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We demonstrate that the ‘surface-as-ligand, surface-as-complex’ (SALSAC) approach that we have
established for annealed nanoparticulate TiO, surfaces can be successfully applied to nanoparticles (NPs)
dispersed in solution. Commercial TiO, NPs have been activated by initial treatment with aqueous HNO3
followed by dispersion in water and heating under microwave conditions. We have functionalized the
activated NPs with anchoring ligands 1-4; 1-3 contain one or two phosphonic acid anchoring groups
and 4 has two carboxylic acid anchors; ligands 1, 2 and 4 contain 6,6’-dimethyl-2,2’-bipyridine (Me,bpy)
metal binding domains and 3 contains a 2,2:6’,2”-terpyridine (tpy) unit. Ligand functionalization of the
activated NPs has been validated using infrared and *H NMR spectroscopies, and thermogravimetric
analysis. NPs functionalized with 1, 2 and 4 react with [Cu(MeCN),4][PFg] and those with 3 react with
FeCl,-4H,O; metal binding has been investigated using solid-state absorption spectroscopy and
scanning electron microscopy (SEM). Competitive binding of ligands 1-4 to TiO, NPs has been
investigated and shows preferential binding of phosphonic acid over carboxylic acid anchors. For the
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‘surfaces-as-ligands, surfaces-as-complexes’ (SALSAC). This
extends ‘simple’ self-assembly and self-organization at surfaces
to the stepwise and hierarchical building up of new pre-defined
and easily tailored architectures. Our inspiration and motiva-

Introduction

Numerous methodologies have been developed for the synthesis
of hierarchical structures'™ at interfaces, including self-assembled

monolayers,®” self-organization and self-assembly®® through van
der Waals forces'®** supramolecular chemistry,” templating,**
sol-gel deposition techniques,* pyrolysis* and dye-stamping.'® In
most cases the methods are either highly specific to the target
structure, are dependent upon the preparation of complex soluble
or volatile covalent structures or have significant elements of
serendipity in the outcome."

In the context of our research into dye-sensitized solar cells
(DSCs), we developed a methodology*®**° which we have termed
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tion lie in an appreciation of the exquisite complexity of bio-
logical systems and at the same time a desire to utilize self-
assembly and self-organization strategies to achieve similar
levels of complexity in synthetic systems. An added value of this
approach is that the increasing complexity of the architectures
can lead to emergent properties® not found in the individual
components. The concept of this paper relates to the trans-
ferability of modification reactions between extended surfaces
and nanoparticulate materials.

Although we developed the SALSAC approach for the
assembly of heteroleptic copper(i) dyes on the surface of semi-
conductor nanostructured surfaces for use in DSCs,*° it is clear
that the experimentally simple approach of sequentially react-
ing a surface with components leading to a hierarchical
assembly has wider applications. In its mature form, SALSAC
has been developed into a powerful atom-efficient methodology
allowing the preparation of multiply and specifically function-
alized surfaces through step-wise assembly of structures incor-
porating anchoring ligands, metal ions and ancillary ligands.*®
The SALSAC approach is illustrated in Fig. 1: a nanoparticulate
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surface is modified with a compound (Lapchor) which combines
an anchoring group specific to the surface (e.g. carboxylic acid,
carboxylate, phosphonic acid or phosphonate for a metal oxide)
and a metal-binding domain such as 2,2’-bipyridine (bpy) or
2,2":6',2"-terpyridine (tpy). Subsequent reaction with a metal ion
(e.g. copper(i) in the case of DSC applications®’) and concurrent
or consecutive reaction with ancillary ligands (Lanciilary) gives
a surface functionalized with a heteroleptic metal complex
containing both Lanchor and Lancinary ligands. An alternative
strategy is to introduce metal ion and Lgpcinary by ligand
exchange from a homoleptic complex.

Although we have focused on the addition of a single type of
ancillary ligand in optimizing DSCs, we have also demonstrated
that surfaces can be modified by sequential addition of two
different ancillary ligands.”” Further development of this
approach has the potential to introduce secondary surface sites
which act purely to spatially separate the primary surface sites.
In DSC applications, this translates to the introduction of co-
adsorbants which can also bind to the metal oxide surface,
typically through carboxylic acid or carboxylate, to inhibit
molecular-dye aggregation.>® Spatial separation may also be
important in preventing metal-binding domains of surface-
attached anchoring ligands from binding the same metal ion,
generating surface-bound homoleptic complexes rather than
the desired heteroleptic species.*

Although numerous studies have described the attachment
of anchor-functionalized complexes to surfaces, few studies
relate to initial ligand functionalization of a surface through an
anchor.”® While ligand functionalized surfaces have been
subsequently metallated,>**” to the best of our knowledge, there
has been no systematic investigation of the SALSAC method-
ology and combined use to introduce functionality through the
ancillary ligand other than our own work in the context of
copper(i) DSCs. We now explore how the principles established
for annealed nanoparticulate TiO, surfaces (i.e. working elec-
trodes in DSCs) can be extended to nanoparticles (NPs) of the
same material dispersed in fluid phase. The fabrication and
applications of functionalized metal oxide NPs is well
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Fig. 1 Surface modification (e.g. nanoparticulate TiO;) with a single
anchor, single metal ion and an ancillary ligand (route 1), or with
a single anchor followed by ligand exchange using a homoleptic metal
complex (route 2).
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established,”® but hierarchical assembly strategies are less well
explored. It should be noted that when an anchoring ligand
with an acidic functionality such as -CO,H or -PO;H, is intro-
duced, the protonation state and binding mode of the ligand is
typically not well-defined, although the properties of the
assembly are critically dependent on the protonation state.>*>*
The functionalization of metal chalocogenide nanoparticles
with carboxylic and phosphoric acids has attracted much recent
attention and a few reports of selectivity and exchange of
surface-bound ligands have been published.****

Experimental
General

Details of instrumentation are given in the ESL7

The complex [Cu(MeCN),][PFs] was prepared by the method
of Kubas.”” 4-(4-Bromophenyl)-6,6’-dimethyl-2,2’-bipyridine,*®
1, 3,30 4% 51 6,% 8, [Fe(8),][PF¢),,"” and [Cu(5),][PFs]** were
prepared according to literature and their spectroscopic data
matched those previously reported.

