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A method to partially dissolve cellulose by an inorganic solvent,
followed by in situ chemical reactions performed on the solvent, is
described for the first time. The resulting composite formed a stable
and luminescent Cu(i) cluster-functionalized cellulose paper with
improved homogeneity in aqueous and alcoholic environments.
The general synthesis methodology offers broad scope for further
investigations.

Cellulose is formed by a wide variety of organisms such as
plants, tunicates, fungi and bacteria, and is regarded as the
most abundant biopolymer and renewable material on earth."™
The polymer is renowned for its biodegradability, non-toxicity
and biocompatibility.>”” In light of the current movement
towards more sustainable technologies, these properties
make cellulose an attractive choice for the design of high-
performance future materials. To date, cellulose has already
found widespread application ranging from tissue engineering
to solar cells.®®

Despite its numerous applications, the lack of suitable
solvents to process cellulose is a major challenge and thus
limits the amount of manufacturing.'®'" There is ongoing
development for cheaper, environment-friendly, and non-
degrading solvent systems for the complete and direct dissolu-
tion of cellulose under ambient conditions. Many common
solvents are good swelling agents for cellulose but none of them
manage to dissolve it. Suitable solvents for cellulose fall in two
broad categories: derivatizing solvents and direct or non-
derivatizing solvents. A derivatizing solvent induces covalent
modification of the cellulose backbone rendering a derivative
of cellulose soluble, not the native material. For example, the
viscose (rayon) process — first described in 1893, is one of the
most successful routes to dissolving and shaping cellulose
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forming cellulose xanthogenate with cellulose/CS,/NaOH
components.'? Direct or non-derivatizing solvents form strong
Coulombic interactions between the solvent and cellulose
structure, without derivatizing it, which is preferred in analy-
tical applications. These solvents also simplify production by
minimizing reaction steps and are easier to recycle since less or
no byproducts are generated. Graenacher pioneered a series of
cellulose solutions that was patented"**” already in 1934 and
1939 and that laid the foundation for what would become the
Lyocell process, and makes particularly good use of the polar
N-O bond in the solvent N-methylmorpholine-N-oxide (NMMO).
In 1982, Chanzy et al studied the crystallization and melting
performance of the NMMO-H,O-cellulose system."** The phase
diagram-related cellulose/solvent systems include DMF/N,O, or
DMSO/N,0,4, and HCOOH/H,S0,."* Other widely used bicompo-
nent solvent systems are dimethylacetate (DMAc)/LiCl,">*® and
DMSO/TBAF." Ionic liquids have also become a major role player
in the dissolution of cellulose."**° In either a derivatizing or non-
derivatizing solvent, the final step typically entails precipitation in
an acid, for simultaneous neutralization and regeneration of the
cellulose in a wet spinning step.

An interesting number of metal complexes have been suc-
cessfully utilized as inorganic solvents for the dissolution of
cellulose.”>* The Cupro process, using cuprammonium hydro-
xide as solvent, is known since 1857 and is still used today,>*”°
although not on large scale, presumably due to the higher cost of
metal and separation processes involved. Such ammine com-
plexes contain the metals Cd, Co, Ni, Pd, Zn and especially Cu
that have been the most studied as Cuam or Cuoxam, also known
as Schweizer’s Reagent (SR), [Cu(NH;),](OH),.

In 1994, Burchard et al laid the groundwork for the use of
SR as a solvent for cellulose.”” They proposed that the dissolu-
tion mechanism involves the chelation of the deprotonated
O-donor atoms of the cellulose monomers, while displacing
two ammine ligands from the copper(n) complex (Scheme 1).
The approach we followed was firstly to recognize the partial
dissolution of cellulose by SR, where a Cu(u) ammine species
complexes with the hydroxy groups of cellulose. This material
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Scheme 1 Formation of a tetranuclear copper()) cluster from Cu(i) and dithiophosphonic acid precursor (top left). Inset: Key steps in the formation of
Schweizer's Reagent. Bottom: Luminescent cellulose/Cuyl,4 paper formed from the direct reaction between dithiophosphonic acid and a Cu(i) precursor

present in SR.

remains stable as long as the solution remains basic (pH > 7)
and, importantly, the cellulose precipitates out of solution in
the presence of any mono-, di- or triprotic acid. Typically, the
conjugate base of the acid becomes the anion of the removed
Cu(n) species, and in the present study, simultaneously
becomes the ligand to form the cluster.

