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Self-assembled 2 X 2 grids have been characterised as high-fidelity species produced when the correct stoichiometric ratios
are met, but rarely are the individual steps leading to and from their formation characterised. Here, we present such a study
using equilibrium-restricted factor analysis to model a set of UV —vis spectra starting from a bis-bidentate ligand to the
assembly of a 2 X 2 grid complex upon titration with 1equiv. of [Cu(MeCN),](PFs) and to disassembly upon further
titration. Intermediate species [Cul,]™, [Culs)”", [Cusl,]*t and [Cu,L)?T are evidenced along the assembly and
disassembly pathways. Complementary '"H NMR titrations are consistent with the rich set of complexes and equilibria
involved. Given the nature of the assembly process, the assembly is entropy driven and likely enthalpy driven as well. The
disassembly process is both enthalpy and entropy driven according to the standard free energy values derived from the

modelling of the spectrophotometric titration data.
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Introduction

As technological innovations continue to move towards
materials that demand regularly ordered nanometre-sized
features (/), non-covalent syntheses (2) that can realise
self-assembled supramolecular structures from smaller
building blocks are required. With increasing frequency,
this ‘bottom up’ method of production has been utilised
(3). Thus, the role of supramolecular chemistry has grown
in prominence through the burgeoning field of nanotech-
nology (4) where the preparation of a wide range of
discrete and high-fidelity assemblies is well documented
(5, 6). The basis of supramolecular chemistry is the
spontaneous assembly of non-covalently linked molecular
clusters (7) designed to yield thermodynamically favoured
structures. As excellent examples, Levin and Stang have
demonstrated the formation of a supramolecular dodeca-
hedron from the coming together of 50 molecules of two
different types (8). However, as the complexity of these
supramolecular structures increases, the possibility for
alternate arrangements that lower the fidelity or alter the
stoichiometry of the multicomponent assembly also
increases. For instance, Long et al. have shown that the
preference of a ruthenium(Il) complex to form either a
square or a triangular supramolecule depends on the
surrounding solvent (9). In order to most effectively
access the potential offered by various nanoscale
structures and to apply rational design (/0) in the non-
covalent synthesis (2) of novel structures, a greater level
of detail in the characterisation of the assembly process
(11) is necessary for facilitating a deeper understanding.

Included amongst the possible self-assembled struc-
tures are squares (/2), grids (/3), racks (/4) and ladders
(15) that are expressed within homogeneous solutions in
two dimensions with many other assemblies (/6) also
present in one (/7) and three (/0, 15) dimensions. The
2 X 2 grids composed of four metal ions, (two in the x-axis
and two in the y) combined with four ligands constitute
some of the earliest (/3) examples. These grids are also of
sufficient complexity to serve as exemplary species for
experimental interrogation and as complements to
theoretical approaches (/8) prior to the evaluation of
larger assemblies. When these self-organising structures
can be realised with easy-to-synthesise ligands, opportu-
nities exist for other materials to be fashioned from them.
With these ideas in mind, we present a detailed
thermodynamic study of a 2 X2 grid that employs a
click-derived ligand, L = 3,6-bis(1-(2-(2-(2-methox-
yethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)pyridazine
(Figure 1(a)). Supramolecular coordination complexes
derived from click ligands have become a familiar sight in
the literature in the last few years (/9), with Crowley (20),
Ward (21), Policar (22) and Petitjean (23) as examplars.
A similar grid motif was recently reported (24) by
Schubert during the preparation of our study based on the
same 3,6-bis(1,2,3-triazol-4-yl)pyridazine core. Schubert
confirmed using NMR and high-resolution ESI-TOF mass
spectrometry that the 2 X 2 grid was formed at a 1:1 ratio
of ligand to Cu(I); however, the assembly process itself
was not determined. In fact, characterisation of these
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Figure 1. (Colour online) (a) Representation of the formation of
the grid complex from the bis-bidentate ligand (L) and (b) the
progression of dominant species involved in the self-assembly of
the 2 X 2 grid between L and Cu(I) during the titration of metal
cations into ligand. (c) Crystal structure of the 2 X 2 grid with
PF; counteranion (not shown) formed with L2.

multiple component assemblies using titrations are rare
(24) and are generally non-trivial to analyse (/3). Thus, we
provide a critical look into the inner workings of a 2 X 2
grid to help deepen the understanding in this area of
supramolecular chemistry (25).

Equilibrium-restricted factor analysis (ERFA) [26] is
employed initially to characterise the stepwise assembly of
the grid. ERFA is a form of principle component analysis
that requires the components along the compositional axis
to adhere to the strictures of equilibrium mixtures. It
allows thermodynamic quantities to be obtained via
optimisation while multiple species remain in an
equilibrium mixture, and it can give great insight into
the assembly process of various supramolecular structures.
ERFA is implemented here using the computer program
SIVVU™ (26). The number of distinct absorbing species,
their individual spectroscopic signatures and the free
energy values for the chemical reactions between them are
ascertained from UV —vis absorption data collected from a
series of solutions of varying compositions (6, 27). This
approach has already been used successfully to interrogate
the step-wise formation of a tetrahedron derived from six
ligands and four cobalt(Il) ions (/7). The formation of
two-dimensional supramolecular grids under investigation
here takes advantage of the tetrahedral coordination of
copper(I) with a bis-bidentate ligand in dichloromethane.
A crystal structure was generated (Figure 1(c)), and
although the crystal showed weak diffraction, it confirmed
unambiguously the connectivity expected for the grid.

