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Abstract Intercalation compounds such as the ruthenium
trisbipyridyl complex in inorganic layered ion-exchangers
(a- and y-zirconium phosphate) have been synthesized using
the batch method. There is no loss of bipyridyl ligand from
the metal ion during the exchange of the ruthenium trisbi-
pyridyl complex in these host matrices. The materials
obtained are thermally stable up to ~330 °C (y-phase) or
~380 °C (a-phase). The complex decomposition occurs in
one or more steps and at ~600 °C the complex decompo-
sition is complete. The X-ray patterns of ruthenium materials
show a new phase with an increase in the interlayer distance
with respect to the initial phase. Microanalysis measure-
ments confirm the fact that the ruthenium complex is not
modified when exchanged and the complex decomposition
depends on its position in the host matrices.
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Introduction

Several authors in the last decade have shown a growing
interest in supporting the tris-(2,2’-bipyridyl) ruthenium (IT)
complex (hereafter referred to as Rubipy), compound well
known for its properties as a good photosensitizer in the
water-splitting system to produce hydrogen. Among the
support studied many were inorganic, such as clay minerals
[1-3], often dispersed as colloidal systems [4] as well as
zeolites [5, 6] or semiconducting oxides [7, 8]. In all these
systems the adsorption and emission spectra are similar to
those in aqueous solution. In the case of compounds with
ion-exchange properties such as synthetic layered o-zirco-
nium phosphate [a-Zr(HPO,4),-H,O, o-ZrP], in addition to
the above mentioned procedure, Rubipy was added to the
basic components of the ion-exchanger during the prepa-
ration either by the reflux method or direct synthesis [9, 10].
Other methods consist of exchanging Rubipy with o-ZrP-
exahydrated [11]; or «-ZrP intercalated with sulphonate [12,
13]; with tetralkylammonium [14] and butilammonium
derivatives [15, 16]. The latter procedure leads to less
crystalline materials, even if good uptakes of the complex
are achieved. Furthermore, from our experience on similar
systems, there are doubts, for example, as regards the
complete elimination of the tetralkylammonium or buti-
lammonium ions during the exchange process. The
presence of the complex and the co-exchanging alkyl-
amines, during the synthesis within «-ZrP, can be avoided
by the direct Rubipy ion-exchange in o-ZrP framework
[12]. In this paper further studies are reported on the ion-
exchange and intercalation properties of the layered inor-
ganic acid phosphates of tetravalent metals and derived
materials [17] and also the results of the investigation
concerning the intercalation by ion-exchange of Rubipy
in «-ZrP or sol-gel zirconium phosphate (SGZrP) or
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y-zirconium phosphate [y-Zr(H,PO4)(PO,4)-2H,0, y-ZrP]
by using the batch method and by preswelling the host
matrices with ethanol. a-ZrP and SGZrP even if similar,
were chosen for their different crystallinity which can
influence the quantity of the ion-exchange. In fact SGZrP is
less crystalline and less ordered than o-ZrP and so the ion-
exchange is easier and faster. y-ZrP was also chosen for its
large cross-sectional areas which can accommodate big
guests. The ion-exchange using zirconium phosphate and
Rubipy, already studied in our previous paper [18], occurs
by direct uptake of the Rubipy from the solution in such
layered ion-exchangers. The goal of the exchange is that no
loss of ligand from the complex metal ion takes place. The
in situ formation method [19-22] was followed but the
results obtained were no good. In this paper the study of the
thermal behaviour and stability of the materials obtained
and the study of their structural phases after the exchange
are also reported.

Experimental
Chemicals

Ru(bipy);Cl,-6H,O and all other reagents were of the
highest available purity and used without further purifica-
tion. The compounds o-ZrP, SGZrP and y-ZrP were
prepared as reported in the references [23-25],
respectively.

