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Chapter	3	
Visible	Light	Driven	Rotation	of	
Molecular	Motor	in	a	Dual‐Function	
Metal	Organic	Framework	Enabled	
by	Energy	Transfer	

 

 

 

 

 

 

 

 

 

 

 

 

 

The visible light driven rotation of an overcrowded-alkene based unidirectional molecular motor used 
as a strut in a dual-function metal organic framework (MOF) is reported. Excitation with green light 
of a palladium porphyrin triplet sensitizer incorporated in the material scaffold allowed for 
sensitization of molecular motor pillars by means of linker to linker energy transfer. The molecular 
motor was introduced in the framework scaffold with the post synthetic solvent assisted linker 
exchange method and the structure of the material was confirmed by powder (PXRD) and single 
crystal X-ray (SC-XRD) diffraction. Time-resolved phosphorescence showed a large decrease in the 
emission lifetime of the porphyrin upon exchange of the pillars for molecular motor, consistent with 
efficient energy transfer between the porphyrin linkers and molecular motor pillars. The rotation of 
the molecular motor in the solid state upon excitation with visible light was confirmed with 
NIR-Raman spectroscopy and showed similar rates of thermal helix inversion as that found in 
solution. 

This work will be submitted for publication. Manuscript in preparation. 
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Chapter 3  

3.1 Introduction	

The overcrowded-alkene based light-driven molecular motors constitute 
a prominent class of artificial molecular machines owing to their chirality 
controlled photochemically and thermally powered repetitive unidirectional rotary 
motion.1–3 Although, it has been demonstrated that these molecules can perform 
tasks in solution, such as control over the stereochemical outcome of catalytic 
reactions4 the Brownian motion precludes their cooperative action in ensemble 
required to achieve more advanced functions.5–7 Therefore, in order for these 
artificial molecular machines to reach their full potential, it is essential to overcome 
the effects of the thermal movement by integration of these dynamic molecules into 
mesoscopic assemblies.8 Incorporation and immobilization of these molecules in 
various supramolecular architectures, including organo9- and hydrogels,10,11 
polymers,12,13 liquid crystals14–17 or self-assembled monolayers18 provided a way to 
harness their light-induced rotational motion and resulted in fabrication of 
responsive materials, like adaptive polymers,19,20 artificial muscles10,11 or 
responsive surfaces18,21 with tuneable properties. However, to date, overcrowded-
olefins based materials operate by using harmful UV light, which among other 
drawbacks, limits the penetration depth, can potentially damage the system and 
offers only minor selectivity in the multiphotochromic materials.3,22,23 Therefore, 
the development of stimuli-responsive materials based on these molecules requires 
reliable and practical visible light excitation strategies which are compatible with 
a chosen material scaffold.  

The most common methods of red-shifting of the excitation wavelength of the 
molecular motors are based on HOMO-LUMO gap engineering featuring extension 
of the aromatic system,24 functionalization with donor-acceptor substituents25 or 
formation of metal complexes.26 However, these approaches typically lead to low 
quantum yield of the photoisomerization,24 are limited in absorption shift to the 
blue part of the spectrum and the resulting molecular architectures are synthetically 
difficult to incorporate in a given material scaffold.27 Alternatively, visible light 
driven rotation of these molecules can be achieved taking advantage of the 
intramolecular sensitization by means of energy transfer from a second 
chromophore.28 In principle, this approach requires less synthetic efforts and the 
excitation wavelength can be conveniently tuned over a broad spectral range 
limited only by the choice of a photosensitizer and triplet-triplet energy transfer 
requirements. In addition, the generality of this strategy is reflected in several 
examples of photoswitches including, azobenzenes,29,30 stilbenes31,32 and 
dithienylethenes,33,34 that can be triggered by energy transfer from secondary 
chromophores in solution.  
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Visible Light Driven Rotation of Molecular Motor in a Dual-Function 
Metal Organic Framework Enabled by Energy Transfer 

Metal organic frameworks (MOFs) constitute a class of hybrid materials composed 
of inorganic nodes and organic linkers connected in three-dimensional crystalline, 
highly porous network.35–37 Due to the high inherent porosity these structures 
possess internal free volume capable of promoting stimuli-responsive structural 
transformations,38–47 or rotational48–54 and translational55 motion of parts of the 
organic linkers organized in the crystalline solid. In addition, the structural 
diversity and chemical tunability of these materials makes them ideal platforms to 
achieve a spatial co-organization of functional molecules56,57 and chromophores.58 
Recent studies on light-harvesting multicomponent MOFs, showed a facile and 
long-distance energy migration between light-absorbing nodes and/or linkers in 
MOFs of various architectures.59–62 Furthermore, the incorporation of 
photochromic dithienylethenes struts in a pillared-layer porphyrin MOFs, provided 
a method for reversible photocontrol over energy transfer between adjacent 
chromophores and efficiency of singlet oxygen generation.63,64  

Recently we have demonstrated that a molecular motor incorporated as a strut in 
the pillared-paddlewheel MOF is capable of performing unhindered, large 
amplitude unidirectional rotary motion fuelled by UV light and heat.65 In the 
present study we show the rotation of overcrowded-alkene based molecular motor 
struts in a MOF fuelled by visible light which is enabled by linker to linker energy 
transfer. The desired material was obtained using a post-synthetic functionalization 
method from a parent Zn pillared-paddlewheel MOF bearing palladium porphyrin 
tetracarboxylic acid linker (PdTCPP) and bispyridyl pillars. The chosen MOF 
scaffold provided a proximal organization of both linkers allowing for the efficient 
energy transfer between the chromophores and a large free volume crucial for the 
unhindered rotation of the light driven molecular motor in the solid state.  

