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Introduction

Oxalate C,0,>” is ubiquitous in coordination chemistry. The
M/C,0,>” stoichiometry in oxalate complexes ranges from 1:1
up to 1:5. Moreover, oxalate often acts as a bridging ligand in
homo- and heterometallic compounds with open-framework
architectures’ and important magnetic and optical properties.>

Ferrioxalate, a common chemical actinometer, has rich
photochemistry.>” A noteworthy application of OH radicals,
photoproduced from ferrioxalate, involves oxidative deconta-
mination of organic substances in natural and industrial
systems.>® V" and V'™ are involved in heterometallic oxalates
with magnetic ordering.’

Early transition metals with higher coordination numbers
mainly form tetrakis(oxalato)metalates [M(C,04)4]"” (M =
ZrIV’lo,ll HfIV’3,12 NbIV’13,14 UIV’15,16 and Yb™ 17)' For Nb, both
Nb"™ and NbY form oxalate complexes. Three structures have
been reported for Nb™ oxalate complexes K4[Nb(C,0,),]-3H,0,
Ky (H3NCH,CH,),[Nb(C,0,),]-4H,0" and K4[Nb(C,0,)4]-4H,0-
1/2H,C,0,."* NbY typically forms tris(oxalato)oxoniobates(v),
[NbO(C,04);]>7,"*° even though one oxalate can be replaced
with two aqua ligands, as in the commercially available
(NH4)[NbO(C,0,),(H,0),]-3H,0  (Nb-Ox).>" Recently some
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(C204)3]-2H,0 (1), (phenH)3[NbO(C,04)3]-3H,0 (2), and (2-NH,-pyH)3[NbO(C,04)3]-2H,0O (3), which were
characterised by XRD, IR and EA. Bipyridinium salt 1 demonstrates remarkable photoactivity even under
irradiation by daylight. The nature of the photoactivity was studied by diffuse reflectance (DR) spec-
troscopy, ESR and quantum-chemical calculations.

mixed oxalates have been reported.**”>* Niobium oxide-based

materials are efficient photocatalytic materials.>*>® However,
photochemical potential of niobium oxalates remains un-
explored. Taking into account well documented photoactivity
of niobium oxide-based materials, on the one hand, and that
of coordinated oxalates, on the other hand, Nb oxalates are
worthy of investigation. In this study, we obtained three novel
salts of [NbO(C,0,);]’” with different protonated
N-heterocyclic cations and explored their photochemical
behaviour.

Results and discussion

Preparation and structure of 1-3

In aqueous solution, (NH,)[NbO(C,0,),(H,0),]-3H,0 (Nb-Ox)
equilibrates with several species, including the tris-oxalate
complex [NbO(C,0,);]*~.*° We prepared salts of [NbO(C,04);]>~
with protonated N-heterocyclic cations by the addition of stoi-
chiometric amounts of solid bpy, phen, or 2-NH,-py to aqueous
solution of Nb-Ox. Apparently, the initial [NbO(C,0,),(H,0),]”
anion rearranges into [NbO(C,0,);]>", and this equilibrium is
shifted due to poor solubility of the salts with N-protonated
heterocyclic cations. Crystal structures of (bpyH,)(bpyH)[NbO
(C204);]-2H,0 (1), (phenH);[NbO(C,0,)5]-3H,0 (2), and (2-NH,-
pyH):[NbO(C,04);]-2H,0 (3) were determined by single crystal
X-ray diffraction (XRD). In all cases, the Nb atom in
[NbO(C,0,4);]>~ has a pentagonal-bipyramidal coordination by
three asymmetrically coordinated oxalate ligands (d(Nb-O) =
2.110(2)-2.206(2) A), and a terminal oxo ligand (d(Nb=0) =
1.719(2)-1.730(2) A) (the Nb-O distances are listed in
Table S21). The [NbO(C,04);]*” anion (Fig. 1) forms strong
hydrogen bonds with water molecules and cations, which
explains low solubility and easy crystallization of 1-3. Relevant
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Fig. 1 View of [NbO(C,0,4)1>". Displacement ellipsoids shown with 50%
probability.

information about the geometry of hydrogen bonds is summar-
ized in Tables S3-S5.1 Attempts to use viologens that lack hydro-
gen bond donors as cations failed to yield crystalline products.

In the structure of 1 the three acidic protons were located
directly from XRD experiments near nitrogen atoms of bpy to
compensate the anionic charge. These protons participate in
the hydrogen bonding between bpyH™ cations and oxalate
ligands. Such protons can shuttle between the cations and
oxalate anions in the solid state. The crystal packing of 1 is
chiral due to the formation of chiral chains running along the
[100] direction, comprising both bpyH" cations and anions,
connected through hydrogen bonds (Fig. S17).