Using a quantitative thermodynamic analysis of the
assembly process (Figure 1(b)), five equilibria were
identified that span from the free ligand through two pre-
grid intermediates, the grid itself and then through two
more post-grid complexes. Corroborating evidence for
some of the species predicted in the ERFA model of the
UV-vis spectrophotometric titration was examined
utilising electrospray ionisation mass spectrometry (ESI-
MS). The number of equilibria was found to be consistent
with 'H NMR titrations conducted at various temperatures.
The analysis shows that the thermodynamic intermediates
of assembly (in which the stoichiometric ratio of Cu:L is
not the ideal 1:1 required for the grid) maximise the
number of metal-ligand coordinative bonds while
spreading the positive charges of the copper cations as
much as possible. Overall, we conclude that the assembly
and subsequent disassembly of the supramolecular grid is
entropy driven in dichloromethane (CH,Cl,) solution.

Methods
ERFA modelling of UV-vis by titration

In order to determine the thermodynamic properties of this
system, the absorbance data was modelled using ERFA
with the computer program SIVVU™ (28). SIVVU™ has
shown itself to be a valuable tool in the determination of
both binding constants and dissection of both organic (29)
and inorganic (30) complexes. Absorbance and compo-
sition data were input into the program. The additive
structure of the former is analysed initially in order to
determine the number of unique absorbers that contribute
to the data. Then, the entire dataset is modelled under the
constraints of chemical equilibrium and Beer’s law. The
AG values corresponding to chemical reactions provided
by the user were optimised to achieve the smallest
deviation between the measured and calculated absor-
bance values, and in the process, concentration and molar
absorptivity values for each of the absorbing chemical
species were determined (27, 37). The concentrations need
to be sufficiently dilute to allow a reasonable population of
both products and reactants. When this criterion is
fulfilled, the accuracy of the AG values is high (26, 32).

Results and discussion

X-ray crystallography of the [Cuy4(L2),](PF ), complex

The connectivity of a grid complex based on the ligand L2
(Figure 1(c)) was confirmed by the crystal structure
obtained from synchrotron single crystal X-ray diffraction
data. As expected, the typical grid structure (13) is
obtained with all bidentate binding sites fulfilled on the
ligand with four-coordinate copper(I) geometries and the
ligand pairs m-stacked. The crystals of [Cuy(LL2)4](PFg)4
were extremely small (approximate dimensions 0.07



Downloaded by [Indiana University Libraries] at 13:18 18 February 2014

Supramolecular Chemistry 3

Absorbance

250 300 350 400 450 500 550
Wavelength (nm)

Figure 2. (Colour online) Total set of absorbance data used
in the equilibrium-restricted factor analysis. Fifty solutions of
L (20 M, dichloromethane) with 0—2.14 equiv. of copper(l).

% 0.07 X 0.01 mm®) and weakly diffracting. The diffrac-
tion data were acquired with synchrotron X-ray radiation
at ChemMatCARS beamline, Advanced Photon Source,
Argonne National Laboratory. Despite the use of
synchrotron radiation, the crystal diffracted very poorly,
and the quality of data was not sufficient enough to refine
the details of the structure such as anisotropic thermal
parameters. Nevertheless, the connectivity of the
[Cuy(L2)4](PFg), complex could be established straight-
forwardly. As such, while the technical parameters for the
crystal are poor, the principal finding (and our rationale for
including the structure) was to confirm the connectivity of
the complex, and this result is verifiable.

UV-vis titration and quantitative analysis

The titration of L with 2equiv. of copper(l) in
dichloromethane yielded consistently varying absorbance
data (Figure 2). This titration was characterised by an
intense peak at 278 nm which diminished and shifted to
265 nm while a broader peak at 400 nm grew in. A factor
analysis that is not restricted by the chemical equilibria
was used to independently identify the number of
absorbing species (Table 1) indicating that there are at
least five additive factors (i.e. absorbers) that comprise
99.28% of the information within the entire absorbance
dataset of 50 solutions across the wavelength range 230—
550nm. A cut-off at the fifth absorber was based on the
fact that it is the last factor with a weighting (0.0652) that
is more than twice that of the weightings for the
subsequent sixth factor (0.0285). The unrestricted factor
analysis suggests that a sixth, seventh and even eighth
absorber still remain possibilities on account of the fact
that these values are still noticeably larger, although not
twice the magnitude of subsequent values. Upon testing
scores of potentially reasonable models, the best model
was obtained with a total of seven absorbers, correspond-
ing to the uncomplexed ligand, L. and uncomplexed copper

Table 1. Breakdown and ranking of additive factors in UV —vis
absorbance data.