TiO, nanoparticles (AEROXIDE TiO, P25) were purchased
from Evonik Industries. The spherical NPs have an average
radius of 10.5 nm,* leading to a surface area-to-volume ratio of
28%. In the Experimental section, the number of equivalents of
NPs are defined as 0.28x the total number of TiO, formula
equivalents in the mass given, ie the effective surface
concentration of TiO,.

Compound 2a

Solid 4-(4-bromophenyl)-6,6'-dimethyl-2,2"-bipyridine (340 mg,
1.00 mmol, 1 eq.), Cs,CO;z (1.629 g, 5 mmol, 5 eq.) and
[Pd(PPh;),] (57.8 mg, 0.05 mmol, 0.05 eq.) were placed in
a 20 mL microwave vial under N,. Diethyl phosphonate (552 mg,
511 pL, 4 mmol, 4 eq.) and 15 mL dry THF were added. The
mixture was degassed by bubbling N, for 5-10 min and then the
vial was capped. The reaction mixture was heated in the
microwave reactor for 5 h at 130 °C and then cooled to room
temperature, filtered through Celite and evaporated to dryness.
The resulting yellow oil was dissolved in MeCN and the product
isolated as pale-yellow crystals which were collected by filtra-
tion, washed with cold Et,O and dried under vacuum (200 mg).
The crude product was used in the next step without further
purification (see text).

Compound 7

5 (582 mg, 1.18 mmol, 1.0 eq.), Cs,CO; (2.31 g, 7.08 mmol, 6.0
eq.) and [Pd(PPh;),] (136 mg, 0.118 mmol, 10 mol%) were added
to a microwave vial under N,. 3,5-Dimethyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)isoxazole (1.05 2,
4.72 mmol, 4.0 eq.) and anhydrous toluene (20 mL) were added
to another vial and N, was bubbled through the solution for
15 min. The contents of the two vials were combined into one
microwave vial and N, was bubbled through the mixture for
10 min. The vial was sealed and the reaction mixture was heated
to 110 °C for 4 h in a microwave reactor, after which time it was
allowed to cool to room temperature. Then H,O (40 mL) was

This journal is © The Royal Society of Chemistry 2020
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added and the reaction mixture was extracted with CH,Cl, (3 X
50 mL) and dried over anhydrous MgSO,. The solvent was
removed under reduced pressure to yield an off-white solid. The
residue was dissolved in hot CHCI; (1 mL), and the product was
precipitated by addition of EtOH (10 mL). The precipitate was
washed with EtOH (50 mL) and acetone (50 mL) to yield 7 as
a beige solid (205 mg, 1.18 mmol, 33%). '"H NMR (500 MHz,
CDCl;) 6/ppm: 8.55 (d,J = 1.6, 2H, H**), 7.85 (dd, /= 8.3,/ = 1.7,
4H, H?), 7.44 (d,J = 1.6, 2H, H*), 7.40 (dd, J = 8.2,] = 1.7, 4H,
H®), 2.74 (s, 6H, HM**), 2.47 (s, 6H, HYC), 2.33 (s, 6H, HM°).
3C{'H} NMR (126 MHz, CDCl;) é/ppm: 165.4 (C°*/°%), 158.8
(CC¥9), 158.7 (C*), 156.7 (C*?), 149.0 (C*Y), 138.1 (CBY), 131.2
(C®Y, 129.8 (C®9), 127.8 (C*?), 121.2 (C*°), 116.7 (C*), 116.3
(€%, 25.0 (CM*), 11.8 (CM<C), 11.1 (CM*C). ESI-MS: m/z 527.19
[M + H]" (calc. 527.24). HR ESI-MS: m/z 527.2440 [M + H]" (calc.
527.2440).

[Cu(6),][PFé]

Compound 6 (15 mg, 0.053 mmol, 2 eq.) was dissolved in
acetone (0.5 mL) and [Cu(MeCN),][PF] (9.9 mg, 0.027 mmol,
1.0 eq.) was added to the solution. The solution was stirred for
10 min and then Et,O (3 mL) was added. The precipitate that
formed was removed by centrifugation to yield [Cu(6),][PF¢] as
a dark-red solid (17 mg, 0.02 mmol, 83%). No further purifica-
tion was required. 'H NMR (500 MHz, acetone-ds) é/ppm: 8.87
(dd,J = 5.1, = 1.2, 2H, H*®), 8.21 (td, J = 8.0, ] = 1.6, 2H, H*?),
8.16 (dd,J = 7.9,] = 1.6, 2H, H**), 8.02 (s, 2H, H®"), 7.77 (m, 2H,
H*), 7.75-7.72 (overlapping m, 4H, H?***®®), 7.67 (m, 2H, H®?),
7.64 (m, 2H, H*®), 7.54 (m, 2H, H®), 7.64 (m, 2H, H®®), 7.41 (d, ]
=8.4,2H,H%), 7.36 (ddd,J = 8.1,] = 6.8,] = 1.2, 2H, HY"), 7.24
(d,J = 8.1,2H, H®®). *C{"H} NMR (126 MHz, acetone-ds) 6/ppm:
157.9 (C®%), 153.2, (C*?) 152.9 (CP?), 149.6 (C*®), 138.8 (C***BY),
137.7 (C?), 134.1 (C“*¥), 133.1 (C©*?), 128.8 (C*), 128.4 (CV<?),
128.3 (C°Y©%), 127.9 (CCY©®), 127.8 (CCY¢), 127.3 (C***°7), 125.8
(C®), 125.3 (C%%), 123.3 (C*%), 120.7 (C®3). UV-vis (CH,Cl,, 2.02
x 10> mol dm ), /nm (e/dm® mol " em™"): 235 (103 500), 260
(64 700), 305 (36 600), 430 (5500), 554 (2300). ESI-MS: m/z 627.2
[M — PF,]" (calc. 627.2). Found C 61.68, H 3.95, N 7.17; C,qo-
H,sCuF¢N,P requires C 62.14, H 3.65, N 7.25.