In the structure of 2 all phen are monoprotonated. Only one
phenH" cation participates in a weak (d(04:-N6) = 2.81(1) A)
hydrogen bond with an oxalate ligand of the [NbO(C,0,);]*~
anion (Fig. S2t). Other cations are connected only with water
molecules. The phenH" cations are also involved in n-x stacking
interactions (ca. 3.4 A), forming infinite columns (Fig. S3
and S47).

In the structure of 3 exclusive protonation of the pyridine
nitrogen is detected, while the NH, groups participate only in
hydrogen bonding. This is in agreement with the relative basi-
city of the respective nitrogen atoms. Oxalate ligands form
different H-bonds with cations and water molecules of crystal-
lization (Fig. S51). One sort of oxalate is connected only with
pyridinium-attached protons from two cations. Another sort
forms hydrogen bonds with two water molecules and two
amino groups. The remaining oxalate is connected with three
NH, groups and one water molecule. The aminopyridinium
cations pack as three-molecule associates connected by n-n
stacking interactions (ca. 3.5 A). These aggregates arrange
along the [001] crystal direction (Fig. S67).

UV spectroscopy and photodegradation of 1 in aqueous solutions

Concentration-dependent spectra of 1 in aqueous solutions are
shown in Fig. S7.f Beer’s law is fulfilled at <3 x 107> M;
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increase in concentration results in evident changes in spectral
shape and deviations from Beer’s law. At low concentrations
the spectrum exhibits a wide band with the maximum at
239 nm (e = 39900 M~ cm™"), and a shoulder at 268 nm (& =
18500 M~' em™"). The real spectrum is thus the superposition
of the spectra of the two individual species - bpyH" (which is
in equilibrium with bpy, pK, = 5.25 (ref. 30)) and [NbO(Ox);]>".
The deviation from Beer’s law is probably explained by equili-
brium between bpy, bpyH" and bpyH,>", formation of bpyH"
dimers or larger associates, proton transfer from bpyH' to
oxalate, or, eventually, {(bpyH)[NbO(Ox);]*"} ionic pairs.

The UV spectrum of [NbO(Ox);]*~ in aqueous solutions was
extracted from the observed spectrum of 1 below 3 x 107> M,
when Beer’s law is obeyed (curve 1 in Fig. S8f), and the bpy
spectrum was taken from ref. 31 (curve 2 in Fig. S8f). The
difference between the spectrum of 1 and the doubled spec-
trum of bpy yields the spectrum of the [NbO(Ox);]>~ species
(curve 3 in Fig. S8t). This spectrum contains an intense band
at 221 nm and a shoulder at ca. 234 nm, both corresponding
to LMCT from Ox>~ to d’-Nb’". Note that the gas phase DFT
calculations of the electronic absorption spectrum of 1 (see
below) produce a single narrow band at A,ps = 256 nm. The
calculated absorption transition involves excitation, mainly
localised on the bpyH' cations, with a minor contribution of
excitation localised on the nearest oxalates. Therefore, we have
a satisfactory agreement between the experimental spectrum
in aqueous solutions and the calculated spectrum in the gas
phase. The tail of the LMCT band extending to the near UV
spectral region is responsible for the photochemical activity of
1 in the solid state.

Irradiation of aqueous solutions of 1 in the near-UV region
results in slow photodegradation (Fig. S97). The absence of iso-
sbestic points testifies independent photochemical processes
for the bpyH" cation and [NbO(Ox);]>~ complex, with compar-
able quantum yields. Photochemistry of aqueous bpy (equili-
brium with bpyH") is rather complicated; several species (*bpy
(triplet state) and several types of free radicals) were detected
in time-resolved experiments.’>** For the [NbO(Ox);]*~
complex, one might expect photoredox processes starting from
inner-sphere electron transfer from Ox*>~ to Nb>*, typical of
oxalate complexes of other transition metals (e.g., photochem-
istry of ferrioxalate).>>” Due to the vastness and complexity of
the topic, liquid-state photochemistry of 1 will be described in
a separate contribution elsewhere. For our current purpose it
is sufficient to emphasize that no reversible photochemical
reactions were observed.

Photoactivity of solids 1-3

Polycrystalline powder of 1 is light-sensitive. Near-UV
irradiation results in dark-blue coloration. The diffuse reflec-
tion (DR) spectrum (Kubelka-Munk function) is shown in
Fig. S107 (curve 1). When irradiation time was short (several
seconds, Fig. S107), the coloration disappeared almost comple-
tely in a couple of hours (Fig. S10%). After this thermal dis-
coloration it was possible to restore coloration by repeating
irradiation. No visible photodegradation (monitored by