Materials

As the direct intercalation of the Rubipy complex into «- and
sol-gel zirconium phosphate and y-zirconium phosphate was
not successful, a guest—exchange reaction was adopted and,
prior to the intercalation of the complex, ethanolic forms
(metastable ethanolic forms) referred to as «-ZrPEtOH [26],
SGZrPEtOH [27] and y-ZrPEtOH [28] were prepared. The
weak bonds existing between ethanol and the acid sites of
the different hosts ensure the eventual formation of pure
phases and an increase of the initial d, interlayer distance
(1420 A vs. 7.56 A; 870 A vs. 7.56 A; 16.60 A vs.
12.30 A, respectively). The intercalation of the Rubipy
species into the layered ion-exchangers was carried out
following the batch procedure, at 60 °C, for a week, with
Ru(bipy);Cl-6H,O 1.5 - 10 > moldm™ hydroalcoholic

solution (EtOH:H,O = 1:1), giving «-ZrPRubipy, SGZr-
PRubipy and y-ZrPRubipy materials.

Analytical measurements and instrumentation

Concentration changes of Rubipy in the supernatant before
and after the contact, were determined by conventional
absorption spectrophotometry, Beckman DB at A =
452 nm, & = 14,600 dm® mol~! cm™!. The XRPD pat-
terns of the solids, at room temperature (r.t.) or higher
temperatures (h.t.) were carried out in order to study the
phase changes. This was done by monitoring the d and its
harmonics. A Philips diffractometer (model PW 1130/00)
with Ni-filtered CuK, radiation (1 = 1.541 A) was used.
The thermal behaviour, organic ligand and water content of
the solids of the intercalation compounds were determined
with a simultaneous TG-DTA Stanton Redcroft 1500
thermoanalyzer, Pt crucibles, heating rate 10 °C min_l,
heated up to 1,100 °C to constant weight in an air or
nitrogen flow. The content of the ligand bipy (carbon,
nitrogen) in the materials was also determined using a
Fisions 1108 elemental microanalyser (M.A.).

Results
Synthesis

The uptake of Rubipy using the ethanolic form of the three
examined exchangers occurs via H'/[Ru(bipy);>" ion-
exchange, since the pH of the supernatant decreases to a
value, upon completion, that depends on the initial
exchanger itself. In Table 1 the chemical formula of all the
ruthenium materials obtained with their d and colour are
reported. The o-ZrPRubipy material was prepared by
contacting 1 mmol of «-ZrPEtOH with a quantity of
Ru(bipy);CL-6H,O 1.5 - 10 >moldm™ hydroalcoholic
solution, at 60 °C, for 4 days, so that a maximum loading
of 0.5 moles of Rubipy/mole of exchanger could be
eventually achieved. As soon as the exchange occured the
material colour changed from white to brilliant orange. The
pH of the supernatant decreased from ~6.10 (initial value
of Rubipy solution) to a value of ~4.18. The solid was
filtered off and the change in the concentration of the
Rubipy solution before and after the contact was deter-
mined. The highest cation uptake was obtained with

