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Molecules Designed to Contain Two Weakly Coupled Spins with a

Photo-switchable Spacer

Jorge Salinas Uber,? Marta Estrader,” Jordi Garcia,” Paul Lloyd-Williams," Anna
Dengler,™ Joris van Slageren,® Nicholas F. Chilton,' Olivier Roubeau,'®* Simon J.

Ribas-Arifio, and Guillem Aromi.[9!*

Abstract: Controlling the charges and spins of molecules lies at the
heart of spintronics. We report the design of a photoswitchable
molecule consisting of two independent spins separated by a photo-
switchable moiety contained within a new ligand, H,L, that features a
dithienylethene photochromic unit and two lateral coordinating
moieties, yielding molecules with the [MM---MM] topology.
Compounds [MsLx(py)s] (M = Cu, 1; Co, 2; Ni, 3; Zn, 4) have been
prepared and described by single crystal X-ray diffraction (SCXRD).
The structure allows different metals to be selectively distributed
amongst the two chemically distinct sites of the ligand, enabling the
preparation of many double-spin systems. Heterometallic
[MM’---M’'M]  analogues with formulae [Cu,NiLx(py)s] (5),
[CoNizLo(py)s] (6), [CoCuzla(py)s] (7), [CuzZnsla(py)s] (8) and
[Ni2Zn,Lx(py)s] (9) have been prepared and analyzed by SCXRD.
Their composition has been established unambiguously. All
complexes exhibit two weakly interacting [MM’] moieties, where
some embody two level quantum systems. Compounds 5 and 8
each exhibit a pair of weakly coupled S=7" spins that shgw
quantum coherence in pulsed Q-band EPR, as required for qua
computing, with good phase memory times (Ty of 3.59 and 6483 |s
at 7 K). The reversible photo-switching of all the molecules is
confirmed in solution. DFT calculations on 5 indicate
interaction between both spins of the molecule can be s
and OFF upon photocyclization.

Introduction

Synthetic coordination chemistry is a useful tool for the design
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and preparation of
functional compone

able of realizing
lecular spintronics
pin of electrons at the
imuli.! These concepts
such as the physical
ing.®®" This model of

body the quantum bits (qubits) and
ning fascinating challenges for
synthetic chemistry. Indeed, the two-level systems
necessary for the implementation of qubits may consist of
lecular enjfilfs with a true S = % isolated ground state,""*" or
cies exi@fiting a magnetic doublet,""*"" although exploiting
selected levels from a magnetic state with a multiplicity
than two has also been studied."®'® In this context, an
nt goal is the preparation of molecules to model double
bit quantum gates. Indeed 2qubit qugates will be
construct any complex algorithm.® 2! Some
quantum ges can be implemented by switching ON and OFF
the magnetic interaction between both qubits.?'? |t is
conceivable that such control of the inter-qubit interaction within
cular assembly could be triggered in an easy way using
of electromagnetic irradiation. Such a goal demands an
tive synthetic design strategy in order to gather the required
mponents in the appropriate disposition; these requirements
re j) a pair of well-defined and weakly coupled spins and ii) a
light-operated mechanism allowing reversible modification of the
magnetic interaction between them. Here we propose to employ
a diarylethene moiety as a photochromic switch (Scheme 1).
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Scheme 1. Representation of a dithienylethene unit and its reversible
photocyclization with UV and Visible light, respectively.

Diarylethenes represent a convenient choice as they possess
many advantages;?” /) they are amenable to extensive chemical
functionalization, i) they undergo reversible photocyclization
with light of a different wavelength for each direction, ii/) both
isomeric forms are in most cases thermally stable, iv) the
photochromic process is highly fatigue resistant and fast.
Furthermore, as a promising precedent, the photo-switching of
the electronic coupling between metal centres separated by this
photochromic unit has been demonstrated using electrochemical
techniques.?**! Some reports exist on the effect that the photo-
isomerization of dithienylethene units have on the magnetic
properties of ftransition metal complexes. The latter are
connected to the photoactive unit through donor atoms



incorporated into it, leading to mononuclear complexes,?®

coordination polymers of metals,?”?" or cluster coordination
polymers.®>* |n the cases where slight modifications to the
magnetic properties are observed upon photocyclization in the
solid-state, these are due to changes in the crystal lattice in
order to accommodate the structural rearrangement, and not to
a switching of any through-bond magnetic interactions.

Here we present the design and preparation of a new
dithienylethene photo-switchable ligand (HsL, Scheme 2)
separating a pair of 2-hydroxyphenyl-1,3-diketone units. The
latter are designed to chelate and bridge two strongly coupled
metal atoms, as a strategy to obtain molecular assemblies with
[MM:---MM] topology, incorporating a photochromic spacer. In
this way, four homometallic complexes exhibiting the desired
topology and formulated as [MsL2(py)e] (M = Cu, 1; Co, 2; Ni, 3;
Zn, 4) have been prepared and studied in detail. Interestingly,
the structural properties of the assembly enable the
predetermined realization of site selective heterometallic
architectures of the [MM’---M’M] type, allowing the design of a
variety of spin pairs within the molecule. Thus, compounds
[CuzNizLa(py)s] (5), [Co2NizLa(py)e] (6), [Co2Cuzla(py)s] (7),
[CuzZn,La(py)e] (8) and [NizZn,Lz(py)s] (9) have been prepared
and fully characterized. The combination of crystallographic
analysis, density functional theory (DFT) calculations, metal
microanalytical results and magnetic properties leave no doubts
about the assignment of the metal distribution in all complexes.
The reversible photo-switching properties of all the complexes
have been probed spectroscopically in solution. Importantly,
quantum coherence of the most interesting architectures
been measured by pulsed EPR techniques. The effect )
photo-switching on the coupling between both spins_of the
molecule could be assessed through DFT calcul
complex 5, indicating that the photo-cyclisation
switching of this interaction. The versatility shown
of molecules for choosing the identity of the spin
their addressability confirm that coordin
represents a promising avenue to access
multifunctional molecules.