This journal is © The Royal Society of Chemistry 2018
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residual DR) occurred. Therefore, in the solid state 1 behaves
as a T-type photochromic system (with thermal backward reac-
tion).*® No photochromism was observed in aqueous solution.
The light-induced coloration of 1 is accompanied by an ESR
signal (curve 1 in Fig. S117). The ESR spectrum is a single line
with a half-width of 10 G (narrow light-induced signal from
quartz also appears as a result of quartz ampoule irradiation).
The ESR signal disappears both in the dark (curve 2 in
Fig. S11%), and after irradiation by visible light (“light anneal-
ing”, curve 3 in Fig. S117). The appearance and decay of the
ESR signal correlate with that of blue coloration. The kinetic
behaviour of both blue coloration and ESR signals in the dark
is complicated and depends on the irradiation time (to be dis-
cussed below). The ESR signal can be restored by UV

irradiation.
(BpyH)" (BpyH,)*' [NbYO(Ox), '~ "
(BpyH) " (BpyH,)*[Nb** 0> (0x*"),(0x)""]
(BpyH) " (BpyH,)*" [Nb** 0>~ (0x*7),(0x)" ] — 2)
(BpyH)" (BpyH,)"" [Nb** 0>~ (0x*"),(0x)"]
(BpyH) " (BpyH,) " [Nb**0*~ (0x*"),(0x) "] — 3)
(BpyH) " (BpyH,) " [Nb*" 0% (0x>"),(C0O,)" "] + CO,
(BpyH)" (BpyH,)"" [Nb** 0> (0x*"),(C0,)" ] — @
(BpyH)' (BpyH,) " [Nb°* 0~ (0x*"),] 4+ CO,
(BpyH) " (BpyH,)"" [Nb** 0%~ (0x*"),(CO,) "]
+ (BpyH) " (BpyH,)*" [NbVO(OX)s]Sf - (5)
(BpyH) " (BpyH,) " [Nb**0*" (0x*"),]
)’

+ (BpyH) " (BpyH,) " [NbYO(0x),]’” + CO,

Therefore, 1 demonstrates both T-type and P-type photo-
chromic behaviour, when both thermal and photochemical
discolorations are possible.

In addition to DR and ESR techniques, IR spectra of
UV-irradiated samples were recorded (Fig. S127). The only
IR-detected radiation-induced effect was an increase in the
intensity of the band attributable to free CO, bands. No signa-
ture of bulk structural changes was observed, which is
probably explained by low sensitivity of the IR technique to
surface reactions.

For 2, light-induced coloration was also observed
(Fig. S131), and a very weak singlet ESR signal with a half-
width of 13 G appeared after prolonged (tens of minutes)
irradiation (Fig. S14%). In the case of 3 neither light-induced
coloration (Fig. S151) nor ESR signals were detected. Hence,
the photochemical properties of 1-3 are strongly dependent on
the counter-cations. We believe that the species responsible
for the coloration and ESR signal in 1 is the radical cation of
bpyH,>*, namely bpyH,™ (Scheme S1}). The viologens, the
simplest of which is bpyH,>" dication itself, are well-known to
form very stable blue radical cations.?* The most common is
methyl viologen (MV>"), regarded as an organic photochromic

This journal is © The Royal Society of Chemistry 2018
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system due to reversible redox reactions.’’ Solid-phase
reduction of MV>* to MV"" upon thermolysis and photolysis is
well known.*" The ESR spectra of viologenic radical cations in
solutions demonstrate typical hyperfine splitting (HFS).**' In
the polycrystalline state HFS is averaged due to random orien-
tation, and ESR spectra appear as single lines with a linewidth
of ca. 10 G.** Note that the ESR spectrum in 1 cannot be attrib-
uted to the oxalate radical anion, which shows a very sharp
ESR signal (narrower than 1 G **). Also, the anisotropic powder
spectrum of the CO,"~ radical*! was not detected.

The mechanism of bpyH, " formation in the course of
photolysis of 1 is not evident. The possibility of direct photo-
induced electron transfer from the coordinated Ox*~ anion to
the bipyridinium counter-ion was examined by checking
photolysis of solid bipyridinium oxalate (4). No coloration was
produced. The absence of photochemistry in this case can be
explained by the absence of the absorption bands corres-
ponding to the charge transfer from bpyH,>" to [NbO(Ox);]>".
The LMCT band is thus necessary to start the photochemical
reaction. Therefore, the primary process of light absorption,
excitation transfer to the anion, the Nb=—O z-bond cleavage
and the light-induced electron transfer (eqn (1)) from oxalate
to Nb*" is followed by secondary electron transfer from Nb** to
bpyH,*" (eqn (2)).