Unrestricted factor Factor weight Cumulative percentage (%)

1 41.9763 83.95
2 6.5579 97.07
3 0.7170 98.50
4 0.3255 99.15
5 0.0652 99.28
6 0.0285 99.34
7 0.0190 99.38
8 0.0161 99.41
9 0.0139 99.44
10 0.0136 99.47

ion, both being the species added to the solution. Next, are
two pre-grid complexes [Cul,]" and [Cu2L3]2+ followed
by the grid complex [CuyLy]*" and then there are two post-
grid complexes [CusL,]>" and [Cu,L]*™.

These absorbers were modelled using equilibria that
were constructed by employing coefficients (1/2, 3/2, 3/8,
1/4) to standardise each reaction to the addition of half
a copper cation. This standard is equal to the formation of a
single metal-ligand linkage through two metal—nitrogen
coordinative bonds.

All of the absorbance data from 230 to 550 nm for all
50 solutions could be accurately modelled using equilibria
1-5.

1 1
3 [Cu(MeCN),]* + L = 3 [CuL,]* +2MeCN, (1)

1 3
5 [Cu(MeCN),]" + 3 [CuL,]" = [Cu,L3]*" + 2 MeCN,
2)

% [Cu,L,*
[Cu,LsP*
[CuL,]*

[Cusl )"

120

100

Molar Absorptivity (M~ cm™) (107)
3
i BN

T T T T 1
250 300 350 400 450 500 550
Wavelength (nm)

Figure 3. (Colour online) Molar absorptivity values for the
seven absorbing species present in the series of solutions as
determined by equilibrium-restricted factor analysis.
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Figure 4. (Colour online) Concentration profiles for the 50
solutions with L and copper(I). Bars represent the root mean
square residual for each solution in the ERFA model.

1 1
5 [Cu(MeCN),]" + 5 [Cu,L3)*" = [CuyL4)**

+2 MeCN, 3)

1 1 1
5 [Cu(MeCN),]" +7 [CusLs* = E[Cu3L2(MeCN)4]3+,
“)

%[Cu(MeCN)4]+ + % [CusL,*" = [Cu,L(MeCN), 1>+,
)

The final R ? for the fit was 99.9973% with a root mean
square residual of 0.00087. None of the alternative
models investigated were acceptable. The model yielded
molar absorptivity curves for each of the seven absorbers
(Figure 3) and concentration profiles for each species

throughout the titration (Figure 4). It should be noted
that unbound acetonitrile does not absorb in the range of
wavelengths studied, and therefore, it is not possible to
explicitly include it as a participant in the model for the
purposes of the SIVVU™ analysis. The NMR titration
(3mM) shows the acetonitrile getting ejected as
expected during the first three equilibria steps
(Table 2) indicating that its affinity for copper(l) is
weak compared to that of the ligand. The concentration
profiles (Figure 4) show the consumption of L, the
gradual formation and loss of each of the five complexes
and the excess copper(I) at the end of the titration. The
1:2 pregrid [CuL,]™, the 4:4 grid [Cu41_4]4+ and the 2:1
post-grid [Cu,L]*" complexes were formed in the
highest concentrations with the 2:3 pre-grid and 3:2
post-grid complexes, [Cu2L3]2Jr and [Cu3L2]3 -, respect-
ively, being formed in smaller concentrations. The
concentration profile shows that the [CusLy]*" grid is the
dominant, but not only, complex formed in solution at
1 equiv. of Cu(l) added. As expected, beyond 2 equiv. of
Cu(), the concentration of the uncomplexed metal
cation increases substantially.

From the first complex to the last, the UV peak
positions progressively blue shift: 280, 279, 277, 271, then
267 nm with molar absorptivity values on a per ligand
basis of 3.47 x 10%, 3.21 x 10%, 3.00 x 10%, 2.78 x 10"
and 2.52X 10*M 'cm ™', respectively. Under these
equilibrium-restricted constraints, these molar absorptivity
spectra, along with the curves for free ligand and the
copper(I) solvato complex, account for 99.21% of the data
set that was collected. The free energy values for the
formation of each of the reactions in Table 2 at 295 K were
likewise refined. The overall root-mean-square residual for
this optimisation was 0.00087 with the error associated

Table 2. Standard free energy values for the successive addition of Cu(I) to form each [CuxLy]x+ complex.

Complex formation reaction AG® (kJmol ) log (K)
1Cu* + L =1[CuL,]" +2MeCN —0© T
1Cu" + 11[CuL,]* = [Cu;L3]*" 4+ 2MeCN —37(2) 6.55
ICu" +1[CuL3]*" = 3[CuyLy]*" +2MeCN -31(2) 5.49
LCut +1[CuyLy]*t = L[CusLy(MeCN), P —11.92) 211
1CuT +1[CusLo Pt = [CupL(MeCN), J** —8.0(2) 142
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with each solution shown as bars below the concentration
profiles (Figure 4).