1056 | Mater. Adv., 2020, 1,1055-1060

We have investigated the chemistry of dithiophosphonic
acids [HS,PR(OR’)] and its coordination chemistry with group
11 metals (Cu, Ag, Au) for the past two decades.?®* > The acids
are relatively strong (pK, ~ 2-3) and are capable of protonating
the cellulose hydroxy group and removing the Cu(u). We have
recently reported on the reaction between Cu(u) salt and the

This journal is © The Royal Society of Chemistry 2020
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[S;PR(OR’)]” ligand in water in a 1:1 molar ratio, forming a
luminescent neutral Cu,L, cluster, as shown in Scheme 1.*
The addition of acid to a Cu(u) source (obtained directly by
forming SR) should therefore form the same luminescent
complex and have a strong interaction with the cellulose back-
bone. As demonstrated here, this hypothesis worked. Addition-
ally, the photoluminescence of Cu(i) complexes has been well
established®® which is particularly useful for applications
in photonics, such as OLEDs, and thus these complexes serve
as an attractive means of adding functionality to composite
materials.*

Considering the stated favourable properties of cellulose, we
became particularly interested in the preparation of cellulose/
Cu(1) cluster composite paper. A simple method by which this
can be achieved is to immobilise the complex in the matrix of
the material by blending the solid-phase Cu(i) cluster with the
liquid-phase matrix before drying. However, there are many
drawbacks associated with this method. Chief among these is
poor homogeneity when the two components are combined.
This is due to the cluster’s insolubility in water leading to poor
dispersibility within the water-based cellulose matrix. In addi-
tion, the cellulose suspension has considerable viscosity which
would make incorporation of the cluster on the cellulose fibers
difficult to achieve. We therefore probed an alternative approach
to yield better quality composite paper. The preparation and
stability of Schweizer’s reagent rely on the presence of an excess
of hydroxide ions. The hydroxide ions in solution act as a base
and extract the protons from the hydroxyl groups on the cellulose,
which is what drives the formation of the copper/cellulose
complex (i.e., ‘solvated cellulose’). Thus, the dissolution of cellu-
lose can only occur in a strongly basic environment. It follows
that, upon the addition of acid, the cellobiose units become
protonated and dissociate from the copper centre, resulting in
the precipitation of regenerate cellulose fibers. Addition of the
acid also quenches the ammonia in the system which causes SR
to revert to the insoluble salt, copper(u) hydroxide. Mineral acids
are most commonly used for this step. However, the ditihiopho-
sphonate ligand of the copper(i) cluster can also be isolated as a
dithiophosphonic acid.*® Conveniently, Schweizer’s reagent is
also a copper-based solution. Hence, the dithiophosphonic acid
should simultaneously react with the cellulose/SR chelate to
reform the cellulose fibers and revert SR to Cu(OH),, as well as
form the tetranuclear Cu(i) cluster (Scheme 1).

This study developed a method by which Schweizer’s
reagent is used to partially dissolve native cellulose following
regular protocols but then go further and act as a source of
copper for the in situ preparation of a tetranuclear copper(1)
cluster. Dithiophosphonic acid is used to simultaneously regen-
erate the cellulose fibers and precipitate the Cu(i) dithiopho-
sphonate cluster. It is beyond the scope of the present study to
speculate on the detailed nature of the interaction between the
cellulose fibers and the cluster. However, the study does clearly
demonstrate that because both the copper and cellulose source
emerge from an aqueous solution through a bottom-up
approach, the paper produced has more stable functionality
and vastly improved homogeneity when compared to simply
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mixing the phases together in the solid state. Notably, all of the
reactions performed by the present method occurred under
aqueous, room temperature conditions and our approach also
utilized and functionalises the SR solvent to a large extent.