[Cu(7),][PFe]

Compound 7 (15 mg, 0.038 mmol, 2 eq.) was dissolved in
acetone (0.5 mL) and [Cu(MeCN),|[PF¢] (5.31 mg, 0.019 mmol,
1.0 eq.) were added to the solution. The solution was stirred for
10 min and then Et,O (3 mL) was added. The precipitate that
formed was separated by centrifuge to yield [Cu(7),][PF¢] as
a red solid (14 mg, 0.010 mmol, 78%). No further purification
was required. "H NMR (500 MHz, acetone-dg) 6/ppm: 9.15 (d,] =
1.6, 4H, H*), 8.20 (dd,J = 8.1, = 1.7, 8H, H??), 8.11 (d, ] = 1.5,
4H, H), 7.66 (d, J = 8.1, ] = 1.7, 8H, H™®), 2.52 (s, 12H, H™*4),
2.48 (s, 12H, HV*Y), 2.31 (s, 12H, H"*). ’C{"H} NMR (126 MHz,
acetone-de) 6/ppm: 165.4 (C“'“%), 158.9 (C%'“), 158.7 (C*°),
153.6 (C*?), 150.7 (C*), 137.0 (C®"), 133.3 (CP%), 130.8 (C*¥),
128.8 (C??), 124.5 (C*), 118.8 (C**), 116.5 (C*), 25.5 (CM*Y), 11.7
(€M%, 10.9 (CMC). UV-vis (CH,Cl,, 3.33 x 10> mol dm*) A/
nm (¢/dm® mol~ " em™"): 285 (81 600), 325 (52 200), 495 (12 800).
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ESI-MS: m/z 1115.4 [M — PF,]" (calc. 1115.4). HR ESI-MS: m/z
1115.4013 [M — PF¢]" (calc. 1115.4028). Satisfactory elemental
analysis was not obtained.

Functionalization of commercial (non-activated
nanoparticles): Procedure A

Ligand 1 (10 mg, 1 eq.) was dissolved in dry DMSO (10 mL).
Commercial TiO, NPs (48.2 mg, 8.4 TiO, eq.) were added to the
solution and dispersed with sonication for 10 min. The mixture
was stirred at room temperature (ca. 295 K) for 48 h. Then the
particles were separated by centrifugation (10 min. 9000 rpm)
and washed with DMSO (3 x 5 mL) and EtOH (1 x 5 mL). The
NPs were dried under high vacuum and the white powder was
stored under N, in a sealed vial.

Activation of commercial nanoparticles

Commercial TiO, NPs (1 g) were dispersed in dilute aqueous
HNO; (15 mL, 13.6%) then the mixture was sonicated for 15 min
and stirred for 30 min. The NPs were separated by centrifuga-
tion and washed once with water (15 mL). Afterwards the NPs
were dispersed through sonication (10 min) in water (20 mL)
and stirred overnight. The NPs were separated with centrifu-
gation, washed twice with water (2 x 20 mL) and then dried over
high vacuum. The activated NPs (950 mg) were stored in
a sealed vial under N,.

Functionalization of activated nanoparticles (Procedure B)

Ligand 1 (3.73 mg, 1 eq.) was placed in a microwave vial and
milliQ water (13 mL) was added. The mixture was dispersed by
sonication for 1 min. Activated TiO, NPs (60.0 mg, 28 TiO, eq.)
were added to the solution and dispersed with sonication for
10 min. The microwave vial was sealed and the reaction mixture
was heated to 130 °C for 3 h in the microwave reactor. The
reaction mixture was allowed to cool to room temperature. The
functionalized NPs were separated from the solvent by centri-
fugation (10 min, 9000 rpm). Then the functionalized NPs were
dried under high vacuum yielding a slightly yellow powder.

Analogous procedures were used to functionalize activated
NPs with ligands 2, 3 or 4 starting with 2 (2.56 mg, 1 eq.), 3
(2.92 mg, 1 eq.), 4 (3.19 mg, 1 eq.) and activated TiO, NPs
(60.0 mg, 28 TiO, eq.). For 4, the functionalized NPs were
washed with DMSO (3 x 10 mL) and EtOH (3 x 10 mL); see
discussion in manuscript. The functionalized NPs were dried
under high vacuum and the white powder was stored under N,
in a sealed vial.

Functionalization of activated nanoparticles: competition
between anchoring ligands (Procedure C)

Ligands 1 (3.73 mg, 1 eq.) and 2 (2.56 mg, 1 eq.) were placed in
a microwave vial and milliQ water (13 mL) was added. The
mixture was dispersed by sonication for 1 min. Activated TiO,
NPs (60.0 mg, 28 TiO, eq.) were added to the solution and
dispersed with sonication for 10 min. The microwave vial was
sealed and the reaction mixture was heated to 130 °C for 3 h in
a microwave reactor. The reaction mixture was allowed to cool

Nanoscale Adv., 2020, 2, 679-690 | 681
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to room temperature. The water was then removed under high
vacuum and then some of the residue was dispersed in DMSO-
de in an NMR tube.

An analogous procedure was used with combinations of
ligands 1 (3.73 mg, 1 eq.) and 3 (2.92 mg, 1 eq.), or ligands 1
(3.73 mg, 1 eq.) and 4 (3.19 mg, 1 eq.) with activated TiO, NPs
(60.0 mg, 28 TiO, eq.).

Functionalization of activated nanoparticles: competition
between anchoring ligands (Procedure D)

Ligand 4 (3.19 mg, 1 eq.) was placed in a microwave vial and
milliQ water (13 mL) was added. The mixture was dispersed by
sonication for 1 min. Activated TiO, NPs (60.0 mg, 28 TiO, eq.)
were added to the solution and dispersed with sonication for
10 min. The microwave vial was sealed and the reaction mixture
was heated to 130 °C for 3 h in the microwave reactor. The
reaction mixture was allowed to cool to room temperature. The
water was then removed under high vacuum and then some of
the residue was dispersed in DMSO-d, in an NMR tube and the
"H NMR spectrum was recorded. The remaining residue was
washed by dispersing it in DMSO (3 x 10 mL) and EtOH (3 x 10
mL). The washed residue was collected by centrifugation and
was dried under high vacuum. Then some of the residue was
dispersed in DMSO-d¢. The NMR spectrum revealed that no
excess free ligand was left on the functionalized NPs. Ligand 1
(2.49 mg, 1 eq.) was placed in a microwave vial and milliQ water
(13 mL) was added. The mixture was dispersed by sonication for
1 min. The previously obtained NPs functionalized with 4 (40
mg) were added to the solution and dispersed with sonication
for 10 minutes. The microwave vial was sealed and the reaction
mixture was heated to 130 °C for 3 h in the microwave reactor.
The reaction mixture was allowed to cool to room temperature.
The water was then removed under high vacuum to yield
a residue, a portion of which was dispersed in DMSO-d, in an
NMR tube.