Use of ERFA has afforded a model for the step-wise
assembly and disassembly of the self-assembling 2 X 2
copper(I) grid [Cu4L4]4+ in dichloromethane. Five distinct
complexes are identified in solution throughout the
addition of a little over 2 equiv. of copper(I) to the ligand,
and this approach allows for the characterisation of each
species without the necessity of their isolation. This
outcome is not only convenient when facing the challenge
of isolation but more importantly, this strategy allowed the
interplay between complexes to be explored as the grid
comes together and falls apart in solution.

The presence of five complexes [Cul,]™, [Cu,ls]*"

[Cusly]*", [Cusl,*™ and [Cu,L)*" (Figure 1(b)) in
addition to the copper(l) solvato complex and uncom-
plexed ligand is consistent with the mathematical
structure of the absorbance data which showed that at
least five additive factors comprised the data set with a
possibility for a sixth and seventh. In the final model,
seven purely mathematical (unrestricted) factors
accounted for 99.38% of the data, and when the model
must conform to the constraints of chemical equilibrium,
it still accounts for 99.21% of the measured absorbance
data. This strongly indicates that the model is complete
and accurate.

The resulting molar absorptivity curves associated with
each species (Figure 3) for this model are sensible. Each of
the UV bands is in a range that is consistent with the
expected intensity for ligand-centred (LC) transitions.
The molar absorptivity values for the peaks increase as the
number of ligands in the complex increase up to the grid
and then decrease as the number of ligands in the
complexes decrease. These LC bands also show
a consistent shift from 280 to 268 nm as the ligand
becomes saturated with copper(I) and they become broader
beyond the grid. These features enhance the legitimacy of
the model on account of the fact that the mathematical
modelling of the data does not take any a priori
spectroscopic information into account.

Furthermore, the metal-to-ligand charge-transfer
(MLCT) band near 400 nm shows a consistent intensity
profile across each of the five complexes. Each metal—
ligand bidentate site represents an opportunity for an
MLCT transition. Thus, the five complexes are expected to
have two, four, eight, four and two such opportunities, and
the respective molar absorptivity values at 400 nm for each
species (0.55 x 10%, 1.2 x 10*, 1.7 x 10*, 1.4 x 10* and
0.7 X 10* ABS/M/cm) reflect this prediction (Figure 3).
The peak position also shifts monotonically from 410 nm
for [CuL,]™ to 403 nm for [Cu,L]*".

The 2:3 [Cu,Ls]** pre-grid complex is formed in the
lowest concentration (Figure 4) of any of the complexes,
which predicated our evaluation of its importance to the
data fitting. Without it, the root mean square residual

only increases by less than 1%. However, when
included, its molar absorptivity curve is consistent with
the rest of the complexes and this is strong evidence for
its existence. The inclusion of a truly spurious species in
a model tends to lead to molar absorptivity curves that
have no chemical explanation as they are being used by
the model to account for signal noise. Consequently, its
inclusion is merited in the model. The removal of both
the pre-grid [Cu,ls]*Tand the post-grid [Cusl,]*>"
complexes from the model resulting in a total of five
absorbing factors (the minimum number of mathematical
factors) increases the root mean square residual from
0.00087 to 0.0013 and results in a nonsensical molar
absorptivity curve for the 2 X 2 grid, which is now
formed in insignificant amounts. Given these results, the
best model was determined to be the one which included
both [Cu,Ls*" and [CusL,]*" for a total of seven
factors.

Electrospray mass spectrometry

While ERFA is a powerful tool for identifying distinct
absorbers in solution, it works especially well with species
that do not have the same empirical formula. If species do
have the same empirical formula, e.g. [Cu,L]** and
[CuLo]*" then it can be very difficult (though not
impossible) to resolve them on a compositional basis.

Eq Cull) Added
—22

20

16

Chemical Shift (ppm)

Figure 5. (Colour online) NMR titration of L with increasing
equivalents of Cu(I) 3mM L, [Cu(MeCN)4](PFs) in CD,Cl,,
500 MHz, 300 K).
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Figure 6. (Colour online) Speciation curve for a 3-mM titration
calculated from the SIVVU model generated from the UV -vis
titration. Alternating shaded/unshaded regions reflect five
different phases observed in the titration.

For this reason, mass spectrometry is an excellent
complement to ERFA as a tool that can identify the
exact molecular size of the different chemical species.

An ESI-MS titration was conducted to identify the
presence of complexes. Only monocationic species were
observed, presumably the results of facile complex
reductions in the electrospray experiment. All stages of
the titration showed the presence of small structures with
low copper saturation, e.g. L, [Cul,]™ and [CuL]"
indicative of fragmentation from larger species. These
species remain abundant throughout the titration. Beyond
1 equiv., evidence for species of higher nuclearity develops
in the form of [Cu,L,]*" as a minor species. Peaks assigned
to [Cu,L]*" also appeared intermittently throughout the
titration. The presence of moderately saturated copper
complexes up to 1equiv. and highly saturated complexes
beyond 1 equiv. support the proposed model.