3.2 Design,	synthesis	and	characterisation	of	Motorized	Metal	
Organic	Framework	

The desired MOF was designed based on zinc pillared-paddlewheel topology 
related to the framework described earlier.65 In the chosen structure nodes of the 
framework, that is the zinc paddlewheel clusters, are connected by porphyrin 
tetracarboxylic acid linker (PdTCPP, Figure 3.1) forming two-dimensional layers, 
which are pillared by the second bispyridine derived linker. We envisioned, that the 
size of PdTCPP linker will ensure sufficient lateral separation of the pillars 
(molecular motors) and thus generate free volume critical for uncompromised 
rotation of the molecular motor (in the designed structure, distance between the 
nodes in [100] and [010] direction is approximately 17 Å, Figure 3.1). 
Furthermore, the length of bispyridyl derived molecular motor 1 pillar (N-N 
distance 15.6 Å, see Figure 3.1 for structure) should sufficiently separate the 
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Chapter 3  

porphyrin layers to prevent the interlayer porphyrin-porphyrin exciton transport. 
Finally, the nodes of the framework were based on closed-shell d10 configuration 
Zn2+ cations in order to exclude any undesired energy transfer between PdTCPP 
and nodes. Since MOFs of this topology are typically synthesized under relatively 
harsh conditions in the presence of strong mineral acids66, we decided to prepare 
the material of choice using a post-synthetic method, i.e. solvent assisted linker 
exchange (SALE) developed by Farha and Hupp.67–71 In this process, bispyridine 
derived pillars of the pillared MOFs can be exchanged for different bispyridyls of 
similar length under neutral conditions, which prevents side reactions and 
decomposition of the acid-sensitive linkers.67 Furthermore, it was demonstrated 
that with this method shorter pillars can also be exchanged for longer pillars 
thereby leading to more opened structures.69 However, due to the lack in the 
literature of data referring to suitable MOF scaffold that could serve as a substrate 
for SALE, first novel parent MOFs bearing pillars being weaker bases (higher pKa) 
than molecular motor 1 were designed i.e. either dipyridyl-naphthalene diimide 
(DPNI, see Figure 3.2a for structure) or meso-α,β-di(4-pyridyl) glycol (DPG, see 
Figure 3.3a for structure) pillars. 

 

Figure 3.1 (a) Structures of PdTCPP (left, top) and bispyridyl molecular motor 1 
(left, bottom) used as linkers for construction of the MOF framework. (b) 
Schematic representation of the rotation of molecular motor 1 incorporated as 
struts in the motorized pillared paddlewheel PdTCPP MOF driven by energy 
transfer from a PdTCPP sensitizer (right). Relevant dimensions of the elementary 
cell are given. 
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The initial attempts to construct the parent MOF bearing DPNI pillar were 
unsuccessful. It was found that the outcome of the synthesis strongly depends on 
the batch of the N,N-diethylformamide used for the solvothermal synthesis and the 
obtained precipitates were composed of different crystalline phases. The single-
crystal X-ray (SC X-ray) diffraction analysis revealed that the most abundant 
(based on the visual inspection of the shape of the crystals) light-orange, platelet 
crystals, showed only weak diffraction, unsuitable for interpretation of data and 
structure determination (Figure 3.2b).  

 

Figure 3.2 (a) Structures of the PdTCPP and DPNI linkers used for the synthesis 
of the parent MOF scaffold. (b) Optical micrograph of the crystals obtained in 
solvothermal (DEF) synthesis (scale bar 100 µm). (c) SC-X-ray structure (red 
blocks) showing the part of the elementary cell of the interpenetrated MOF 
(hydrogens have been omitted for clarity, black – carbon, blue – nitrogen, green – 
zinc, pink – oxygen, yellow – palladium). Space filling model of the packing in the 
solid state of the interpenetrated MOF (PdTCPP and DPNI fragments were 
coloured in violet and green respectively) along b (d), c (e), and a (f) 
crystallographic directions.  
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On the other hand, the second type of crystalline phase (dark orange blocks) 
present in the sample consisted of a two-fold interpenetrated pillared paddlewheel 
MOF.66 In the obtained structure, free volume generated by the asymmetric unit, is 
fully occupied by the secondary framework associated with the c glide plane 
symmetry of the elementary cell (Figure 3.2c-f).  

