photoproducts formed at different irradiation time
intervals. A mixture containing Na2(H2edta)?2H2O (1.8 g, 5 mmol), 1 or each other
sample obtained from UV irradiation over 1 for 50 min, 70 min, 100 min, 145 min,
190 min, 240 min, 290 min, 340 min, 400 min or 450 min (1.24 g, 1 mmol), NaOH
(0.2 g, 5 mmol), H2O (40 mL) and CH2Cl2 (40 mL) was placed in a 150 mL flask and
stirred for one day. The organic phase was separated from the reaction mixture and
the aqueous layers were also extracted using CH2Cl2 (4 3 30 mL). The combined
organic extract was concentrated to dryness in vacuo. The resulting sample was then
washed thoroughly with NaOH solution and H2O, and dried with anhydrous Na2SO4

to give bpe or other intermediate photoproduct as a yellow powder which was used for
the 1H NMR measurement.
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