Table 1 Obtained compounds
and some of their physico-

chemical characteristics

Chemical formula d (10\) Colour

o-ZrH; 74[Ru(bipy)z]o.13(PO4),-2.70H,0 14.24 Brilliant orange
SGZrH; o7[Ru(bipy)s]lo.025(PO4),-2.45H,0 7.60 + 14.24 Pale orange
(y-ZrH, go[Ru(bipy)s]o.20(POy4),-3.20H,0 18.40 Brilliant orange
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0.13 moles of Rubipy/mole of exchanger. The kinetic
uptake was also carried out in batches at set time intervals.
The uptake of ~50% of the total amount exchanged of the
complex solution used, was achieved after ~5 h, and
100% after 4 days. This can be explained by the steric
hindrance (Ru®" surrounded by 6 rings) of the complex
inserted. Attempts were made to obtain higher uptakes of
the complex by: (i) increasing the concentration of the
contact solution; (ii) doubling the volume of the contact
solution; (iii) increasing the number of days of contact; (iv)
using the propanolic form of the exchanger which has
higher values of d compared with those of ethanolic forms
(15.60 A vs. 14.20 A respectively). However, the results
obtained were poor and not satisfying (Table 2). As far as
the material obtained from the SGZrPEtOH is concerned
the highest Rubipy uptake was obtained with 0.025 moles
of Rubipy/mole of exchanger. (It must be remembered that
o-ZrP directly contacted with EtOH and subsequently with
the Rubipy solution does not give any exchange because
o-ZrP does not intercalate the EtOH, as reported in [23]).
As regards SGZrP it is less crystalline and less ordered than
o-ZrP and so the exchange could be easier, but in this case
neither a hydrothermal synthesis (HB) nor prolonged time
of batch contact (Table 3) [29] enhances the complex
exchange which results less than in the case of «-ZrP. The
ion-exchange is improved only by using a more diluted
solution (7 - 10~ *moldm ™ vs. 1.5 - 10 moldm ). In the
case of y-ZrP the Rubipy materials were synthesized as had
been previously done in the case of a-materials. The pH
value decreased (initial pH = 6.10 vs. final pH = 3.12)
giving a final loading of 0.20 moles of Rubipy/mole of
exchanger. As regards the kinetic uptake, performed at
different set time intervals by y-ZrPEtOH and the Rubipy
solution, 60% of the maximum uptake of the ruthenium
complex was achieved after 1 h; 80% after 24 h; 100%
after 4 days. Rubipy uptakes were higher than in the case

of o-ZrP or SGZrP (Table 4), but there was never a 100%
of ion-exchange or more than 20%, because of the steric
hindrance of the Rubipy complex.

Thermal behaviour

In Fig. 1 the TG-DTA curves of ruthenium derivatives of
o-ZrP, SGZrP and y-ZrP are compared with the initial
materials. It is clearly evident that, in the case of the o-
derivative, after the dehydration process which occurs
between 25 and 350 °C, the decomposition of the Rubipy
complex begins and is complete at ~620 °C. The Rubipy
decomposition occurs in two well defined steps, evident
both from the TG and the DTA curves. The decomposition
occurs with a different kinetic: the first loss is rapid and the
second one more gradual. Immediately after the first loss
the second loss starts and in the TG curve it can be
observed as an inflection. In correspondence with the DTA
curve, intense sharp and broad exothermic peaks at 450 °C
and at 490 °C occur, respectively. The colour of the
material is dark orange at 430 °C and turns to grey at
~480-500 °C, when the complex has finished decom-
posing. In the range of temperature between 450 and
620 °C, the total weight loss comprises the concomitant
water elimination arising from the condensation of the
unchanged acid phosphate groups to give zirconium
pyrophosphate. A small exothermic peak at 990 °C is due
to the formation of cubic zirconium pyrophosphate. In the
case of SGZrPRubipy the thermal behaviour is similar to
that of o-ZrPRubipy: immediately after dehydration
between 25 and 350 °C, two subsequent weight losses
occur up to ~ 620 °C. From the DTA curve the first loss at
430 °C (a sharp exothermic peak as in the «-case) is related
with the complex decomposition. The second one at
550 °C (endothermic peak) is related to the water arising
from the condensation of the phosphate groups of the

Table 2 C% and N% of the

. . Materials %C %N %C %N %C %N
bipyridyl at the appropriate 200 °C 380 °C 430 °C
temperature®