A shorter meso-α,β-di(4-pyridyl) glycol (DPG, see Figure 3.3a for structure) pillar 
was employed to preclude the formation of interpenetrated structures,. The desired 
pillared-paddlewheel framework was synthesized in a solvothermal reaction 
between PdTCPP, DPG, Zn(NO3)2·6H2O and tetrafluoroboric acid in a binary 
solvent mixture (DMF/EtOH) providing square-shaped crystals (Figure 3.4b). 
Interestingly, the reaction carried in the less acidic medium under otherwise 
identical conditions, gave predominantly needle-like crystals (Figure 3.3b) of 
three-fold interpenetrated framework with zig-zag structure (Figure 3.3c).  

 

Figure 3.3 (a) Structures of the PdTCPP and DPG linkers used for the synthesis of 
the MOF scaffold. (b) Optical micrograph of the crystals obtained in solvothermal 
synthesis without addition of EtOH as a co-solvent (scale bar100 µm). (c) 
Projection the along c direction of the SC-X-ray structure of interpenetrated MOF 
forming needle-shaped crystals (P21/n space group, hydrogens have been omitted 
for clarity, grey – carbon, steel – nitrogen, dark steel – zinc, red – oxygen, 
turquoise – palladium). 
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Characterisation by 1H NMR (d6-DMSO) spectroscopy of the digested (using 
D2SO4) square-shape crystals of the pillared-paddlewheel MOF showed the 
expected 1:1 ratio of DPG and PdTCPP linkers. The initial refinement of the  
SC-X-ray diffraction data collected from the target MOF revealed the expected 
layered structure composed of PdTCPP and Zn cations, while the DPG pillars 
could not be resolved, presumably due to the rotational disorder. Nevertheless, the 
interlayer distance of 9.2 Å (N-N distance between pyridyl N nitrogens coordinated 
to paddle-wheel clusters) determined from the structure, corresponded well with 
the N-N (N,N distance in DFT optimized structure B3LYP/6-31G(d,p) 9.4 Å) 
distance in DPG linker, indicating that DPG pillars are intercalating the layers of 
the framework (Figure 3.4c,d).  

 

Figure 3.4 (a) Structures of the PdTCPP and DPG linkers used for the synthesis of 
the parent MOF scaffold. (b) Optical micrograph of the crystals obtained in 
solvothermal synthesis with EtOH as additional co-solvent (scale bar 100 µm). (c) 
Packing diagram of the two-dimensional layers of PdTCPP in the unit cell of the 
parent MOF. (d) Stacking of the two-dimensional layers in the c direction 
(hydrogens have been omitted for clarity, black – carbon, blue – nitrogen, green – 
zinc, pink – oxygen, yellow – palladium). 
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The powder X-ray diffraction data (PXRD), acquired under solvent saturated 
conditions, corroborated bulk crystallinity and phase purity of the sample. 
Furthermore, Pawley refinement showed negligible differences between the 
experimental and simulated diffraction patterns, further indicating the formation of 
the target pillared structure (Figure 3.5a,b).  

 

Figure 3.5 (a) Molecular structure of the modelled pillared paddlewheel MOF, 
bearing DPG pillars. (b) Pawley fitting (red) of the diffraction pattern of the model 
pillared paddlewheel MOF to the experimental pattern (empty circles). The 
difference plot (blue) and Bragg peak positions (green) are provided.  

Subsequently, the parent DPG pillars were exchanged for bispyridyl molecular 
motor 1, by means of SALE, which was carried out by soaking the crystals of 
parent MOF in a DMF solution of bispyridyl molecular motor 1 at 80 ºC for 48 h 
(the solution of 1 was replaced with a fresh one after 24 h) to achieve full exchange 
(Figure 3.6).  

 

Figure 3.6 Schematic representation of the synthesis of the motorized pillared 
paddlewheel MOF via SALE from parent MOF bearing DPG pillars by exchange 
with molecular motor 1. 

1H NMR spectroscopy of digested (using D2SO4) crystals of motorized PdTCPP 
MOF in d6-DMSO indicated the anticipated 1:1 ratio of linkers (PdTCPP and 1) 
thus proving complete exchange (Figure 3.7a, red spectrum). The successful linker 
exchange was further confirmed by Raman spectroscopy. In contrast to the parent 
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MOF (Figure 3.7b, black spectrum), the Raman spectrum of the motorized 
PdTCPP MOF showed additional stretching modes at 1580 cm-1 (Figure 3.7b, red 
spectrum), characteristic of the overcrowded olefin 1 (Figure 3.7b, blue spectrum).  

 

Figure 3.7 (a) 1H NMR (400 MHz, d6-DMSO) of digested (with D2SO4) crystals of 
parent pillared paddlewheel MOF bearing DPG pillars (black, bottom spectrum) 
and motorized PdTCPP MOF (red, top spectrum). Coloured rectangles denote 
resonances of the protons of DPG (blue) and PdTCPP (violet), red oblique lines 
denote residual DMF. (b) Raman spectra (1064 nm, 250 mW) of the parent 
pillared paddlewheel MOF (black spectrum), bispyridyl molecular motor (blue 
spectrum) and motorized pillared paddlewheel MOF (red spectrum)  