The (bpyH)"(bpyH, ) [Nb>* 0?7 (0x*),> (0x™7)] “biradical”
couple, thus produced, if sufficiently stable, could be the
species responsible for coloration. Nevertheless, it cannot be
the same species as detected in the ESR spectrum, because the
latter features neither the characteristic narrow signal of
C,0,"7," nor the anisotropic CO,~ spectrum.”® One can
propose that after rapid decarboxylation of the oxalate
radical (eqn (3)), the resulting CO,~ reduces either bpyH"
(eqn (4); further reduction of bpyH, " is also possible) or
bipyridyl dication (eqn (5)), providing the “relay transfer” of
free valence. In this case, the migration of free valence can
be accompanied by the migration of bpyH' with the
formation of (bpyH,")'[Nb>*0*~(0x*7),]” and (bpyH), (bpyH,")"
[Nb>*O*7(0x*7);]’. Another possibility is just to transfer a
proton, leaving bpy in close proximity to (bpyH,)"
[Nb>*O*(0x*7),]” and  producing  (bpyH,)*"(bpyH,)"
[Nb>*O*(0x*7);]". In the case of methyl viologen, the
reduction of MV>" by CO,”~ in aqueous solutions is a
diffusion-controlled reaction.*®

Probably, both (bpyH,)[Nb**0*~(0x),> ]~ and
(bpyH)**(bpyH,") [Nb** 0> (0x*");]>~ species can be respon-
sible for coloration and ESR spectra. An alternative reaction
pathway could be represented by the oxidation of CO, ™ radical
anions by O, with the formation of superoxide radical O, (in
aqueous solutions this reaction is fast enough; its rate con-
stant is only an order of magnitude below the rate constants of
diffusion-controlled reactions®®). The reversibility of photo-
reduction on 1 can thus be explained by re-oxidation of bpyH,""
with dioxygen. The restoration of the original charges makes
the system ready for the next cycle of coloration-decolouration,
in spite of possible changes in the structure of the complex
caused by irreversible destruction of oxalate. Limited per-
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meability of crystals to atmospheric oxygen seems to be the
reason for the complicated kinetics of the backward reaction.

Kinetics of the backward reaction

A thermal backward reaction was monitored by DR and ESR
(Fig. S16a and S16bt correspondingly). For DR spectra the
Kubelka-Munk function (proportional to the concentration of
the light-absorbing centres) was used to measure the concen-
tration. For ESR spectra we used the amplitudes of the signals
instead of the second integrals, because the shape of the
signal did not change along the course of the reaction.

The main result of these kinetic measurements is that the
characteristic lifetime of active centres depends on the
irradiation lifetime. The longer irradiation time results in
deeper migration of the active centres inside the crystals and,
logically, in longer characteristic lifetimes.

Fig. S16af shows a kinetic curve after short irradiation as
monitored by diffuse reflection. The kinetics is described by
using the Kohlrausch-Williams-Watts (KWW) empirical
equation®’

o(t) = co exp[~(t/7)] (6)

where 7 is the averaged characteristic time of the process, and
the parameter # ranges from 0 to 1.*®* The KWW equation is
often employed for the description of kinetics in the solid
state, where the distribution of rate constants for individual
molecules exists, and typically, the values of parameter j are
around 0.5.*° The best fit for the kinetic curve (Fig. S16at)
gives f = (0.42 £ 0.03) and 7 = (530 + 70) s. The explanation of
the KWW behaviour within the framework of the proposed
reaction scheme is the stabilization of the radical cations at
different distances from the polycrystalline surface (e.g., due
the “relay” process). The deeper the radical cation from the
surface, the more long-living it is and the lower the probability
of its reoxidation. The irradiation time necessary to accumu-
late a strong enough ESR signal is usually longer than for the
DR signal, which results in longer decay times, as determined
from ESR. An example is shown in Fig. S16b,f where the
kinetic curve is fitted by the monoexponential function with
the characteristic lifetime (1470 + 150) s. For one of the
samples the half-life, measured from ESR, was 10 days.

Quantum mechanical calculations

These experimental findings were supported by DFT calcu-
lations. Theoretical investigation was restricted to 1. According
to X-ray data, 1 is written as (bpyH,)(bpyH)[NbO(C,0,);]-2H,O0.
Upon geometry optimisation, the stable form of 1 shows both
bpy as being singly protonated, while the third proton goes to
one of the oxalate ligands, viz. (bpyH),[NbO(C,04),(C,04H)]:
2H,0. The topological analysis confirms that the proton is
mainly bonded with oxalate, but the proton exchange requires
only 2.1 k] mol™". This proton is, strictly speaking, located
between a nitrogen atom of one bpyH" and an oxygen atom of
the oxalate ligand closest to it. In the following discussion, to
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be consistent, we shall consider only (bpyH),[NbO(C,0,),
(C,04H)]-2H,0.