(a)

!H NMR titration

To support the set of equilibria proposed using the analysis
of UV —vis titration, an NMR study (Figure 5) characteris-
ing the production and loss of the [Cu4L4]4+ species and
the transitional intermediates (Figure 10) was conducted. A
3-mM solution of L was prepared in CD,Cl, to which Cu(I)
was added in partial equivalents as the [Cu(MeCN),](PFg)
salt. Given the high concentration, it is anticipated that this
titration would be occurring under tight-binding con-
ditions. On the basis of related Cu(I) complexes of
polyazine ligands (I3, 33), the evolution of peaks
throughout the titration is expected to reflect a process of
slow chemical exchange on the NMR time scale. Overall,
our results support the richness and complexity in the
numbers of equilibria proposed in the SIVVU™ analysis.

New speciation curves were generated (Figure 6) for
the NMR experiment using the parameters determined
through the SIVVU™ analysis. The evolution of species in
the NMR titration is similar to the UV —vis titration. For
example, the [Cu4L4]4+ grid still represents the dominant
species in solution at 1equiv. General features of the 'H
NMR titration (Figure 5) agree with the predictions made
in the speciation curve. The growth and loss of key proton
resonances (H?, H® and HY) are diagnostic and ultimately
allowed identification of five phases of behaviour (see
marked regions in Figure 6).

Beginning with the clearest observations, the emer-
gence of a break at a 1:1 molar ratio is seen in the
acetonitrile methyl peaks that originate from the copper(I)
salt [Cu(MeCN)4](PF¢). During the addition of up to
1 equiv., all the copper will bind to the available ligands,
liberating acetonitrile into solution. At 1equiv., each
copper ion will be saturated with ligands, but beyond it, the
copper ions will have vacant sites available for solvation.
Consequently, any acetonitrile molecules should be able to
form complexes during this latter phase of the titration.
Our results reflect this expected behaviour. This peak
grows in intensity (Figure 7(b)) as more [Cu(MeCN)4](PF)
salt is added. The acetonitrile peak starts at ~ 1.95 ppm,

—
(=2
—
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-~ -
~ >

. 2000 o z P
t:; Va - % //-.
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Figure 7. Graphs of the MeCN (a) integrated peak intensity corresponding to the NMR titration and (b) peak position.
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Figure 8. Peak position of (a) proton H* and (b) proton H™ with equivalents of Cu(I).

which is commonly associated with residual solvent in
CD,Cl, (34), and holds this position (Figure 7(a)) up to
1 equiv. The downfield migration of the CH;CN peak starts
beyond 1equiv. and continues to move throughout the
titration towards the position observed for a 3-mM solution
of [Cu(MeCN)4](PFs) in CD,Cl, at ~2.16ppm (see
Supporting Information). This downfield shift reflects the
disassembly of the grid, exposing Cu(I) to solution and
allowing fast-exchange with labile acetonitrile molecules.
During this last half of the titration, the position of the
glycol chain’s methyl peak, H™ (Figure 8) is seen to
migrate downfield during the last half of the titration. Under
these conditions, the averaged peak position vag is the sum
of the individual peak positions weighted by their relative
abundance. If the grid converted into just one other species,
e.g. [Cu,L]*", the expression for the average would be ngg
[CusL4ldcy,r., + [CusL]6cy,r, which would result in a
linear change in peak position under tight binding
conditions. The observed peak movement is not linear,
consistent with the existence of at least one other
intermediate complex. We can conclude from this
observation that the grid formed at 1 equiv. disassembles
to give two or more complexes during the last half of the
titration, i.e. there must exist two phases, IV and V.

To facilitate discussion of the ligand resonances, the
change in symmetry and chemical environment of the
ligand (Figure 9) within the complexes needs to be

accounted for. The free ligand (L) has an initial C,
symmetry that gets broken and reinstated to differing
degrees in the complexes. When a single copper ion is
bound to a ligand, two sets of inequivalent resonances are
expected (Figures 9 and 10). When a ligand is coordinated
with two copper ions, it might regain some of its C,
symmetry. Ultimately, the change from unbound to bound
ligand will be accompanied by shifts in peak position
reflecting multiple effects: deshielding of hydrogens upon
metal coordination and loss of CH < N and production of
CH < CH contacts' that modify the local environment of
hydrogens H* and H® (Figure 9). As a consequence of the
increasing degree of saturation of the ligands during the
first half of the titration, distinct resonances for free (L™)
and complexed (L™) hydrogens were observed for most
resonances (HB, HP, HE and HF ). For example, triazole
hydrogen H®" at 8.5 ppm lost intensity (Figure 11) relative
to the growth of H®™ at 8.8 ppm. Pyridazine protons (H™),
however, appear to show coincidental positions for their
L* and LM states. Under this schema, it can be seen that
peak infensity is sensitive to the presence or absence of a
bound copper, rather than to the existence of discrete self-
assembled species.