Similarly, to the parent MOF, the SC-X-ray diffraction data of motorized MOF 
could only be partially resolved. From the refinement of the data the PdTCPP 
units and Zn paddle-wheel clusters forming a layered structure could be confirmed, 
while the disorder between the layers precluded the interpretation of electron 
density of the intercalating units (Figure 3.8b,c). Nevertheless, the clear increase of 
the interlayer distance to 15.6 Å (estimated N-N distance between pyridyl nitrogens 
coordinated to paddle-wheel clusters based on the distance between paddlewheel 
cluster in c direction), corroborated the incorporation of longer pillar, consistent 
with length of the molecular motor 1 (N-N distance in DFT optimized structure 
B3LYP/6-31G(d,p) 15.4 Å). In addition, the expansion of the elementary unit in 
[001] direction was clearly supported by the changes observed in positions of the 
peaks in the PXRD patterns. In comparison to the PXRD of the parent MOF, 
significant shifts to a lower diffraction angle were observed for the peaks ascribed 
to reflections from planes perpendicular and oblique to [001] direction, while peaks 
corresponding to reflections from planes parallel to [001] direction remained 
unchanged (Figure 3.8d). 
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Figure 3.8 (a) Optical micrograph of the motorized PdTCPP MOF crystals 
obtained via linker exchange (SALE) (scale bar100 µm). (b) Packing diagram of 
the two-dimensional layers of PdTCPP in the unit cell of the parent MOF. (c) 
Stacking of the two-dimensional layers in the c direction (hydrogens have been 
omitted for clarity, black – carbon, blue – nitrogen, green – zinc, pink – oxygen, 
yellow – palladium). (d) Comparison of the experimental PXRD patterns of parent 
MOF (black, bottom pattern) and motorized MOF (red, top pattern). The Miller 
indices of planes corresponding to the peaks are given in brackets. The vertical 
dashed lines indicate peaks in PXRD pattern of motorized MOF, corresponding to 
(hkl) (where l ≠ 0) planes. 

Furthermore, Pawley refinement showed good agreement between the dimensions 
of targeted motorized PdTCPP MOF elementary cell and the experimental PXRD 
pattern (Figure 3.9b). 
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Figure 3.9 (a) Molecular structure of the modelled pillared paddlewheel MOF, 
bearing bispyridyl molecular motor 1 pillars. (b) Pawley fitting (red) of the 
diffraction pattern of the model pillared paddlewheel MOF to the experimental 
pattern (empty circles). The difference plot (blue) and Bragg peak positions (green) 
are provided. 

3.3 Energy	transfer,	photochemical	and	thermal	isomerization	
in	solution	

The intermolecular energy transfer between the porphyrin (PdTCPP) and 
molecular motor 1 in solution was studied with emission spectroscopy (Figure 
3.10a). The deoxygenated solution of PdTCPP excited at 530 nm showed weak 
fluorescence at 610 nm and a strong emission band characteristic of 
phosphorescence at 710 nm (Figure 3.10c, black line). Conversely, for a mixture of 
PdTCPP and molecular motor 1 (1:5 ratio of PdTCPP:1) a significant decrease of 
the intensity of the phosphorescence, comparable to fluorescence intensity level, 
was observed, in line with the energy transfer between triplet states of porphyrin 
and motor (Figure 3.10c). The Stern-Volmer plot constructed in the presence of 
motor 1 at concentrations between 0.0 and 60.0 µM showed a linear relationship 
for the quenching of PdTCPP phosphorescence intensity with Stern-Volmer 
constant KSV = 0.033 µM-1 (Figure 3.10b).  

Intermolecular sensitization of the rotary motion of motor 1 in solution was studied 
with UV/Vis absorption, 1H NMR and Raman spectroscopies (Figure 3.11a). In the 
UV/Vis absorption spectra the region characteristic of the main absorption band of 
the molecular motor 1 (maximum ~400 nm, Figure 3.11b, blue, solid line) is 
dominated by the strong Soret band of PdTCPP (Figure 3.11, black, solid line). 
Nevertheless, irradiation of the argon purged solution of 1 and PdTCPP (1:1 ratio 
of 1:PdTCPP) at 530 nm (Q band) led to a bathochromic shift of the absorption in 
the region of the Soret band (Figure 3.11b, red, solid line), that is reminiscent of 
the formation of the metastable isomer of molecular motor (Figure 3.11b, blue, 
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dashed lines). Subsequent, warming of the sample led to the recovery of the 
original spectrum, consistent with the recovery of the stable isomer by thermal 
helix inversion (Figure 3.11b, red, dashed line). 

 

Figure 3.10 (a) PdTCPP phosphorescence quenching via intermolecular triplet-
triplet energy transfer. (b) Stern-Volmer plot of PdTCPP (24.2 μM solution in 
DMF) phosphorescence quenching by molecular motor 1 followed by changes in 
the emission intensity at 710 nm. (c) Comparison of emission spectra (λexc = 530 
nm) of DMF solutions of PdTCPP (black spectrum, 24.2 μM) and PdTCPP and 
molecular motor 1 mixture (red spectrum, 1:5 molar ratios of PdTCPP:1). The 
emission maxima of fluorescence (610 nm) and phosphorescence (710 nm) are 
indicated with arrows. 