Regarding the appearance of the blue coloration after
irradiation of 1, QM calculations assume initial photoisomeri-
sation: upon absorption of light quanta (at 250 nm) the system
undergoes a remarkable change in geometry (mainly around
the {NbO}** ion and in the positions of the acidic protons, see
below). The ground state (GS) potential energy hypersurface
shows two minima: one is “colourless” and the other is
“colourful” (blue; see Fig. S17at). GS in the colourless
minimum is photoexcited (250 nm) in agreement with the
absorption peak: the system undergoes an electronic transition
to the Frank-Condon region in the first bright singlet excited
state (ES); this absorption does not induce geometry change,
which still corresponds to the “colourless” GS minimum.
There is a certain distribution among the vibrational levels
that broadens the band shape, as follows from the vibronic
calculation. After initial absorption the system undergoes
molecular relaxation in ES, until it reaches a point from which
it goes down to the GS through a non-radiative way (very likely
via triplets). The region of the GS potential energy hyper-
surface to where the system “jumps down” is now far removed
from the previous minimum, due to significant changes in
geometry. Subsequently, the system relaxes on the GS and
reaches another minimum, the “colourful” one, close to the
point to where it had “jumped down” from the ES in the space
of the internal coordinates. This minimum corresponds to a
different geometry and electronic structure (vide postea). It
corresponds to blue coloration since the energy gap between it
and ES is narrower than for the “colourless” minimum
(absorbing in the UV); when this minimum is populated, the
absorption shifts to the red region.

In reference to Fig. S17b,T the absorption spectrum of the
compound in its “colourless” minimum is characterised by a
narrow transition band, centred at 4 = 256.4 nm. This exci-
tation is dominated by 0-0' transition. The absorption tran-
sition involves excitation basically localised on the bpyH"
cations (with minor contribution from the nearest oxalates),
from H to L and from H—1 to L+1 (Fig. 2, left). The absorption
spectrum of the compound in its “colourful” minimum is
characterised by a broad band, showing a partial vibronic
resolution underneath. The maximum is located at 1 =
576.8 nm. The transition is mainly L+1 to H. In this case we
observe a strong charge transfer character (Fig. 2): upon
absorption of a photon, the charge density moves from the
central moiety of the complex (NbO** plus oxalate ions) to a
bpyH" cation.

As for molecular geometries, in both the GS minima and
the ES optimised geometry, the Nb atom retains its pentagonal
bipyramidal coordination. An apex is occupied by 0>,
whereas the remaining six positions are occupied by as many
oxygen atoms from three bidentate oxalates. In the “colourful”
GS minimum we observe a remarkable change in the geome-
try. In particular, both bpyH' change their orientation with
respect to the anion (Fig. S18a and bf). One bpyH' cation
undergoes intramolecular proton transfer, from bpy

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Plot of the frontier MOs for the “colourless” (left) and “colourful”
minima (right). All isosurfaces are visualised with [isovalue| = 0.004 a.u.
Legend of colours for atomic species: white (H), grey (C), blue (N), red
(O), and light blue (Nb).

(“internal”, closer to the {NbO}-kernel) to the coordinated
oxalate (“external”, farther from the {NbO}-kernel). Photo-
induced proton transfer and acidochromism are quite
common in pyridinium derivatives.”® The oxalate complex
itself does not show remarkable changes in geometry: we
observe only that (a) the Nb=0 bond stretches by 0.02 A, (b)
the Nb-Ogyatate bonds become shrunk by 0.01 A, (c) the “equa-
torial” pentagon of the bipyramide becomes more regular, and
(d) in the “colourless” minimum the Nb is slightly out-of-
plane of the pentagon, whereas in the “colourful” minimum it
sits perfectly at the centre of it. The intramolecular inter-
actions were also investigated by means of the reduced density
gradient analysis (Fig. S18c and df). The attractive interactions
(depicted in blue when strong, in turquoise when weak) are
observed between Nb and apical Ogxalate; between water and
the nearest oxalate ion, between oxygen atoms of different
oxalate ions, and between oxalate ions and bpyH'. These
regions of attractive interactions are often close to the regions
of repulsive interactions, such that the stabilization is partially

This journal is © The Royal Society of Chemistry 2018
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reduced. This implies a certain “floppiness” of the complex
that may ease structural changes.

To verify the hypothesis of energy transfer between bpyH"
and the central {NbO}-containing moiety (see Scheme 1), we
computed the exciton transfer (or electronic energy transfer,
EET) coupling. To this aim, the system was partitioned into
three moieties: two donors (represented by the bpyH" ligands;
Fig. 3, highlighted in red and green, namely D, and D,) and
one acceptor (represented by the central core; Fig. 3, high-
lighted in blue, namely A). The EET coupling matrix element
Tger Was computed between the pairs D;-A and D,-A. For both
pairs, strong coupling was found; in particular, the EET coup-
ling is stronger for D,-A than for D;-A, viz. Tgpr(D,-A) =
—8.1 meV and Tggp(D,-A) = —25.0 meV. This is straightfor-
wardly explained on the basis of the orientation and distance
of the energy donors with respect to the acceptor. In both
cases, the main contributions to the coupling are the dipole-
dipole and the dipole-octupole interactions.

We finally investigated the charge separation after the EET
(Fig. 3). The geometries of [NbO(C,0,4);]>"~ and (bpyH)" were
fully optimised in the gas phase, and their spin density
were computed and plotted (Fig. S19f). In the case of
[NbO(C,04);]* ", the spin density is mostly localised on the
oxalate ion that equatorially and apically coordinates Nb, on
the O atom of {NbO}, and on Nb (Fig. S19at).