Across the titration, there are also small yet diagnostic
shifts in the chemical shift positions (Figure 12). Hydrogens
HA, HY, H®" and H®M all undergo various and non-
monotonic positional shifts (= ~ 0.2ppm) from O to

. = i
Ay
8.5 ppm 0‘3

B O
H C

Y W S

WaY i

~ N

R
o
—=> T

LM Protons L* Protons

8.8 ppm 8.35 ppm -

Figure 9. (Colour online) Depiction of inequivalent proton resonances in L—Cu complexes.
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V2 [Cu(MeCN),]* + 1
¥ [Cu(MeCN)]* + 1%
% [Cu(MeCN)]* + %
7 [Cu(MeCN),]* + %
%2 [Cu(MeCN),]* + %

Figure 10. (Colour online) Depiction of complex structures using space-filling models and conventional structure drawings.
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Figure 12. (Colour online) Peak positions of protons (a) H”, (b) HB* and (c) H®™ with equivalents of Cu(l).

1 equiv. of Cu(I). This is consistent with the rich distribution
of complexes predicted from the SIVVU™ analysis
(Figure 6), underscoring the fact that the assembly process
cannot be as simple as 4L + 4Cu(I)" — [CuyL,]*".

Using the changes in intensity and position of the key
protons (Figures 11 and 12), it is possible to demarcate
different phases in the NMR titration. First, peak H™
(Figure 12) shifts downfield (0—0.4 equiv.) and then upfield
(0.4—1equiv.) suggesting there are at least two phases.
Second, there is little to no change in the peak intensities
from 0 to 0.2 equiv. of Cu(l) for H®" and H®M (Figure 11
(b)) and for HF" and H™ (Figure 11(c)). This behaviour
suggests there are at least two phases from 0 to 0.4 equiv.
Referring to the simulated speciation curves (Figure 6),
these phases can be correlated to the distribution of
complexes present in the titration: Phase 1 (0—0.2 equiv.) is
dominated by the loss of free ligand to the [Cul,]*
complex. Phase 2 (0.2—0.4 equiv.) shows how the sum of
both [Cu,L5]*" and [CuL,]" in solution start eclipsing the
amount of free ligand still present in solution. During the
third phase (0.4—1.0 equiv.), we observe the emergence of
the grid and the eventual disappearance of all precursor
complexes. In total, from O to 1.0equiv. of copper, we
observe three intermediate phases (0.0-0.2, 0.2—-0.4 and
0.4—1.0) that suggest the presence of four species: the free
ligand (Oequiv.), the grid (1.0equiv.), and two or more

intermediates, nominally the [Cul,]*(~0.33equiv.) and
[Cu,Ls T (~0.6 equiv.) complexes seen from the SIVVU™
analysis. These phases can be added to the ones already
implicated from the shift in hydrogen H™ (Figure 8) that
occurs beyond 1equiv. to support the speciation curve
predicted from SIVVU™ (Figure 6).

While different phases have been seen in the NMR
titration, these data do not allow distinct structures to be
identified. This gives rise to a quandary: If each complex
is in slow exchange, why are no more peaks visible?
To rationalise this outcome, consider the small peak
migrations observed in protons H*, H® and H" (Figures 8

Figure 13. (Colour online) Representation of [LsCu,]*" in its
preferred geometry (molecular modelling) with the inequivalent
triazole hydrogens (H?) marked with arrows.
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and 12). These shifts occur both prior to and following
the clear slow-exchange from uncomplexed (L*) to
complexed (L™) ligands. During all of these small
migrations, the peaks are broadened, while at 0, 1 and
2 equiv. they are sharp. Two possible interpretations can be
gathered from these observations: first, the broadening
results from the co-localisation of nearly identical proton
resonances present during the slow exchange processes.
Second, the shifts are instead the result of fast-exchange
between structural intermediates as the grid is assembled.
To distinguish between these interpretations, the "H NMR
titration was carried out at 287 and 370K with no
noticeable change in peak widths at elevated temperatures
in deuterated dichloroethane (ds-DCE). If these five
equilibration processes were only undergoing rapid
exchange, then they would be expected to show a clear
temperature dependence.

The behaviour of the triazole peak H® is exemplary of
slow exchange between each complex with coincidentally
overlapping peaks. First, we observe a slow exchange
process taking place on either side of 0.5 equiv. where the
H®" peak at ~ 8.5ppm loses intensity relative to the
growth of the H®™ peak at ~ 8.8 ppm. These two peaks are
assigned to the uncomplexed and complexed sides of the
ligand, respectively (Figure 9). Thus, the triazole protons
resonating at ~ 8.5 ppm are a linear combination of the
free ligand L and the uncomplexed sides of the ligand
(Figure 9) that are present in L, [CuL,]" and [Cu,L5]*".
On account of the fact that these nuclei are on non-
coordinated regions of the ligand, it is feasible that they
would resonate at similar positions resulting in the
appearance of a single broad peak that changes position
during the titration. Adding to this complexity, a molecular
model of [Cu,ls]*" (Figure 13) suggests that two
degenerate structures may be accessible with the triazole
hydrogens H®" in two slightly different chemical
environments, perhaps exchanging rapidly on the NMR
timescale. Regarding peak H*" at ~8.5 ppm, its position
must also arise from the sum of multiple nearly-
overlapping peaks undergoing slow exchange on the
NMR time scale. On account of the fact that peaks
associated with hydrogens H*, H® and H" behave

Table 3. Total free energy values for the formation of each
[Cu,L,] complex.