Complexation of nanoparticles functionalized with anchored
ligands

Stock solutions of [Cu(MeCN),][PF¢] (5.59 mg, 10 mL, 1.5 mM in
acetone) and FeCl,-4H,0 (2.88 mg, 10 mL, 1.5 mM in acetone)
were prepared.

Activated NPs functionalized with ligands (10 mg) (Proce-
dures B or C above) were dispersed by sonication (15 s) in water
(1.35 mL) and the stock solution of [Cu(MeCN)4][PF] in the case
of 1, 2 or 4 (0.15 mL) or of FeCl,-4H,0 in the case of 3 (0.15 mL)
was added. The solutions in the sample vials were stirred for
72 h. The coloured NPs were separated by centrifugation
(10 min, 13 200 rpm), then washed with acetone (3 x 1 mL) and
dried under high vacuum.

SALSAC assembly of heteroleptic copper(i) complexes on
activated nanoparticles

Stock solutions of [Cu(5),][PFs], [Cu(6),][PFs] and [Cu(7),][PFe]
(1.5 mM in acetone) were prepared. NPs functionalized with 1
(10 mg, see Procedure B) were dispersed in water (1.35 mL) by
sonication (15 s) and then a portion (0.15 mL) of the stock
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solution of [Cu(5),][PFs] was added. The mixture was stirred for
72 h. The orange-red NPs were separated from the supernatant
liquid by centrifugation (10 min, 13 200 rpm), then washed with
acetone (3 x 1 mL) and dried under high vacuum. The proce-
dure was repeated using [Cu(6),][PFs] or [Cu(7),][PFs].

SALSAC assembly of heteroleptic iron(u) complexes on
activated nanoparticles

A stock solution of [Fe(8),][PF¢], (1.5 mM in acetone) was
prepared. NPs functionalized with 3 (10 mg, see Procedure B)
were dispersed in water (1.35 mL) by sonication (15 s) and then
a portion (0.15 mL) of the stock solution of [Fe(8),][PFs], was
added. The mixture was stirred for 72 h. The purple NPs were
separated from the supernatant liquid by centrifugation
(10 min, 13 200 rpm), then washed with acetone (3 x 1 mL) and
dried under high vacuum.

Results and discussion
Choice of anchoring ligands

Based on our previous experience of functionalizing TiO,
surfaces,'***** anchoring ligands 1 and 4 (Scheme 1) were
selected for the present investigation to provide a comparison of
carboxylic versus phosphonic acid anchors. The DSC commu-
nity consider that phosphonic acid anchors give more stable
attachment to TiO, surfaces than carboxylic acids.*” Both 1 and
4 contain a bpy metal-binding domain for coordination to
copper(1).” The presence of the 6,6'-dimethyl substituents
stabilizes a bis(diimine)copper(i) complex against oxidation by
inhibiting a geometrical change from tetrahedral (favoured by
Cu") to square planar (favoured by Cu®").*>*' Ligand 2 was
designed to allow a comparison of mono- versus bis(phosphonic
acid) anchors (2 versus 1) bearing the same bpy metal-binding
domains. Both 2 and 3 carry one phosphonic acid group, but
differ in the metal-binding unit; bpy and 2,2":6’,2"-terpyridine
(tpy) can be addressed by copper(i) and iron(u), respectively.
Each of ligands 1-4 contains a phenylene spacer between the
anchoring group and the metal-binding units.

Compound 2 was prepared as described in the Experimental
section. The base peak in the electrospray mass spectrum at m/z
339.06 (Fig. S11) was assigned to [M — H] ™. The "H and "*C NMR
spectra of 2 (Fig. S2 and S3t) were assigned by COSY, NOESY,
HMQC and HMBC methods (Fig. S4-S61) and were consistent
with the structure shown in Scheme 1.

Nanoparticle activation and general procedure for
functionalization

Our initial attempts to replicate TiO, surface-functionalization
using commercial NPs (AEROXIDE TiO, P25) suspended in
DMSO in place of screen-printed and annealed (commercial or
in-house fabricated) surfaces following previously published
protocols®>** met with variable success. A significant observa-
tion came from DOSY experiments on a DMSO-d; solution of 1
and a DMSO-ds suspension of dried commercial NPs after
treatment with 1 (Procedure A in the Experimental section).
Fig. 2 shows a comparison of the "H NMR spectra of the two

This journal is © The Royal Society of Chemistry 2020
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P(O)(OH)

1 P(O)(OH)2

Scheme 1 Structures of compounds 1-8. Atom numbering schemes
are given where required for NMR spectroscopic assignments.

samples. Apart from small changes (<0.1 ppm) in the chemical
shifts of signals, the spectra are essentially identical and the
signals remain sharp. This strongly suggests that free ligand 1 is

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 'H NMR spectrum (500 MHz, DMSO-dg, aromatic region with
methyl region inset) of 1 (blue) and of the NPs after treatment with 1
following Procedure A in Experimental section (red). Chemical shifts in
6/ppm.

present in the solution containing dispersed NPs. To unam-
biguously confirm this proposal, PFGSE spectra of 1 before and
after exposure to commercial NPs were recorded. The proton
signal at ¢ 8.525 ppm was selected to determine the diffusion
coefficient by a two-parameter fit to the DOSY intensities. For 1
in DMSO-d;, a diffusion coefficient of 1.355 x 107 '° m? s™! was
determined (Fig. S7at), and for the solution containing the
dispersed NPs the diffusion coefficient was 1.326 x 10~'° m”
s~ ' (Fig. S7bt), identical to the previous value within experi-
mental error. These data are consistent with either some or all
of 1 remaining non-anchored during attempts to functionalize
the NPs using Procedure A detailed in the Experimental section.
This illustrates a general problem with non-activated NPs, that
simple washing does not suffice to remove surface-adsorbed or
aggregated ligand from NPs with anchored ligand.