Ru(bipy);Cl,-6H,O 55.04... ...12.91 54.21... ...12.66 2.32 1.06
29.38C 590 N 28.91C 578 N 1.23C 048 N
Grey
(a-ZrPRubipy 5 h 7.58 1.64 7.31 1.64 5.39 1.31
0.20 0.20 0.19 0.20 0.14 0.16
Dark orange
o-ZrPRubipy 2 days 12.63 2.90 12.62 2.87 6.27 1.71
0.37 0.36 0.37 0.36 0.18 0.21
Dark orange
o-ZrPRubipy 4 days 13.40 3.09 13.00 291 7.03 1.96
* Bold numbers are diamines 0.39 0.39 0.39 0.38 0.204 0.24
content at established Dark orange
temperatures
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bipyidy a the spproprite. Vel BC_BN LGN GC N
temperature®
SGRubipy (not preswelled) 1.21 0.24 1.19 0.23 abs abs
0.030 0.024 0.030 0.024 Light grey
SGRubipy 7-10 *moldm > 3.17 0.68 3.11 0.62 0.25 ass
0.075 0.072 0.069 0.069 Light grey
SGRubipy 1.5-10>moldm > 1.51 0.29 1.50 0.28 0.12 abs
0.036 0.030 0.036 0.030 Light grey
SGRubipy (more days of batch contact) 3.15 0.65 3.12 0.62 0.22 abs
0.072 0.072 0.069 0.069 Light grey
* Bold numbers are diamines SGRubipy HB 1.56 0.31 1.50 0.27 0.08 abs
content at established 0.038 0032  0.037 0031  Light grey

temperatures

Table 4 C% and N% of the bipyridyl at the appropriate temperature®

Materials %C %N  %C %N %C %N
200 °C 380 °C 430 °C
(»-ZrPRubipy Sh 1239 271 962 249 181 093

036 033 027 030 0.027 0.099
Dark orange
14.03 3.11 1038 272 1.95 1.01
042 039 029 033 0.030 0.108
Dark orange
20.61 490 1486 437 279 1.62
0.60 0.63 042 054 0.045 0.174

Dark orange

y-ZrPRubipy 2 days

y-ZrPRubipy 4 days

* Bold numbers are diamines content at established temperatures

unchanged acid phosphate groups to give zirconium
pyrophosphate. This fact is confirmed by the microanalysis
data (Table 3). This is because the amount of the Rubipy
complex intercalated is very small. The colour of the
material is light grey at 430 °C, when the ruthenium
complex has finished decomposing. This confirms the fact
that few H" of the POH groups on the surface have been
exchanged and they are so weakly linked to the matrix. An
evident exothermic peak at 1,000 °C, sharper than that
observed in o-ZrPRubipy, is due to the cubic zirconium
pyrophosphate formation. As regards y-ZrPRubipy, after
dehydration between 25 and 330 °C, losses suddenly occur,
in three steps, up to ~ 600 °C with different kinetics and
three exothermic peaks are evident in the DTA curve, at
400, 440 and 510 °C. The third loss also comprises both
the ruthenium complex decomposition and the water aris-
ing from the phosphate condensation to give pyrophosphate
groups. At 950 °C a small exothermic peak of cubic zir-
conium pyrophosphate formation is present. The way the
Rubipy complex decomposes differs in these three host
matrices and this is due to its different position after the
ion-exchange. In fact the Rubipy exchange occurs first of
all externally and decomposes more easily (less strongly

@ Springer

linked to the host matrix). This is the case of SGZrPRubipy
whose complex decomposition occurs in only one step. In
the case of a-ZrPRubipy and y-ZrPRubipy the ion-exchange
occurs inside the layers of the exchanger (more strongly
linked to the host matrices). The thermal behaviour of
Ru(bipy);Cl,-6H,0, as a pure salt, not intercalated, was also
performed. The TG-DTA curves show dehydration between
25 and 320 °C, and the complex decomposition between
330 and 520 °C (Fig. 2). a-ZrPRubipy, SGZrPRubipy and
y-ZrPRubipy materials also underwent thermal treatment, in
a nitrogen flow, in the TG-DTA simultaneous apparatus. As
can be observed in Fig. 3, o- and y-ZrPRubipy behave
similarly: in the DTA curves the exothermic peaks, related
to the complex decomposition, are absent whereas contin-
uous and very slow complex loss is evident in the TG
curves, between 330 and 680 °C (x-phase) and between 330
and 880 °C (y-phase). In the case of SGRubipy the loss
between 400 and 600 °C is continuous but rapid with a
sharp endothermic peak related to the water arising from the
condensation of phosphate groups to give zirconium pyro-
phosphate. This process, is more evident than in the case
performed in an air flow.