In (bpyH)" the spin density is localised on one of the two py
rings, more specifically, on the non-protonated one
(Fig. S19b¥), that is, on the py closer to the central moiety of 1.
The g-tensor computed for the (bpyH) radical confirms the
experimental attribution of the ESP spectrum (Table S67).
Scheme 1 depicts the energy transfer/electron transfer cycle, as
follows from DFT calculations. However, as discussed above,
this scheme is complicated by irreversible degradation of
oxalate and “relay” on the paramagnetic centres and protons.

)

energy transfer

bsorptlon

Nb- O bond
cleavage

%/

charge separation

Scheme 1 Proposed mechanism of complex 1 photoactivity (without
subsequent chemical reactions).
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Fig. 3 Scheme representing the two donors, D; and D, (viz., bpyH")
and the acceptor, A, involved in the energy transfer. The values of the
EET coupling matrix elements are also depicted.

Conclusions

A set of heterocyclic nitrogen bases was used to prepare
new niobium tris-oxalate complexes: (bpyH,)(bpyH)[NbO
(C204)3]-2H,0 (1), (phenH);[NbO(C,0,4)3]-:3H,0 (2), and
(2-NH,-pyH)3[NbO(C,0,);]-2H,O (3) salts by an equilibrium
shift in aqueous solutions of [NbO(C,0,),(H,0),]”. Complex 1
demonstrates intense blue photocoloration under daylight
irradiation. We proposed the mechanism of the process as the
results of light absorption by bpyH,", energy transfer to [NbO
(C,04);>7, and electron transfer from the excited anion back
to the cation producing blue cation-radical bpyH,".
Coordinated oxalate ligands serve as a source for highly redu-
cing anion-radical CO,~ which propagates the formation of the
blue paramagnetic centres (reduced bpy species) deeper in the
bulk of the sample. The key role in the photoactivity is played
by niobium coordinated oxalate, since (bpyH,)C,O, is not
photoactive. These findings suggest a possibility of using
niobium oxalates in photochemical processes, with potential
applications in solar cells, photocatalysis, smart materials,
Sensors etc.

Experimental

General information

(NH,4)[NbO(C,0,)»(H,0),]-3H,0, 2,2"-bipyridine (bpy), 1,10-
phenanthroline (phen) and 2-aminopyridine (2-NH,-py) were
used as purchased (Sigma Aldrich) without any purification. IR
spectra (4000-400 cm ™) were recorded on a Scimitar FTS 2000
spectrometer. Elemental analysis was carried out on a
Eurovector EA 3000 CHN analyser.

Synthesis of (bpyH,)(bpyH)[NbO(C,0,4);]-2H,0 (1)

0.04 g (0.26 mmol) of solid bpy was added to a clear solution
of 0.1 g (0.26 mmol) of Nb-Ox in 4 mL of distilled water. The
mixture was kept at 80 °C for 30 min until total dissolution of
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bpy. Then the solution was cooled and the product was
allowed to crystallise at 5 °C overnight. The crude product was
collected by filtration, washed with ethanol and dried in vacuo.
A typical yield was 0.130 g (71%). Anal. caled for
C,6H,oN,NbO; 5 C, H, N (%): 44.1, 3.3, 7.8. Found C, H, N (%):
43.8, 3.0, 7.9. IR (KBr, cm™"): 3509 (m), 3377 (w), 3192 (w),
3099 (m), 2922 (m), 2849 (m), 2132 (w), 1716 (vs), 1682 (vs),
1649 (vs), 1594 (s), 1556 (m), 1518 (m), 1487 (s), 1436 (s), 1387
(vs), 1269 (s), 1233 (s), 1199 (s), 1096 (W), 1060 (W), 1000 (w),
898 (s), 803 (vs), 756 (m), 712 (w), 613 (m), 543 (m), 510 (m),
470 (m).

Synthesis of (phenH);[NbO(C,0,);]-3H,0 (2)

Aqueous solution (5 mL) of phen (0.1 g, 0.56 mmol) was added
dropwise to an aqueous solution (5 mL) of Nb-Ox (0.218 g,
0.56 mmol) under stirring. Then the solution was kept at 80 °C
for 30 min and after cooling to room temperature it was trans-
ferred to the fridge for crystallization at 5 °C overnight. The
crude product was collected by filtration and dried in vacuo. A
typical yield was 0.123 g (23%), the phase purity was checked
by XRPD (Fig. S207). Anal. caled for C,,H;33N¢NbO;6 C, H, N
(%): 52.0, 3.4, 8.7. Found C, H, N (%): 51.6, 3.0, 8.3. IR (KBr,
em™): 3583 (m), 3485 (m), 3072 (m), 2096 (w), 2002 (w), 1728
(s), 1706 (vs), 1670 (vs), 1615 (s), 1597 (s), 1542 (s), 1497 (m),
1472 (m), 1450 (m), 1378 (vs), 1320 (m), 1251 (s), 1190 (m),
1148 (m), 997 (W), 900 (s), 885 (m), 850 (s), 817 (m), 797 (s),
773 (s), 719 (s), 620 (m), 541 (m).