We therefore decided to activate the commercial TiO, NPs
prior to functionalization with the ligand. Literature activation
procedures® include treatment with HNOj; (ref. 54) and ultra-
sound sonication for to optimize particle dispersion.* Initial
tests revealed that replacing DMSO by water was advantageous
for NP functionalization, and that reducing the amount of
anchoring ligand with respect to the quantity of NPs was also
beneficial. We therefore modified the procedure by an initial
treatment of the commercial NPs with aqueous HNO; (see
Experimental section). Following this, the activated NPs were
added to an aqueous suspension of 1, 2, 3 or 4 and dispersed
with sonication before the suspension was heated at 130 °C for
3 h under microwave conditions before being separated from
the solvent by centrifugation (see Procedure B in the Experi-
mental section). Fig. 3 compares part of the FT-IR spectra of the
activated NPs, free ligand 1 and activated NPs functionalized
with 1; the full spectra are given in Fig. S8.1 The spectrum of the
functionalized NPs exhibits bands at 1629, 1601, 1570 and
1545 cm ™. While the bands appear to be characteristic of free
ligand 1, closer inspection of Fig. 3 shows differences with the
spectroscopic signature of pristine 1 which has absorptions at
1645, 1624, 1598 and 1545 cm ™. Significantly, this pattern of
absorptions is retained in a mixture of commercial NPs (non-
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Fig. 3 Solid-state IR spectra of activated NPs (a-NPs), pristine 1, a-NPs
functionalized with 1 following Procedure B in the Experimental
section, and a mixture of commercial NPs (c-NPs) and 1. The full IR
spectra are presented in Fig. S8.+

activated) and 1 (1647, 1624, 1600 and 1543 cm ™, Fig. 3). Thus,
the IR spectroscopic data provide evidence that ligand 1 is
anchored to the TiO,. A comparison of the IR spectra of ligand 3
and NPs functionalized with 3 is shown in Fig. S9.1 Thermog-
ravimetric analysis (TGA) of the activated NPs and those func-
tionalized with 1 was carried out, and the results are displayed
in Fig. 4. Both samples show a weight loss of about 2% in two
steps (isotherm maxima <120 °C and <330 °C) attributed to the
loss of physisorbed and chemisorbed water, respectively. The
non-functionalized NPs undergo no further change in mass,
even after being heated at 900 °C for 30 minutes. In contrast, the
NPs functionalized with 1 exhibit a further 2% weight loss above
ca. 430 °C ascribed to decomposition of the ligand. The profile
of the TGA curve above 430 °C (red curve in Fig. 4) is similar to
that of the thermal decomposition of 1 (Fig. S10%). Three
measurements were made for the functionalized NPs to confirm
reproducibility of the data.

Further evidence for NP functionalization came from
a comparison of the 'H NMR spectra of the pristine ligands 1, 2
or 3 in DMSO-ds with those of suspended NPs functionalized
with 1, 2 or 3 (Fig. 5, S11 and S12+). The functionalized NPs were
prepared according to Procedure B in the Experimental section.

100

-

99

98

wt/ %

97

96 4
T/°C
30 30 120 120 120 130 230 330 430 530 630 730 830 900 900 900 900
9%+ttt
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
t/ min

Fig. 4 TGA curves for activated NPs only (black line), and activated
NPs functionalized with 1 following Procedure B in the Experimental
section (red line).
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Fig. 5 H NMR (500 MHz, DMSO-dg, 298 K) of (a) ligand 1 and (b)
suspended residue after activated TiO, NPs had been after activated
TiO, NPs were functionalized with 1 following Procedure B in Exper-
imental section, separated by centrifugation and dried. See Scheme 1
for atom labelling. Chemical shifts in 6/ppm. § = residual DMSO-ds. * =
water.

After centrifugation and drying, the functionalized NPs were not
washed. The ligand anchored to the NP is NMR silent, and
Fig. 5b confirms that all of ligand 1 (shown to be present in the
IR study of the same material) is anchored to the TiO, surface.
In the case of ligand 4, the bulk residue showed a signal due to
free 4 and the material had to be thoroughly washed with DMSO
and EtOH to completely remove traces of free ligand (Fig. S137).
This indicates that the carboxylic acid anchoring ligand 4
adsorbed less efficiently to the surface of the TiO, NPs than the
phosphonic acids 1, 2 and 3. We return to this later.

To confirm that the functionalized NPs bear anchored
ligands capable of coordination to metal ions, NPs functional-
ized as described above with 1, 2, 3 or 4 were dispersed in water
by sonication and an acetone solution of [Cu(MeCN),][PF¢] (for
1, 2 and 4) or FeCl,-4H,0 (for 3) was added. Colour changes
were observed after about five minutes and the intensity of
colour increased over a period of an hour (Fig. 6 and S147). The
orange and purple colours are, respectively, characteristic of

Absorbance / a.u.

370

(c)

670

(a) WAa.,voeIenglg.,/onm
Fig. 6 Photographs of (a) activated TiO, NPs functionalized with 1
(left) and after treatment with [Cu(MeCN)4][PF¢] (right), and (b) acti-
vated TiO, NPs functionalized with 3 (left) and after treatment with
FeCl,-4H,O (right). (c) Solid-state absorption spectra of the NPs
functionalized with 1 or 3 and treated with [Cu(MeCN)4l[PF¢] (blue
curve) and FeCly-4H,0 (red).
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[Cu(diimine),]" and [Fe(tpy),]** chromophores, and imply that
addition of the metal ion results in coordination by two adja-
cent ligands on a single NP or two ligands on adjacent NPs.
Solid-state absorption spectra of the samples (Fig. 6¢) exhibit
metal-to-ligand charge transfer (MLCT) bands at 489 and
579 nm which, along with the band profiles, are typical of
[Cu(diimine),]* and [Fe(tpy),]** chromophores, respectively.
Scanning electron microscopy (SEM) was used to image the
TiO, NPs before (Fig. 7a) and after functionalization with 1 and
[Cu(MeCN),][PF¢] (Fig. 7b). The ‘halo’ around each NP in Fig. 7b
is interpreted as the sheath of organic ligand 1. The dimen-
sional relationship between the TiO, NP and the ‘halo’ supports
this proposal.