XRPD

As reported in Figs. 4-6 the diffractograms of the materials
obtained are still layered and the d increase is due to the
well ordered complex intercalation between the layers. Just
after one day of batch contact, the diffractogram of the
o-ZrPRubipy material obtained shows some changes with
respect to the initial material. The d at 14.60 A shows an
increase of ~7 A with respect to the initial material (¢-ZrP
d = 7.60 A). This new phase corresponds to an intercala-
tion of the complex into a-ZrP with well defined peaks in
the XRPD and are indicative of a well defined crystalline
structure. The complex is bonded to the phosphate groups
not on the same plane, but between two planes. The d and
the free height [30] of 8.30 A (14.60-6.30 A, layer
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Fig. 1 TG-DTA curves of the obtained a-ZrPRubipy, SGZrPRubipy and y-ZrPRubipy materials in comparison with their precursors
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Fig. 2 TG-DTA curves of the pure salt Ru(bipy);Cl,-6H,O

thickness) are indicative of the formation of an intercalated
monolayer and are in accordance with the complex
arrangement between the layers of the ion-exchanger
(Fig. 4a). The disappearance of the diffraction lines of «-
ZrP, depending on the quantity of Rubipy exchanged,
suggests that every layer of the material contains guest
molecules and only one phase is present after the exchange.
This is the case of a-ZrPRubipy containing > 0.13 moles
of Rubipy/mole exchanger and this could explain why the
quantity of the cation exchange is not so big. In the case of
o-ZrPRubipy containing <0.13 moles because of such low

loadings, the X-ray patterns show the co-presence of o-ZrP
(7.60 A) and the new layered phase (14.60 A) (Fig. 4b).
The former phase decreases as the uptake proceeds. As
regards the SGZrPRubipy the small uptake of the complex
gives an X-ray diffractogram similar to that of the initial
SGZrP: the ion-exchange of the complex is only external.
In the case of y-ZrPRubipy the d at 18.52 A shows an
increase of ~6.20 A with respect to the initial material (-
ZrP = 12.30 A) and the free height obtained, 9.32 A
(18.52-9.20 A layer thickness) is in accordance with the
complex lodging in the exchanger. The thermal stability of
all these materials is also confirmed by the X-ray mea-
surements performed at h.t. In Figs. 5, 6 («-ZrPRubipy and
y-ZrPRubipy, respectively, are recorded at various tem-
peratures) it is evident that as far as o-ZrPRubipy is
concerned the layered structure is maintained up to
~500 °C: at this temperature the d and its harmonic are
still present, but their intensity has decreased; subsequent
reflections are quite amorphous up to ~950 °C; at
1,100 °C (grey material) the material shows only cubic
zirconium pyrophosphate reflections. At 1,350 °C (white
colour) cubic zirconium pyrophosphate and two reflections
(20 = 28.15*%-35.20*, Fig. 5) related to ruthenium oxide
RuO, are present [31]. In the case of y-ZrPRubipy the d
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Fig. 3 TG-DTA curves of (a) a-ZrPRubipy, (b) SGZrPRubipy and
(¢) y-ZrPRubipy, performed in nitrogen flow

decrease is noticeable, with respect to the initial material,
up to 500 °C: 18.52 A (r.)-17.26 A (300 °C)-9.94 A
(500 °C). The amorphization occurs up to ~900 °C. At
950 °C cubic zirconium pyrophosphate and two reflections
(20 = 28.15*%-35.20*, Fig. 6) related to the ruthenium
oxide RuO, are present. At 1,350 °C the diffractogram is
equal to that of o-ZrPRubipy at the same temperature. This
is in accordance with the thermal behaviour of the ruthe-
nium materials: as previously observed the TG curve of the
y-material shows the exothermic peak of pyrophosphate
formation at ~950 °C, whereas at this temperature the
reaction is almost absent in the case of o-ruthenium
material