Synthesis of (Z'NHz'py)g[NbO(C204)3]'2H20 (3)

Aqueous solution (5 mL) of 2-NH,-py (0.1 g, 1.06 mmol) was
added dropwise to the aqueous solution (5 mL) of Nb-Ox
(0.417 g, 1.06 mmol) under stirring. Then the solution was
kept at 80 °C for 30 min and after cooling to room temperature
it was transferred to the fridge for crystallization at 5 °C over-
night. The crude product was collected by filtration and dried
in vacuo. A typical yield 0.133 g (18%). Anal. caled for
C,1H,5NgNbOy5 C, H, N (%): 36.3, 3.7, 12.1. Found C, H, N
(%): 37.0, 3.4, 12.3. IR (KBr, cm™): 3588 (w), 3399 (m), 3335
(m), 3215 (s), 3109 (s), 2968 (m), 2692 (w), 1707 (vs), 1686 (vs),
1648 (vs), 1601 (m), 1531 (s), 1395 (vs), 1255 (m), 1198 (m),
1110 (w), 997 (m), 900 (m), 835 (m), 798 (s), 565 (m), 516 (m),
474 (m), 419 (w).

Synthesis of (bpyH,)(C,04) (4)

0.1 g (0.64 mmol) of solid bpy was added to a clear solution of
0.08 g (0.64 mmol) of oxalic acid in 5 mL of distilled water.
The mixture was kept at 80 °C for 30 min until total dis-
solution of bpy. Then the solution was cooled and the product
was allowed to crystallise at 5 °C overnight. The crude product
was collected by filtration and dried in vacuo. A typical yield
was 0.130 g (78%). Anal. caled for C;,H;0N,0, C, H, N (%):
58.6, 4.1, 11.4. Found C, H, N (%): 59.0, 4.1, 11.4. IR (KBr,
em™): 3445 (w), 3102 (m), 3071 (m), 3058 (m), 3007 (w), 2925
(w), 2418 (m), 1995 (m), 1731 (s), 1607 (s), 1491 (m), 1405 (s),
1230 (s), 1205 (s), 1060 (s), 1009 (m), 815 (vs), 725 (s), 638 (s),
485 (m), 455 (m), 397 (W).

This journal is © The Royal Society of Chemistry 2018



Published on 09 January 2018. Downloaded by University of Reading on 02/02/2018 05:38:27.

Dalton Transactions

X-ray diffraction

Crystallographic data and refinement details for 1-3 are shown
in Table S1 (see the ESIT). The diffraction data were collected
using a New Xcalibur (Agilent Technologies) diffractometer
with MoK, radiation (4 = 0.71073) by performing » scans of
narrow (0.5°) frames at 130 K. Absorption correction was done
empirically using SCALE3 ABSPACK (CrysAlisPro, Agilent
Technologies, Version 1.171.37.35 (release 13-08-2014
CrysAlis171 .NET) (compiled Aug 13 2014,18:06:01)). The struc-
ture was solved by direct methods and refined by full-matrix
least-squares treatment against |F|*> in anisotropic approxi-
mation with SHELX 2017/1°' in the ShelXle program.>
Hydrogen atoms for 1-3 were found directly and refined with
—1.2 thermal ellipsoid parameters. Hydrogen bond parameters
are summarised in Tables S3-S5.f The crystallographic data
have been deposed in the Cambridge Crystallographic Data
Centre under the deposition codes CCDC 1581634-1581636.

Photoactivity

UV absorption spectra in aqueous solutions were recorded
using an Agilent 8453 spectrophotometer (Agilent
Technologies). Diffuse reflection (DR) spectra for powder
samples were recorded using a SF-56 spectrophotometer with
the diffuse reflection accessory PDO-6 (LOMO, Russia).
Kubelka-Munk function was used for the analysis of spectra.
Stationary photolysis was performed using the radiation of a
high-pressure mercury lamp with a set of glass filters for separ-
ating necessary wavelengths. In several experiments, an
excimer XeBr lamp (excilamp) was used as a quasicontinuous
source of UV-irradiation at 282 nm (half width of light pulse,
5 nm; pulse duration, 1 ps; frequency, 200 kHz; incident light
flux, 2.7 x 10"® photons cm™2 s™*).”* ESR spectra were recorded
using an EMS spectrometer (Bruker). Free radicals were pro-
duced either by irradiation of a high pressure mercury lamp
directed to the ESR cavity or by excilamp irradiation before
placing the sample into the cavity.