Upon irradiation, thermal isomerization cycles could be performed for five 
consecutive cycles without any noticeable sign of fatigue or degradation (Figure 
3.11b, inset). The rate of the thermal helix inversion of bispyridyl motor 1 in the 
presence of PdTCPP in DMF solution was determined following the exponential 
recovery of the initial spectrum in the range of temperatures (6–14 ºC). Eyring plot 
analysis showed that the Gibbs free energy of activation of thermal helix inversion 
of the metastable isomer of 1 in this mixture (Δ‡G(20 ºC) = 88.0±0.4 kJ mol-1,  
t1/2 = 9.1 min) is essentially the same as the previously determined value in pure 
solvent (Δ‡G(20 ºC) = 87.7±0.6 kJ mol-1, t1/2 = 8.0 min), thereby demonstrating that 
bispyridyl motor 1 can operate similarly via direct excitation and triplet 
sensitization (Figure 3.11c). In the Raman spectra of the equimolar mixture of 
PdTCPP and 1 in DMF, bands characteristic of the PdTCPP partially overlap and 
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obstruct bands characteristic of 1 (Figure 3.11d, black spectrum) nonetheless, the 
features consistent with sequential photochemical and thermal isomerization of 1 
could be readily observed with Raman spectroscopy. Irradiation of this mixture at 
530 nm at low temperature led to a decrease in Raman intensity at 1580 cm-1 with 
concomitant increase in scattering intensity at 1550 cm-1, while warming to room 
temperature led to gradual recovery of the initial spectrum (Figure 3.11d).  

 

Figure 3.11 (a) Triplet-triplet sensitization of the light driven rotary motion of 
molecular motor 1 by intermolecular energy transfer from PdTCPP. (b) 
Comparison of UV/Vis absorption spectra (-20 ºC, 6.1 µM, DMF) of 1 (blue, solid 
line) 1 irradiated at 395 nm to photostationary state (blue, dashed line), PdTCPP 
and 1 (1:1 molar ratios) mixture (black, solid line), mixture of PdTCPP and 1 
irradiated at 530 nm to photostationary state (red, solid line) and photostationary 
state mixture after thermal helix inversion (red, dashed line). Inset shows changes 
in absorbance followed at 450 nm upon multiple irradiation and heating cycles. (c) 
Eyring plot analysis of the thermal helix inversion of the metastable 1 generated by 
energy transfer from PdTCPP in DMF. Thermodynamic parameters were obtained 
by fitting to the linearized form of Eyring equation using Origin software. Dashed 
lines indicate 95% confidence interval. (d) Changes in the Raman spectrum (1064 
nm, 250 mW) of PdTCPP and 1 solution in DMF (black, solid line), after 
irradiation at 530 at -20 ºC to a photostationary state (red, solid line) and after 
thermal helix inversion (red, dashed line). Arrows indicate changes characteristic 
of the metastable isomer. 
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In addition, the intermolecular energy transfer induced photoisomerization of 
motor 1 was monitored with low temperature 1H NMR spectroscopy (Figure 3.12). 
Upon irradiation of equimolar mixture of 1 and PdTCPP at 530 nm at -20 ºC, a 
new set of upfield shifted 1H NMR resonances was observed in the aliphatic part of 
the spectrum, characteristic of the metastable isomer (Figure 3.12, red spectrum). 
Warming the sample resulted in full recovery of the stable isomer as indicated by 
the recovery of original spectrum, (Figure 3.12, blue spectrum). The 
photostationary state ratio of metastable and stable isomers of 1, established upon 
irradiation at 530 nm, was approximately 49:51, consistent with changes observed 
in Raman spectroscopy (Figure 3.11d) which showed ~50% decrease of scattering 
intensity in the bands characteristic of the metastable isomer (1580 cm-1).  

 

Figure 3.12 Comparison of 1H NMR spectra (500 MHz, d8-THF, -30 ºC) of the 
PdTCPP and stable 1 (1:1) mixture (black spectrum), photostationary state 
mixture (red spectrum) and photostationary state mixture kept in the room 
temperature for 4 h in the dark (blue spectrum). The photostationary state ratio, 
established upon irradiation of the PdTCPP and 1 mixture at 530 nm was 
determined by integration of the aliphatic (Hb) and aromatic (fluorene protons 
adjacent to the double bond) peaks.  
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3.4 Energy	transfer,	photochemical	and	thermal	isomerization	
in	solid	state	

The extent of the energy transfer between the 1 and PdTCPP linkers in motorized 
MOF was characterised with time-resolved emission spectroscopy. The emission 
decays plots of phosphorescence upon excitation at 532 nm showed a much more 
rapid decay of the emission intensity in motorized PdTCPP framework compared 
to the parent MOF. These data were fitted with first-order bi-exponential decays 
and two lifetimes (shorter and longer) were found for the parent MOFs. The shorter 
lifetime (~1 μs) originate from instrument response, while much longer lifetime 
obtained (194 μs), was in close agreement to the lifetime of phosphorescence of 
PdTCPP in deoxygenated DMF.72 In contrast, for motorized MOF, 
phosphorescence lifetime was found to be shorter than the resolution of the 
instrument (<1 μs). Nevertheless, these data showed more than 100-fold decrease 
in the emission lifetime, thus demonstrating efficient energy transfer between the 1 
and PdTCPP linkers in MOF (Figure 3.13b).  