In this study we compared the properties of two papers, F1
and F2. Paper F1 was prepared by partially dissolving bacterial
cellulose (BC) in SR, followed by the addition of the dithiophos-
phonic acid. The resulting suspension was dialysed and dried
to form a paper. Paper F2 was prepared by blending the pre-
isolated copper(1) cluster with the bacterial cellulose suspen-
sion, followed by drying to form a paper. A reference sample of
the Cu(1) cluster (CuyL,) was also prepared in the absence of
cellulose by simply adding the dithiophosphonic acid to SR and
isolating the powder that formed. Characterisation of this
reference sample was used to confirm that the newly proposed
method does in fact synthesise the Cu(i) cluster.

From the SEM micrographs of F1 and F2, it is clearly
observed that the two different methods by which these papers
are prepared generate very distinctive morphologies. In micro-
graph A (Fig. S1, ESIY), the surface of F1 appears smooth and in
micrograph B (Fig. S1, ESIT) F2 is found to be significantly more
uneven in texture, with aggregation of the cluster in certain
regions. Taking a closer look, it can also be seen that the means
by which the cluster precipitates in the SR/cellulose system
differs significantly from the cellulose-free system. In F2, the
cluster appears to be somewhat crystalline due to the observa-
tion of plate-like formations in micrographs C and D (Fig. S2,
ESIt). Moreover, this precipitate appears to be superficially
deposited on the fibers of the matrix. While for F1, the cluster
appeared to have precipitated in the form of amorphous and
spherical particles, as observed in micrographs A and B (Fig. S2,
ESIt). These aggregates also appeared to be more embedded
between the cellulose fibers. This indicates that the precipita-
tion of the cluster in situ with the solvated cellulose fibers
allowed for better incorporation of the cluster both throughout
the volume and across the surface of the cellulose matrix.

Elemental dispersive X-ray spectroscopy (EDX) was used to
analyse the surface composition of the papers. The EDX spectra
of the papers all indicate a high content of oxygen and carbon,
typical of cellulose-based materials. In addition, the spectra
also signal the presence of phosphorus, sulfur, and copper as a
result of the incorporation of the copper cluster into these
composites (Table S1, ESIt). These elements were also mapped
onto SEM micrographs to determine the surface elemental
distribution on the papers (Fig. S3 and S4, ESIt). The elemental
mapping corroborates the previous observation that the cluster
(containing sulfur in the ligand) is distributed more evenly
across the surface of F1, while for F2 there is considerable
aggregation.

The papers were further characterised by X-ray diffraction
(XRD) analysis. From the diffractogram (Fig. 1), the character-
istic peaks of cellulose I at 20 = 15° and 22.5°, are present.*® The
broad peak at 20 = 15° corresponds to the [110] and [1—10]
crystallographic planes. The peak at 20 = 22.5° was attributed
to the [200] crystal planes.”” This high-intensity peak was used
to confirm the presence of native cellulose in the composite
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Fig. 1 X-ray diffractograms of papers F1 and F2, Cu() cluster (Cu4Ly4) and
bacterial cellulose (BC).

papers. A small share of cellulose 1I is also visible in the spectrum
of F1. This is a result of the transformation of cellulose I to
cellulose II that occurs after dissolution in SR and subsequent
reprecipitation. The common peak at 20 = 8.5° was used to
confirm the presence of the tetranuclear copper() cluster in the
composite papers.