AG

Complex formation reaction (kI mol™ 1)
[CuMeCN)4]* + 2L = [CuL,]" + 4 MeCN —81
2[Cu(MeCN),]" + 3L = [Cu,L3]** + 8 MeCN —159
4[Cu(MeCN),|* + 4L = [CuyL4]*" 4+ 16 MeCN —294
3[Cu(MeCN),]" + 2L = [Cu3L,(MeCN),**+ —-171

+8 MeCN
2[Cu(MeCN),]" + IL = [Cu,L(MeCN), ]** —-93

+4 MeCN

similarly, we believe that exchange between distinct
complexes is slow on the NMR timescale.

One final structural observation of novelty is the
behaviour of the a-methylene hydrogens, HE. In
particular, the splitting of HS from a triplet into two
poorly-resolved peaks, potentially a doublet of doublets,
provides insight into a possible electronic rearrangement
taking place within the triazole. Several studies (24, 35)
have previously reported a change in the methylene proton
immediately adjacent to the triazole from sharp singlet to
either ‘broad’ or ‘multiplet’ upon addition of Cu(l).
Although the mechanism of this process is unclear, one
explanation could be rehybridisation of triazole nitrogen
1-N. Although the aromatic (6 electrons) nature of the
triazole ring suggests that all nitrogens would share sp”
hybridisation, several recent papers (36) have shown that
conjugation is not extended through to the 1-N in the 1,2,3-
triazole ring. Thus, further rehybridisation of the
3-nitrogen from sp® to sp° would break the planarity of
the nitrogen—methylene bond, thus rendering the methyl-
ene protons inequivalent. Integration of HS peaks
throughout the entirety of the titration shows that the
peak intensity does not change, giving support to the
hypothesis that the peaks could result from the splitting of
the HE triplet into a doublet of doublets. However, to the
best of our knowledge, there is no precedent for the loss of
planarity of the 3-nitrogen in triazole—Cu(I) complexes.

Evaluation of the energetics of assembly

Clearly, the 2 X 2 grid forms readily in solution and is the
dominant (~80% at the 10 uM range, ~98% at the 3 mM
range) complex present at a 1:1 ratio of copper(I) to L.
However, it is not so dominant as to exclude other species
from forming, even at the ideal 1:1 metal:ligand ratio. The
free energy values obtained for five chemical equilibria
associated with this model are provided in Table 2. Each
reaction as written there involves the addition of a half
equivalent of a copper cation. This means that exactly one
new metal-ligand linkage is established with each of the
first three reactions. A linkage constitutes the formation of
two copper(I)—nitrogen coordinate bonds, i.e. each
bidentate site. As new linkages are formed in the first
three steps, the free energy values consistently decrease
from approximately —40.5(6) to —30(2)kJm0171. This
range is consistent with previous ones obtained from the
binding of copper(l) ions with similar ligands (27). The
complete assembly of the grid from the fundamental
building blocks of ligand and metal is shown in
equilibrium (6).

4[Cu(MeCN),]* + 4L = [CusL4]*" 4+ 16 MeCN. (6)

In this reaction as written, eight new metal-ligand
linkages are formed and the corresponding 16 acetonitrile
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molecules are liberated. The free energy associated with
this reaction is —294kJmol !, which is calculated by
combining equilibria (1)-(3) from Table 2 in the
appropriate ratios. Notably, this value is 30kJmol '
greater than eight times the free energy associated with
establishing the first linkage (—40.5(6)kJ molfl). The
difference can be readily accounted for by considering the
enthalpy investment required to bring positive cations into
close proximity with each other. In the 2 X 2 grid, there are
a total of six pair-wise interactions between Cu(I) cations:
four adjacent interactions (3.6 A) and two more diagonal
ones (5.6 and 4.7 A from the crystal structure). Like the
first step Equation (1), the second step as written in Table 2
establishes one new linkage but also brings together two
cations adjacent to each other as they bind to the same
ligand. Consequently, the free energy associated with this
step is only —37(2)kJmol ™', which is 3kJmol ' less
than that of the first. In the third step, again one new
linkage is formed, but now multiple Coulombic inter-
actions are established lowering the free energy to just
—31(2)kJ mol ™ !. Even the size of the second drop-off in
free energy (6kJmol ') is roughly twice that of the first
drop off. This outcome is expected on account of the fact
that only ~37% of the Coulombic interactions are
established in the second step and the remaining 63% in
the third step.