 

Figure 3.13 (a) Schematic representation of PdTCPP phosphorescence quenching 
in motorized pillared paddlewheel MOF. (b) Comparison of the decay curves of the 
emission intensity at 710 nm upon pulsed irradiation (532 nm) of the crystals of the 
parent MOF (black curve) and motorized MOF (red curve) 

The rotary motion of motor 1 inserted in the MOF scaffold was followed with 
Raman spectroscopy. Previously, we demonstrated65 that this technique is 
particularly convenient to study the rotary photochemical and thermal 
isomerization of molecular motors in condensed phase as it allows for 
unambiguous correlation of spectral data with structural changes that these 
molecules exhibit in response to light and heat stimuli. Upon exposure of the 
polycrystalline motorized PdTCPP MOF sample to green light (530 nm) a gradual 
decrease in the Raman intensity at 1580 cm-1 with concomitant increase in 
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scattering intensity at 1550 cm-1 was observed (Figure 3.14). Similar spectral 
features were detected upon photochemical isomerization of molecular motor 1 in 
solution and therefore could be ascribed to the same photochemical process. 
Furthermore, Raman spectroscopy showed that, for thin samples (much less than 
100 µm), the photostationary state of 1 reached via triplet sensitization in 
motorized PdTCPP MOF can be similar to that in solution (see experimental 
section). When the irradiation was discontinued, the initial Raman spectrum was 
recovered gradually indicating thermal relaxation of the metastable to stable 
isomer.70 The barrier of the thermal relaxation at room temperature was determined 
by monitoring the changes in the bands area characteristic of the metastable 
isomer. The Gibbs free energy of activation for this process (Δ‡G(20 °C)) was 
88.9±0.9 kJ mol-1, t1/2 = 13.1 min) and corresponded well to the barrier determined 
in DMF solution (88.0±0.4 kJ mol-1, t1/2 = 9.1 min). The good agreement between 
the barriers in the solution and the solid material shows that molecular motor 1 can 
perform its large amplitude rotary motion uncompromised while incorporated in 
PdTCPP MOF. Furthermore, irradiation/thermal relaxation steps could be repeated 
over five cycles without any noticeable sign of fatigue or photo-degradation 
indicating high stability of the framework.  

 

Figure 3.14 (a) Schematic representation of visible light and heat induced 
structural changes of molecular motor 1 during the rotation (half of the rotary 
cycle). (b) Changes in the Raman spectrum (1064 nm, 250 mW, 100 s integration 
time) of the motorized PdTCPP MOF sample (black solid line) upon irradiation at 
530 nm (red solid line) and subsequent thermal isomerization (red dashed line). 
Inset shows changes in the area around 1550 cm-1 followed upon multiple 
photochemical/thermal isomerization cycles. 
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3.5 Conclusions	

In conclusion we have established that the photoisomerization of the molecular 
motor pillars in a porphyrin Zn-paddlewheel MOF can be driven with visible light. 
The desired motorized MOF was constructed by post synthetic linker exchange 
SALE method from parent PdTCPP MOF bearing shorter bispyridyl pillars. 
Exchange of the pillars resulted in the expected expansion of the elementary cell in 
the c direction as shown by the SC-X-ray and PXRD data. Due to the spatial co-
arrangement of the chromophores in the motorized MOF scaffold, the energy 
transfer between the linkers was found to be very efficient, and the photochemical 
isomerization of the molecular motor could be achieved with green 530 nm light. 
Additionally, it was shown that the rate of the thermal helix inversion step of the 
molecular motors incorporated in the material scaffold is essentially the same as 
that observed in solution, owing to the large free volume present in the framework. 
In the future, these materials may find application as responsive membranes, 
miniaturized pumps able to accelerate flow of gases or in combination with 
catalytic function, miniaturized chemical reactors able to accelerate inflow of 
reactants and outflow products, powered by a sustainable and non-invasive visible 
light. Furthermore, we envision that this strategy may be used to expand the scope 
of photosensitizers and molecular motors to achieve even further red-shift of the 
excitation wavelength towards red light.  
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3.7 Experimental	Data	

For general experimental considerations and synthesis of motor 1 see Chapter 2. 
Samples were irradiated using M530F2 530 nm Thorlab LED. The steady-state 
emission spectra were recorded on Jasco FP-6200 spectrofluorimeter. The 
phosphorescence lifetimes of solid MOFs were recorded on home-built system 
comprising 532 nm excitation laser (SpitLight 400, InnoLas) and Omni-λ 300 
(Zolix) monochromator/spectrograph and digital phosphor oscilloscope (DPO 
4032, Tektronix). The Raman spectra were recorded on home-built system 
comprising a 1064 nm (Cobolt RumbaTM) 500 mW laser, equipped with Raman 



 

 
92 
 
 
 
 