The ligand-functionalized NPs can be stored as dry solids
under N, for periods of months without loss of activity.

Competition between different pairs of anchors on NPs

In applying the SALSAC approach to DSCs, we have demon-
strated that devices incorporating dyes with phosphonic acid
anchors outperform those with analogous dyes with carboxylic
anchors.**” Similarly, Gritzel and coworkers have observed
strong surface adhesion of ruthenium(u) dyes bearing phos-
phonic acid anchoring groups.”® Despite this latter finding
being reported as early as 1995, the DSC community continues
to favour the use of carboxylic acid anchoring units.

We decided to investigate the competitive binding to TiO,
NPs of pairs of ligands 1 and 3, 1 and 4, and 1 and 2 to gain
insight into preferential binding of phosphonic and carboxylic
acid anchors, and competition between spatially different
ligands bearing phosphonic acids. Equimolar amounts of each
pair of ligands (1 and 3, 1 and 4, or 1 and 2) were added to water
and then TiO, NPs, activated as described above were added
and dispersed with sonication (see Procedure C in the Experi-
mental section). Each mixture was heated to 130 °C for 3 hours
in a microwave reactor. After cooling and removal of water in

(© o (d)

Fig.7 SEMimages of (a) activated TiO, NPs, and (b) activated TiO, NPs
functionalized with 1 and treated with [Cu(MeCN)4l[PF¢l. Activated
TiO, NPs functionalized with 1 and after treatment with (c) [Cu(5),]
[PFe] or (d) [Cu(7),][PF¢l. Each scale bar = 100 nm.
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vacuo, part of the residue was dispersed in DMSO-d, in an NMR
tube and "H NMR spectra of the suspended residues were then
recorded. Once again, ligands anchored to the NP surface will
not be observed. Fig. 8 displays the 'H NMR spectra of pristine
ligands 1, 3 (Fig. 8a and b) and the suspended residue after
activated NPs had been treated with a 1 : 1 molar mixture of 1
and 3 (Fig. 8c). Signals in Fig. 8c are attributed to ligands that
are not bound to the surface. Fig. 8c shows both free ligands 1
and 3 in solution, and the small changes in chemical shifts on
going from Fig. 8a or 8b to 8c are consistent with those
described in the previous section. The molar ratio of ligands
1: 3 in the solution investigated in Fig. 8c is 2 : 1 based on the
relative integrals of the signals for protons H** and H*’ in each
ligand (see Scheme 1 and Fig. 8c). This indicates that the TiO,
NPs preferentially bind 3. Three portions of the washed and
dried functionalized NPs (shown to contain no free ligand,
Fig. 8d) were dispersed in water by sonication and an acetone
solution of [Cu(MeCN),][PF¢] was added to one portion, an
acetone solution of both [Cu(MeCN),][PF¢] and FeCl,-4H,0 to
the second, and an acetone solution of FeCl,-4H,0 to the third.
Fig. 9a shows the visual difference between the samples, but
definitive evidence that both 1 and 3 are bound to the surface
comes from a comparison of the IR spectra (Fig. 9b) of NPs
functionalized with 1, with 3 or after activated TiO, NPs were
functionalized with a 1 : 1 mixture of 1 and 3 following Proce-
dure C in the Experimental section. The IR spectrum of the
latter exhibits diagnostic absorptions of both ligands.

Next, we investigated the functionalization of TiO, NPs with
a 1:1 molar mixture of 1 and 2. Both ligands contain a 6,6'-
Me,bpy unit, but ligand 1 contains two phosphonic acid groups
while 2 contains one (Scheme 2). In the "H NMR spectrum of the
suspension of functionalized NPs in DMSO-d, (Fig. S15ct) the
ratio of integrals of signals for protons H*® (or of H*®) of each
ligand in solution is ca. 1 : 1. This is consistent with there being
approximately twice as much 2 as 1 remaining in solution after
activated TiO, NPs have been treated with a 1 : 1 mixture of 1
and 2. Thus, 1 is preferentially bound to the surface.

(a) A3 A5
| I AMCA
(b)
A3 A5
A .
(c)
A3 A5
A3 A5
(d)
90 88 86 84 82 80 78 76 74

Fig.8 Aromatic regions of the 'H NMR (500 MHz, DMSO-de, 298 K) of
(a) ligand 1, (b) ligand 3, (c) suspended residue after activated TiO, NPs
were functionalized with 1 and 3 following Procedure C in the
Experimental section, (d) residue after washing. See Scheme 1 for atom
labelling. Chemical shifts in 6/ppm.
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— NPs with a 1:1
mixture 1 and 3
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Fig. 9 (a) Photographs of (left to right) activated TiO, NPs after
functionalized with a 1: 1 mixture of 1 and 3, after one portion has
been further treated with [Cu(MeCN)4I[PF¢l, after another portion has
been further treated with [Cu(MeCN)4][PF¢] and FeCl,-4H,0, and after
a final portion has been further treated with FeCl,-4H,O. (b) Solid-
state FT-IR spectra of NPs functionalized with ligand 1 only, with 3
only, and activated TiO, NPs functionalized with 1 and 3 following
Procedure C in the Experimental section.