The free energies of reaction for the formation of the
intermediate complexes (Table 3) can also be formulated.
The fidelity with which the grid complex is formed can
be seen by considering that its formation energy
(—294kJmol "), when relative to the species on either
side, is considerably larger. For the same reason, the fidelity
of formation of any of the other species is quite low, that is,
even with the right stoichiometry to form [Cul,] ™", it does not
dominate (>90%) the distribution of species in solution.
These values compare with those seen for bi-ligand copper(I)
complexes of phenanthroline (37) for the [Cul,]t species
which recorded —68kJmol ' in the competitive and high-
dielectric MeCN solvent when using 2,9-dimethyl-1,10-
phenthroline. This data also pose the question of whether the
negative design of the non-grid species can be just as
successful as positive design of the grid in enhancing the
grid’s fidelity at micromolar concentrations.

The drop-offs in free energy from steps 1 to 3 (Table 2)
may certainly have additional causes (steric or electronic
in nature), but it is difficult to imagine any thermodynamic
reasons for counteracting the drop-off. Therefore,
30kJmol ' per grid is certainly a safe upper bound for
the Coulombic penalty. It is noteworthy that bringing four
point charges together at the position of the Cu(I) cations
in the crystal structure costs ~2100kJmol ' relative to
infinite separation. The presence of the counterions and
solution must substantially mitigate the charge repulsions.

The titration regime beyond the first equivalent of
copper(I) is quite distinct. The final two steps in Table 2

depict the disassembly of the grid upon the further addition
of copper(I). The combination of these two steps has a
standard free energy of —80kJ/mol per mole of the grid
complex.

[CusLy]*" + 4[Cu(MeCN), ] = 4[Cu,L(MeCN),]**.
7

Itis not surprising that this value is considerably smaller than
that associated with the assembly of the grid because even as
more copper(I) is added to the solution, no new linkages are
formed. Instead only rearrangement occurs. Smaller
assemblages ([Cu,L5]*" and [Cu,L]") begin to dominate
as the grid falls apart, ultimately into pairs of Cu(I) cations
bound to the same ligand. Noticeably, the ligands remain
fully occupied with two cations each. The process does not
even involve the loss of all six Coulombic interactions (only
the diagonal interactions and two of the four adjacent
interactions). While the Coulombic force between the
copper(I) cations is certainly a driving force for the
disassembly, it only accounts for at most a quarter (about
—20kImol™ ") of the total free energy associated with
disassembly (—80kJ mol™'). The difference can be
explained by considering the effects of entropy. In the
disassembly, there are no net linkages established and no
acetonitrile molecules released into solution. Because
Coulombic forces cannot account for the total free energy,
the rearrangements that take place must be predominantly
entropy driven. Consequently, disassembly is both entropy
and enthalpy driven, with the former being dominant at 298 K.

In the assembly of the grid, the establishment of each
new coordination linkage is accompanied by the displace-
ment of two acetonitrile molecules into solution. There-
fore, we judge that the assembly process is also entropy
driven. The enthalpy drive for assembly is more
complicated. Because the new chelate linkages are almost
certainly stronger than the solvent coordination, they are
likely to contribute to an enthalpy drive. However, it is
counteracted by the Coulombic energy penalty of
associating positive ions in close proximity, estimated
above at 30kJ mol ™' per mole of the grid. It is difficult to
ascertain which of these enthalpy effects is more
significant from our measurements and analyses. In the
case of dications of cobalt forming supramolecular
tetrahedra, the assembly was driven only by entropy and
apparently hindered by enthalpy (/7).

Conclusion

Using a variety of supramolecular analysis techniques to
take ‘snapshots’ of solution phase self assembly processes,
we have clearly demonstrated the thermodynamic
mechanism of the assembly of a [Cugly]*" grid. All five
steps, assembly and disassembly, are entropy driven. The
disassembly steps are driven primarily by the entropy of
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reorganisation of ligands around metal cations
(~60kImol " at 298 K) with the help of a Coulombic
enthalpy term (~20kJmol ). The entropy that drives the
assembly steps is associated with the displacement of
acetonitrile ligands into solution. The enthalpy drive of the
assembly process could not be definitively ascertained.
Any enthalpy associated with the formation of new
coordinative linkages will be lowered on account of two
effects. First, competition from the Coulombic penalty of
bringing positively charged cations into relatively close
proximity. Second, a weakening of the donor properties of
the second pyridazine nitrogen stemming from through-
bond resonance with the first coordinated nitrogen. ESI-
MS verified the presence of some complexes, while 'H
NMR revealed behaviour in the solution consistent with
the modelled assembly mechanism. These results have
demonstrated the ability of equilibrium-restricted factor
analysis to deconvolute a complicated solution mixture of
multiple complexes in equilibrium with each other. By
doing so, the assembly process of the two-dimensional
supramolecular grid has been ascertained, and thermo-
dynamic and spectral data of various copper(I) complexes
have been determined to a high degree of reliability
without the need for chemical isolation.
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Note

1. Double arrow (+) signifies proximity and are not intended
to imply the nature of any interactions (attractive or
repulsive).
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