Chapter 3  

probe (250 mW·cm-1 transmitted power density) and connected to spectrograph 
(AndorTM Technology, SR-303I-B) 

 

Synthesis of the DPNI-PdTCPP MOF 

A 4 ml screw-cap glass vial was loaded with 6.0 mg (1.0 equiv., 6.7 μmol) of 
PdTCPP, 2.8 mg (1.0 equiv., 6.7 μmol) of NDPI, 37 μL of stock solution (110 mg 
in 1 mL of EtOH) of Zn(NO3)2·6H2O (2.0 equiv., 4.1 mg, 13.7 μmol) and 33 μL of 
HNO3 stock solution in EtOH (1 M, prepared by dilution of concentrated nitric acid 
in EtOH) and diluted with 1.4 mL of DEF and 0.7 mL of EtOH. The mixture was 
sonicated in ultrasonic bath for 15 min and placed in 80 ºC in an oven for 96 h 
upon which the plate and block crystals have formed. The crystals were collected 
and washed thoroughly with DMF.  

Synthesis of the DPG-PdTCPP MOF 

A 4 mL screw-cap glass vial was loaded with 4.45 mg (1.0 equiv., 4.97 μmol) of 
PdTCPP, 2.15 mg (2.0 equiv., 9.94 μmol) of DPG, 40 μL of stock solution (110 
mg in 1 mL of EtOH) of Zn(NO3)2·6H2O (3.0 equiv., 4.43 mg, 14.8 μmol) and 32 
μL of HBF4 stock solution in EtOH (prepared by dilution of 100 μL of 48% 
aqueous HBF4 acid in 1ml of EtOH) and diluted with 0.75 mL of DMF and 0.25 
mL of EtOH. The mixture was sonicated in ultrasonic bath for complete dissolution 
and placed in 80 ºC in an oven for 24 h upon which the plate deep purple crystals 
have formed. The crystals were collected and washed thoroughly with DMF 
yielding ca. 5 mg of dried crystals (after removal of DMF). For 1H NMR studies 
the sample was washed thoroughly with DCM and dried in vacuum to remove most 
of the solvent from the pores of the material, next 0.5 mL of d6-DMSO with 3 
drops of D2SO4 were added and the sample was sonicated until full dissolution of 
the material. The needle crystals of the interpenetrated DPG-PdTCPP MOF were 
grown following an analogous procedure with 16 μL of HBF4 stock solution.  

Synthesis of motorized MOF via SALE  

Crystals of parent DPG-PdTCPP MOF (approximately 5 mg) were placed in 
a 4 mL screw cap vial, and bigger intergrowth patches of crystals were gently 
crushed with a Pasteur pipette, and 1 mL solution of molecular motor 1 
(approximately 20 mg) in DMF was added. The vial was kept in the oven at 80 ºC 
for 24 h after which, the solution of molecular motor was replaced by a fresh one 
and the exchange was continued for further 24 h at 80 ºC. Next, the crystals were 
washed thoroughly with DMF and kept under solvent for further studies. For 1H 
NMR studies the sample was washed thoroughly with DCM and dried in vacuum 
to remove most of the solvent from the pores of the material, next 0.5 mL of  
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d6-DMSO with 3 drops of D2SO4 were added and the sample was sonicated until 
full dissolution of the material. For SC-X-ray data crystals of the parent MOF were 
not pulverized and the exchange was carried for two days. 

General procedures for the Emission studies and Irradiation studies in 
Solution 

DMF for PL studies and UV/Vis adsorption experiments was degassed by at least 
three cycles of freeze-pump-thaw cycles with Argon. The stock solutions were 
prepared in a glove box and samples were transferred to quartz cuvettes and sealed 
in glove box. For 1H NMR studies the solution of PdTCPP and 1 (3.0 mmol for 
both components) in d8-THF was bubbled in the NMR tube with argon for ~ 30 
sec, submerged with Evans NMR tube equipped with optical fibre and sealed with 
Parafilm.  
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Figure 3.15 Changes in absorbance at 440 nm during thermal helix inversion of 
the metastable 1 isomer in mixture of PdTCPP and 1 (1:1) in DMF followed in 
range of temperatures (6–14 °C) over time with UV/Vis absorption spectroscopy. 

General procedures for the Emission studies in MOFs 

A suspension of either parent DPG-PdTCPP or motorized 1-PdTCPP MOFs 
crystals in DMF was placed in an NMR tube, degassed by bubbling with Ar for 
~30 sec, capped and sealed with Parafilm. The intensity decay curves were 
recorded on hand-agitated samples.  

General Procedure for the Irradiation studies in MOFs 

The sample of solid motorized MOF was placed between two quartz slides with 
small amount of DMF, and slides were sealed with Teflon tape. The samples were 
placed on a microscope stage and irradiated at 530 nm with LED. 
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Figure 3.16 Comparison of the PSS530 Raman spectra (1064 nm, 250 mW) of 
PdTCPP:1 mixture in solution at -20 ºC (left) and motorized PdTCPP MOF 
(right). Ratio of Raman intensities at PSS530 (I1581/I1550) 1.2 and 1.6 for solution and 
solid, respectively, indicates that the ratio of metastable to stable isomer at the PSS 
is similar in both cases.  