Computational details

The molecular geometry of complex 1 was fully optimised
using restricted and unrestricted density functional theory
(DFT) in the gas phase, with different (odd) values of spin multi-
plicity. The initial guess of the atomic spatial coordinate was
taken from the experimental structure. We compared the results
obtained using different popular functionals. In particular, we
chose hybrid (viz. B3LYP,>* PBE0,” and M06-2X’°) and long-
range corrected (viz. CAM-B3LYP®” and wB97X-D°®) functionals.
The D3 version of Grimme’s semi-empirical dispersion with
Becke-Johnson damping GD3BJ*° was also included for the
B3LYP, PBEO, and CAM-B3LYP functionals. These functionals
were coupled with the Pople 6-311++G** triple-{ basis set for H,
C, N, and O, the LANL2TZ(f) triple-{ basis set on the Nb valence
(the outer 13 electrons) and the LANL2TZ(f) effective core
potential on the Nb core (the inner 28 electrons).®®

The vibrational frequencies and thermochemical values
were subsequently computed at the same levels of theory, with
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the harmonic approximation at 7' = 298.15 K and p = 1 atm,
and no imaginary frequencies were found. The most stable
state was found to be a singlet.

The UV-Vis absorption spectra for the equilibrium geome-
tries of the ligand were calculated using time-dependent
density functional theory (TD-DFT) accounting for Sy — S,, (1 =
1 to 50). The energy of the first 50 triplet states was also com-
puted. The nature of the vertical excited electronic state was
analysed. This investigation was performed by employing the
long-range corrected functional wB97X-D coupled with the
same basis sets used for the optimization and frequency calcu-
lation, using the optimised geometry obtained with the M06-
2X functional. The first bright singlet S(x,n*) excited state geo-
metry was optimised using analytical gradients. This investi-
gation was performed by employing the long-range corrected
functional ®B97X-D coupled with the same aforementioned
basis sets. The molecular geometry of the ground state was
subsequently re-optimised starting from the optimised geome-
try of the first bright excited state using coupling of the
MO06-2X functional with the aforementioned basis sets. The
optimization algorithm found another local minimum of the
ground state potential energy hypersurface, rather close to the
optimised geometry of the excited state. The vibrational fre-
quencies and thermochemical values were subsequently com-
puted at the same levels of theory, with the harmonic approxi-
mation at 7 = 298.15 K and p = 1 atm, and no imaginary fre-
quencies were found. This second minimum geometry was
subsequently used for computing the UV-Vis absorption spec-
trum at the TD-DFT level (functional ®B97X-D, same basis set
combination), accounting for S, — S,, (n = 1 to 50), along with
the energies of the first 50 triplet states. The nature of the ver-
tical excited electronic state was analysed. In addition, in both
absorption spectra, the vibronic progressions of the transition
were simulated including Duschinsky and Herzberg-Teller
effects.

The atomic charge population analysis, electric multiple
moments, electronic density, and electrostatic potential were
also computed within the Mulliken partition scheme for both
the ground and singlet excited (vertical and relaxed) states.

To investigate the presence and nature of the possible intra-
molecular hydrogen bonding interactions, the non-covalent
interaction (NCI) index combined with the second derivative of
the reduced density gradient and the second main axis of vari-
ation was employed.®***

The singlet-singlet exciton coupling matrix element was
computed through the transition density approach.®®™®” To
this aim, the system was partitioned in three moieties: two
donors (represented by the bpyH ligands) and an acceptor
(represented by the central core). The transition densities from
the ground to the first bright excited state for the three moi-
eties were computed at TD-DFT oB97X-D coupled with the
same aforementioned basis sets.

The molecular structure of radicals [NbO(C,0,);]*"~ and
(bpyH)*>™* was also fully optimised at the U-DFT level (doub-
lets), using the M06-2X functional coupled with the same
aforementioned basis sets. The total spin density (difference
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between o and P densities) was also computed. The ESR
g-tensor was also computed for (bpyH)>"™, at the U-DFT level,
using the B3LYP functional coupled with Barone’s triple-C
EPR-III basis set.*®

For the RDG analyses and exciton coupling calculations,
the integration grid for the electronic density was set to 150
radial shells and 974 angular points. For the other calcu-
lations, the integration grid was set to 99 radial shells and 590
angular points. The convergence criteria for the self-consistent
field were set to 10~'> for the RMS change in the density
matrix and 107" for the maximum change in the density
matrix. The convergence criteria for optimizations were set to
2 x 107° a.u. for the maximum force, 1 x 10~° a.u. for the RMS
force, 6 x 107° a.u. for the maximum displacement and 4 x
107°® a.u. for the RMS displacement.

The calculation of the RDG and its derivatives and the cal-
culation of the exciton coupling that were performed using
homemade codes. The EPR g-tensor was computed using the
ORCA 4.0.1 package.®® All the other calculations were per-
formed using the GAUSSIAN G09.D01 package.”®
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