In order to rationalize the results of the competition exper-
iments, it is pertinent to note that we have previously demon-
strated that in DMSO-d,, ligand 1 exists as a zwitterion.*" This is
consistent with known values of pK, = 4.4 for [Hbpy]",* and of

R=0 O=F
/ /\
HO OH HO OH

PO 3
“1>0

o}
OH

Scheme 2 Zwitterionic structures of ligands 1-3.
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pK.(1) = 1.86 for PhPO(OH),.** On the other hand, the 6,6'-
dimethyl substituents in 1 will render the Me,bpy unit a weaker
base than bpy, as is observed for 1,10-phenanthroline (pK, for
[Hphen]" = 4.86 (ref. 61)) and 2,9-dimethyl-1,10-phenanthroline
(pK, for [HMe,phen]" is reported as 5.85 (ref. 62) and 6.17 (ref.
61)). The zwitterionic form of 1 should exhibit a cis-configura-
tion arising from hydrogen bonding® (Scheme 2). Similarly, we
expect 2 to exist as a zwitterion in water and DMSO (Scheme 2).
Values of pK, = 4.54 and 3.57 for [Htpy]' and [H,tpy]*
(measured in 0.2 M aqueous KCI at 298 K)** indicate that 3 is
also likely to show zwitterionic behaviour (Scheme 2), as has
also been reported for 2,2":6',2"-terpyridin-4’-ylphosphonic
acid.®® We expect the availability of phosphonate groups in the
zwitterionic forms of the ligands to favour surface binding** and
the observed binding orders of 3 > 1 > 2 can be rationalized in
terms of the relative pK, values and the number of anchoring
groups in the ligands.

When activated TiO, NPs were treated under microwave
conditions with a 1: 1 mixture of ligands 1 and 4, we observed
that only carboxylic acid 4 remained in solution (Fig. 10). The
strong adsorption of the phosphonic acid 1 to NPs dispersed in
solution is consistent with what we and Grétzel have observed for
annealed TiO, surfaces.®*® The preferential binding of 1 with
respect to 4 was also demonstrated by ligand displacement.
Activated TiO, NPs were dispersed in an aqueous suspension of 4
and then heated under microwave conditions at 130 °C for 3
hours. After cooling, the water was removed, and part of the
residue was suspended in DMSO-d. Sharp signals in the "H NMR
spectrum were consistent with the presence of non-anchored
ligand (Fig. 10a). The remaining residue was thoroughly washed
until, NMR analysis of a part of the residue dispersed in DMSO-d¢
revealed no signal for free ligand 4 (Fig. 11b). We demonstrated
that some 4 ligand remained and was surface-bound by treating
the residue with [Cu(MeCN),][PF¢], The observation of an orange
colour (see the photograph in Fig. 11) is characteristic of the
formation of a [Cu(diimine),]" chromophore (see earlier). The
functionalized NPs were then treated with 1 in aqueous solution
under microwave conditions (see Procedure C in the Experimental

A
1 Jl
N MM A

86 85 84 83 82 80 79 78 78 77

Fig. 10 H NMR (500 MHz, DMSO-ds, 298 K) of (a) ligand 1, (b) ligand
4, (c) suspended residue after activated TiO, NPs had been treated
with a 1:1 mixture of 1 and 4 following Procedure C in the Experi-
mental section.

o
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Fig. 11 *H NMR (500 MHz, DMSO-ds, 298 K) of (a) suspended residue
after activated TiO, NPs had been treated with 4, (b) suspended
residue after thorough washing (see text), and (c) suspended residue
after NPs functionalized with 4 had been treated with 1 following
Procedure D in the Experimental section. Chemical shifts in 6/ppm.
The photograph shows the residue from (b) after treatment with
[Cu(MeCN)4l[PFé] (see text).

section). After removal of water, the residue was analysed by 'H
NMR spectroscopy (Fig. 11c). The spectrum exhibited sharp
signals with the signature of ligand 4. No free ligand 1 (compare
with Fig. 10a) was observed, confirming the displacement of
surface-bound 4 by 1.

Application of SALSAC: preparation and characterization of
homoleptic copper(i) complexes

To test the application of the SALSAC approach to the func-
tionalization of NPs, we first prepared the homoleptic
compounds [Cu(Lancillary)2][PFs] and [Fe(8),][PFs],. The iron(u)
complex was prepared as previously described.*” The general
method for the copper(i) complexes was the reaction of
[Cu(MeCN),][PFq] with two equivalents of Lanciiiary followed by
precipitation of [Cu(Lancittary)2][PFs]. [Cu(5),][PF¢] has previously
been described.” Reaction of ligand 6 (ref. 45) with
[Cu(MeCN),][PF,] yielded [Cu(6),][PF¢]. Ligand 7 was prepared
as shown in Scheme 3 and was characterized by 'H and **C
NMR spectroscopy (Fig. S16-S19f) with assignment of the
signals by 2D methods (see Experimental section), electrospray
MS (Fig. S207) and IR spectroscopy (Fig. S211). [Cu(7),][PFs] was
isolated as a red solid. The ESI mass spectra of [Cu(6),][PF¢] and
[Cu(7),][PF,] showed peaks at m/z 627.2 [M — PF,]" and 1115.4,
respectively, arising from the [M — PFq]" ion. The 'H and **C
{'"H} NMR spectra of [Cu(6),][PF¢] and [Cu(7),][PFs] were
assigned by COSY, NOESY, HMQC and HMBC methods and
selected spectra are shown in Fig. S22-S28.1 The solid-state IR
spectra of the compounds (Fig. S29t) exhibit a characteristic
strong absorption at 833 cm™ ' from the [PFq]” ion. The
solution absorption spectra of the two compounds (Fig. 12)
exhibit intense absorption bands below ca. 340 nm arising
from spin-allowed ligand-centred w* < 7w transitions. The
broad absorption band centred at 495 nm in [Cu(7),][PFs] is
assigned to an MLCT transition and is typical of homoleptic
bis(diimine)copper(i) complexes in which the 6,6"-substitu-
ents are methyl groups.'>®® In contrast, [Cu(6),][PFs] exhibits
two bands at 430 and 554 nm which are reminiscent of those

This journal is © The Royal Society of Chemistry 2020
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Scheme 3 Synthetic route to compound 7. Conditions: (i) Cs,COs,
catalytic amount of [Pd(PPhs)4], toluene, 110 °C, 4 h in a microwave
reactor; isolated in 33% yield.

at 423 and 573 nm in [CuL,][PFs] where L = 4,4’-bis(4-bro-
mophenyl)-6,6’-diphenyl-2,2"-bipyridine.** The profile of the
spectrum and the red-shift in absorption maximum are
consistent with the effects of introducing phenyl substituents
adjacent to the nitrogen donors in [Cu(dpp),]" (dpp = 2,9-
diphenyl-1,10-phenanthroline),*”*® and have been attributed
to the flattened, low-symmetry structure of the complex.®®

Application of SALSAC: NPs functionalized with heteroleptic
copper(1) and iron(u) complexes

Route 2 in Fig. 1 summarized the SALSAC approach for TiO,
surface modification using ligand exchange between a surface-
anchored ligand and one ligand from a homoleptic bis(diimine)
copper(1) complex to produce a surface functionalized with
a heteroleptic copper(1) complex (eqn (1)).