Details on Single X-ray Studies 

A single crystal of MOF was mounted on top of a cryoloop and transferred into the 
cold nitrogen stream (100 K) of a Bruker-AXS D8 Venture diffractometer. The 
structure was solved by direct methods using SHELXT software and refinement of 
the structure was performed using SHLELXL software. The contribution of 
electron density in the voids was removed using the PLATON/SQUEEZE routine. 
Hydrogen atoms were generated by geometrical considerations. 
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Table 1 Crystallographic data for DPNI-PdTCPP MOF 

Chemical Formula C36 H18 N4 O6 Pd0.5 Zn 
Mr 721.11 
crystallographic system monoclinic 
color, habit orange, block  
size (mm) 0.26 x 0.18 x 0.16  
space group C 2/c 
a (Å) 23.4265(8) 
b (Å) 23.4769(8) 
c (Å) 19.9645(7) 
, deg 115.564(2) 
V (Å3) 9905.2(6) 
Z 8 
calc, g.cm-3 0.967 
µ(Cu Kα), cm-1 2.395 
F(000) 2904 
temp (K) 100(2) 
 range (deg) 2.813 –  59.141 
data collected (h,k,l) -26:26, -26:26, -22:22 
no. of rflns collected 39568 
no. of indpndt reflns 7122 
observed reflns 5829 (Fo  2 σ(Fo)) 
R(F) (%) 6.78 
wR(F2) (%) 16.11 
GooF 1.115 
Weighting a,b 0.0359,  106.0779  
params refined 430 
restraints 439 
min, max resid dens -0.544, 0.995  

Table 2 Crystallographic data for parent DPG-PdTCPP MOF 
Chemical Formula C48 H24 N6 O8 Pd Zn2 
Mr 1049.94 
crystallographic system tetragonal 
color, habit red, platelet  
space group P 4/mmm 
a (Å) 16.6421(8) 
b (Å) 16.6421(8) 
c (Å) 16.1146(15) 
V (Å3) 4463.09 
Z 1 
calc, g.cm-3 0.391 
R(F) (%) 6.58 
temp (K) 100(2) 

Table 3 Crystallographic data for DPG-PdTCPP MOF 
Chemical Formula - 
Mr - 
crystallographic system monoclinic 
color, habit orange, needle  
space group P 21/n 
a (Å) 7.8815(11) 
b (Å) 15.761(2) 
c (Å) 33.580(5) 
V (Å3) 4162.39 
, deg 93.750(4) 
Z 1 
calc, g.cm-3 - 
R(F) (%) - 
temp (K) 100(2) 
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Table 4 Crystallographic data for motorized 1-PdTCPP MOF 
Chemical Formula - 
Mr - 
crystallographic system tetragonal 
color, habit orange, platelate  
space group P 4/mmm 
a (Å) 16.625(3) 
b (Å) 16.625(3) 
c (Å) 22.463(8) 
V (Å3) 6208.56 
Z - 
calc, g.cm-3 - 
R(F) (%) - 
temp (K) 100(2) 

 

Details on Pawley refinement 

Pawley refinement of powder X-ray diffraction (PXRD) patterns and establishment 
of structural models were performed using Materials studio Software suite. For 
parent MOF a tetragonal unit cell with lattice parameter a = b = 16.76176(6) Å, c = 
16.34245(1) Å was found. This is in good agreement with the original single 
crystal data on parent MOF with a unit cell in space group P4/mmm and lattice 
parameter a = b =16.97084(8) Å, c = 16.1146(15) Å which was collected at 100 K, 
while the PXRD data was recorded at ambient temperature. For motorized MOF 
a tetragonal unit cell with lattice parameter a = b = 16.76049(8) Å, c = 
22.50124(1) Å could be refined from PXRD data. This represents an elongation of 
the unit cell in c-direction of 38% proportional to the elongation of the pillaring 
ligand while the a, b lattice constants are found to be almost identical to parent 
MOF. The parameters for Pawley refinement are summarized in Table 1. 

Table 5. Parameters for Pawley refinement of DPG-PdTCPP MOF and motorized 1-PdTCPP MOF 

 Parent MOF Motorized MOF 
Symmetry, space group Tetragonal, P4/mmm Tetragonal, P4/mmm 
Unit cell parameter, (Å) a=b=16.97084(8) Å, c= 16.1146(15) Å a = b = 16.76049(8) Å, c = 22.50124(1) Å 
Unit cell volume, (Å3) 4641.15(4) 6320.91(5) 

Wave length (Å) 1.5406 
2θ range (°) 3 - 70 

Instrument geometry Debye-Scherrer 
Profile function Pseudo-Voigt 

U 1.10545 0.38304 
V -0.20962  -0.09926 
W 0.02488 0.03223 
NA 0.93327 0.57046 
NB 0.00095 0.00363 

Line shift Debye-Scherrer 
Shift #1 -0.07229 -0.10382 
Shift #2 0.43367 0.41353 
Final Rwp 0.0409 0.071 
Final Rp 0.03 0.0414 

Rwp (without background) 0.0542 0.162 
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