The photoluminescent (PL) nature of the papers was also
investigated. Both F1 and F2 produced an emission peak at
519 nm (Fig. 2). This value was consistent with the data obtained
previously for the pure solid-state tetranuclear copper(i) clusters.
The broad, indistinguishable characteristics of these peaks are
assigned to metal-ligand charge transfer (MLCT) emission with a
contribution from the Cu- - -Cu cuprophilic interactions of the Cu
atoms in the tetranuclear core (3d — 3d transitions).*> However,
from the photographs of these papers it can be observed that the
luminescence emission intensity of F2 is much greater than that
of F1 (Fig. 3).

This result correlates with the SEM observations. Since the
cluster appears to be both more crystalline and predominantly
deposited on the surface of F2, it follows that this material
would display more intense photoluminescence. While for F1,

Intensity (AU)

00 T Y Y Y
400 450 500 550 600

Wavelength (nm)

Fig. 2 Solid-state photoluminescence emission spectra for F1 and F2
papers.
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Fig. 3 Photographs of (A) F1 and (B) F2 paper under UV irradiation
(4 =365 nm).

the cluster was more embedded within the paper and thus a
significant portion of the cluster particles would be shielded by
the fibers in which they are enveloped, resulting in a less
intense emission.

Further investigations were also carried out to determine the
solvent stability of the novel paper, F1, in acetone, dichloro-
methane, methanol and water. In DCM, complete dissolution
and detachment of the cluster from the cellulose paper was
observed. This accounts for the absence of an emission peak at
A =519 nm in the PL spectrum (Fig. 4). This result was not
surprising since the copper cluster is completely soluble in
DCM. Although the cluster was well embedded between the
cellulose fibers, cellulose is highly permeable and thus we
propose that the solvent would be able to penetrate the paper
and dissolve the cluster. In acetone, partial removal of the
cluster from the paper was observed. However, the paper was
still mostly intact and the emission peak, although lower in

[——MeOH]|
——Ace

Intensity (AU)
o
o

0.0 4

5(‘)0 6(‘)0
Wavelength (nm)

)/

Fig. 4 (top) Solid-state photoluminescent emission spectra® and (bottom)
digital photographs of F1 treated with different solvents®<. 21, = 368 nm
(excitation wavelength). PPapers exposed to UV irradiation (2 = 365 nm).
(from left to right) dichloromethane, acetone, methanol, water.
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intensity, was still observed. The exposure of the paper to
methanol appeared to have had no effect, leaving the paper
completely intact. F1 was also immersed in water for a period of
two months and there was no observable detachment of the
cluster. The stability of F1 in water is obviously very useful for
potential future applications of these materials in humid or wet
environments. The high stability of F1 in aqueous and alcoholic
environments may be a result of two factors. Firstly, the fact that
the cluster co-precipitates with the cellulose fibers and becomes
entangled in this matrix makes it physically more difficult for the
cluster to be washed away by polar solvents. Secondly, there may
be additional interactions between the cellulose and the cluster,
such as hydrogen bonding or Coulombic attraction, which may
provide additional stability to these composites in solvents which
cannot overcome these interactions.

Conclusions

We have demonstrated for the first time the preparation of
functional regenerate cellulose paper by performing a chemical
reaction on the inorganic solvent itself, in particular, the addition
of dithiophosphonic acids to cellulose partially dissolved by
Schweizer’s reagent. This material possesses superior homogene-
ity and improved incorporation of the copper() cluster between
the cellulose fibers compared to those prepared by superficially
blending the two components. Moreover, we have shown that the
paper prepared by this co-precipitation approach is highly stable
in aqueous and alcoholic environments. This novel strategy serves
as a facile method by which other inorganic metal complexes (Cu,
Cd, Ni Co, etc.) with acidic ligand derivatives can potentially be
incorporated into a cellulose-based composite, and in addition to
optical properties exploited here, also be applied in the areas of
catalysis and possibly biomaterials.
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