Microanalysis measurements

In Tables 2—4 a comparison of the microanalysis data (of
the ruthenium materials and of the Ru(bipy);Cl,-6H,0)
obtained at various temperatures is reported. As regards
Ru(bipy);Cl,-6H,O (Table 2) C% and N% values at
200 °C and 380 °C are approximately the same as the
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theoretical data related to anhydrous salt. In the case of
o-ZrPRubipy materials, the measurements performed at
200 °C (dehydrated materials), 380 °C (when the complex
decomposition starts) and 430 °C (when the complex
decomposition is almost complete) show that at 380 °C the
values are similar to those obtained at 200 °C indicating
that the materials are thermally stable up to ~380 °C and
the colour is still brilliant orange. At 200 and 380 °C the
C% and N% demonstrate that the organic ligand is in a
molar ratio with ruthenium, Ru:ligand = 1:3, thus indi-
cating that the tris-chelate complex species maintain their
full integrity and enter in the exchanger and remain
unchanged as previously observed (e.g. in Table 2: theo-
retical data of the ratio C/N in the case of anhydrous
Ru(bipy);Cl, is 4.28; in the case of a-ZrPRubipy 4 days, is
4.33). At 430 °C the C% and N% indicate that the loss is
on average ~48% of all C present and ~39% of all N
present. Consequently it can be deduced that the Rubipy
complex is linked to the host matrix through N and this
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Fig. 5 XRPD of a-ZrPRubipy recorded at various temperatures

bond is stronger than C. As far as SGRubipy is concerned
results, related to the complex exchanged, are better when
the solution is diluted (~ 10" *moldm>); at 430 °C there is
no residual C% and N%; the colour is light grey because
the number of particles of the complex that are decom-
posed are a few. In the case of y-ZrPRubipy (Table 4) the
data are in accordance with those observed from TG-DTA
curves. Contrary to the o-derivative, at 380 °C and at
430 °C different values of C% and N% can be observed
related to ligand combustion. The losses are on average
~30% of all C present and ~14% of all N present; at
430 °C they are ~92% of all C present and ~72% of all N
present.

Conclusions
From the results presented it can be deduced that stable

Rubipy complex can be intercalated in inorganic ion-
exchanger matrices possessing a nonrigid structure such as
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Fig. 6 XRPD of y-ZrPRubipy recorded at various temperatures and
y-ZrP for comparison

o- and SG zirconium phosphates and y-zirconium phos-
phate. The incorporation of nonhomogeneous Rubipy
during the synthesis is avoided by the direct ion-exchange
of Ruby in these matrices.

The exchange is more successful in the case of
y-ZrP > o-ZrP > SGZrP depending on the interlayer dis-
tance of the host matrices. In the case of a-ZrPRubipy a
pure monolayer phase is obtained with the maximum
uptake being 13% of the ion-exchange capacity of the
exchanger and showing a good degree of crystallinity. Its
thermal behaviour indicates a stability up to ~380 °C
when the decomposition complex begins. In the case of
SGZrPRubipy the few cation exchanged do not change the
XRPD diffractogram while the TG-DTA curves indicate
the decomposition of the Rubipy complex in only one step.
As far as y-ZrPRubipy is concerned the bigger complex
exchange, 20% of the ion-exchange capacity, is due to the
bigger d with respect to the previous exchangers and a pure
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monolayer phase is obtained. Its thermal behaviour dem-
onstrates the complex decomposition in more steps, the
first one starting at temperature lower than in the case of a-
materials. The different steps of complex decomposition of
the three host matrices is indicative of the different position
of the complex (whether inside or outside the framework)
of the ion-exchangers. Microanalysis values obtained from
the ruthenium materials at various temperatures indicate
that the Rubipy is not modified when exchanged and 3 bipy
are still present in the exchanged materials. At 430 °C the
different C% and N% data confirm that the Rubipy com-
plex is linked to the host matrices by means of N and this
bond is stronger than that of C.
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