[Cu(6)2][PF6]
Cu(7)][PF,
~ 100,000 - [CuTRIIPFe]
] 15,000
£
o p ¢
T 5
5 80,000 A T ‘
[ E10000
© £
§ 60,000 - e
L) 5,000
40,000 A
o N
330 430 530 630
20,000 T Wavelength / nm
0 T T T 7
230 330 430 530 630

Wavelength / nm

Fig. 12 Solution absorption spectra of [Cu(6),][PF¢] (2.02 x 107> mol
dm™3) and [Cu(7),][PFg] (3.33 x 10~> mol dm~3) in CH,Cl,. The inset
shows an expansion of the MLCT region.

Nanoscale Adv., 2020, 2, 679-690 | 687


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00488b

Open Access Article. Published on 12 December 2019. Downloaded on 11/7/2025 7:08:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

(@)

Fig. 13 Photographs of activated TiO, NPs functionalized (a) with 1,
and after treatment with (b) [Cu(5).l[PFel, (c) [Cu(7)2][PFel, (d) [Cu(6),]
[PFel and (e) [Fe(8),l[PFel>.

Ti027Lanchor + [Cu(Lancillary)2]+ 2
Ti02_[(]-‘anchor)Cu(]-‘ancillary)]Jr + Lancillary (1)

To date, we have applied this strategy to annealed nano-
particulate TiO, surfaces, and we now demonstrate an exten-
sion to TiO, NPs dispersed in solution. NPs functionalized with
1 were dispersed in water, and an acetone solution of [Cu(5),]
[PF¢], [Cu(6),][PF¢] or [Cu(7),][PFs] was added (see Experimental
section). During a 72 hour period of stirring, the NPs became
orange-red. A similar procedure was followed for ligand
exchange between [Fe(8),][PF¢], and NPs functionalized with 3
which resulted in purple-coloured NPs. The NPs were separated
by centrifugation, and were washed and dried. The observed
colours of the NPs (Fig. 13) are diagnostic of [Cu(diimine),]" and
[Fe(tpy).]*" chromophores, and their solid-state absorption
spectra are shown in Fig. 14 and S30.f Absorption maxima are
observed at 491, 498 and 488 nm for the copper(i) complexes
with Lancillary = 5, 6 and 7, respectively, and at 577 nm for the
surface bound iron(u1) complex. That the latter arise from ligand
exchange and not from residual homoleptic complexes is best
demonstrated by comparing the solid-state spectrum of NPs
functionalized with 1 after treatment with [Cu(6),][PFs] with
that of the homoleptic [Cu(6),][PFs]. As discussed earlier,
significant red-shifting is observed in the solution absorption
spectrum of [Cu(6),][PFs] due to flattening of the copper(r)

+ £NP [1-Cu-5]
« NP [1-Cu-6]
« £NP [1-Cu-7]
« Solid [Cu(6) ][PF ]

>

Absorbance / a.u.

500 550 600 650
Wavelength / nm

350 4(I)O 4‘;’:0
Fig. 14 Solid-state absorption spectra of NPs functionalized with 1
after treatment with [Cu(5),1[PFgl, [Cu(6),][PFel or [Cu(7),][PFel, and, for

comparison, the solid-state absorption spectrum of homoleptic
[Cu(6)l[PFel.
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coordination sphere, and this is also observed in the solid-state
with an MLCT band centred at ca. 580 nm (Fig. 14).

SEM images of the TiO, NPs functionalized with 1 after
treatment with [Cu(5),][PFs] and [Cu(7),][PFs] are displayed in
Fig. 7c and d. Comparison with the images in Fig. 7a and
b reveals an increase in particle size after reaction with the
homoleptic copper complexes, consistent with the functionali-
zation step in eqn (1).

Conclusions

We have demonstrated that the SALSAC approach to the hier-
archical assembly of heteroleptic bis(dimiine)copper(i)
complexes that we have previously established for annealed
nanoparticulate TiO, surfaces®® can be extended to NPs
dispersed in solution. We have presented a general procedure
for the activation of commercial TiO, NPs by initial treatment
with aqueous HNO;. After dispersion in water, the activated NPs
were functionalized with anchoring ligands 1-4 by heating
under microwave conditions, and the functionalized NPs were
investigated using FT-IR, TGA, and 'H NMR spectroscopy.
Ligands 1-3 contain phosphonic acid anchoring groups while 4
has two carboxylic acid anchors; ligands 1, 2 and 4 contain 6,6'-
Me,bpy and 3 contains tpy metal binding domains. NPs func-
tionalized with 1, 2 and 4 react with [Cu(MeCN),][PF¢] and those
with 3 react with FeCl,-4H,0; metal binding has been investi-
gated using solid-state absorption spectroscopy and SEM.

By reacting the activated NPs with mixtures of ligands,
competitive binding of ligands to TiO, has been investigated.
For the phosphonic acids, the binding orders are 3 > 1 > 2 which
can be rationalized in terms of relative pK, values (phosphonic
acid and [HMe,bpy]" or [Htpy]") and the number of anchoring
groups in the ligands. Competition experiments between 1 and
4 confirmed preferential binding of phosphonic over carboxylic
acid anchors.

The final step in the SALSAC strategy is ligand exchange
between ligand-functionalized NPs and homoleptic metal
complexes to yield TiO, NPs functionalized with heteroleptic
complexes. We have demonstrated that this is successful for
NPs functionalized with 1 reacted with three different
[Cu(Lanciltary)2][PFs] complexes and for NPs functionalized with
3 reacted with [Fe(8),][PFs],. This approach provides a versatile
hierarchical approach to the formation of metal complex-
functionalized NPs, and we are currently employing the SAL-
SAC strategy in catalysis and sensing applications.
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