Results and Discussion

Synthesis
The new photochromic bis-B-diketone

cyclopentene as the active
comprises two peripheral ca

3-yl)-cyclopentene (B) was o
yield (over 90 %) after dry

henolates (Scheme 3).°%% The
latter are protonated fo n acidic work-up to yield the
desired HsL product. lts purification is carried out by
recrystallization from acetone (60 % yield). The purity of this
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compound was established by microanalysis and 'H-NMR (Fig
S1), while its structure was determined by SCXRD (see below).
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ure provides access to a molecular entity incorporating

oactive spacers separating two 2-hydroxyphenyl/1,3-
etonato moieties, each capable of binding two coupled 3d
etals.®” Thus, HsL has been designed for the preparation of
molecules featuring two “independent” pairs of metal ions, as
seen before,"” now linked by a photochromic unit. Thus,
reactions of H4L under basic conditions with salts of Cu(ll), Co(ll),
Ni(ll) or Zn(ll), respectively, produce crystals of the
corresponding clusters with formulae [MsL2(py)s] (M=Cu, 1; Co,
2; Ni, 3; Zn, 4), exhibiting the predetermined [MM:---MM]
topology, as shown by SCXRD for all the compounds. The
distinct coordination environment of the two types of metal sites
present in the [M,] clusters (coordination numbers five and six,
respectively; see below) suggests the possibility of accessing
various types of heterometallic assemblies and of controlled
composition and site selectivity. Thus, combining appropriate
pairs of salts in equimolar amounts with stoichiometric quantities
of H4L and base afforded the heterometallic assemblies
[CuzNizLa(py)s] (5), [Co2NizLa(py)e] (6), [CuzCozla(py)s] (7).
[CuzZn,La(py)e]l (8) and [ZngNizLa(py)s] (9) in pure form, the
structures of which could be established in detail by
crystallography (see below). The metal contents were
established by ICP, while the arrangement of these ions was
predicted theoretically (see below) and corroborated through
various physical techniques.

Description of the Molecular Structures



HsL. This organic molecule crystallizes in the monoclinic space
group P24/n. Crystallographic data are collected in Table S1.
The asymmetric unit contains one molecule of HsL and one of
acetone. The structure confirms (Fig. 1) the formulation of the
desired product, showing that it is present in the enolic form at
either side. This tautomer is favoured by intramolecular
hydrogen bonds (Fig. S2) and m-electron delocalization within
the resulting moiety.*"! This configuration is also present in
solution as shown by 'H-NMR (Fig. S1). The T—system causes
each 2-hydroxyphenyl-1,3-diketone group to lie approximately
within one plane, shared by the neighbouring thiophenyl ring.
Both idealized planes are kept at a mutual angle of 66.19°,
through their connection to the central cyclopentene ring. This
configuration also causes the methyl groups of the central
photochromic spacer to exhibit the antiparallel conformation,
keeping the C atoms that are to bind upon photocyclization (C13
and C21) 3.612 A apart. This conformation and a C---C distance
shorter than 4A are mandatory for observing the
photoisomerization of the diarylethene unit in the solid state.!*?
HsL forms four fused triangular hydrogen bonds (Fig S2) via both
of its 2-hydroxyphenyl-1,3-diketone units with the equivalent
moieties from two other ligands, forming helical chains (Fig. S3),
with both chiralities present in the lattice. Each ligand also
establishes -1 stacking interactions via the 2-hydroxyphenyl-
1,3-diketone conjugated systems with the counterpart from three
other molecules, one on one side and two on the other, leading
to stacks of four such fragments in the lattice (Fig. S4).

o
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Figure 1. Partially labelled ORTEP representation of HsL at 50% proi
level. Hydrogen atoms are shown in white.

structure of HsL fixes the
[MM---MM] topology by

coordina sites through their
nd 2-hydroxybenzoketonate chelating
the M(Il) centers remain closely
double monoatomic O-bridges.
Molecules of pyridine e axial positions. Interestingly,
the metals at both ends of the cluster are five coordinate, in a
square pyramidal geometry (1= 0.08/0.27/0.07/0.17 in the
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1/2/3/4 format, thus for Cu/Co/Ni/Zn)**! whereas the internal
metals have distorted octahedral coordination geometry. Such a
combination of coordination geometries was previously
observed on tetranuclear aggreg resulting from a related

impossibility of the 2-hydroxybenzoke
(more rigid than the 1,3-diketonate) to
nvironment,
of this environment to
square plane (here by

This difference bet
gauged by their
2.813 and 2.850
2.872 A for 3, and
pyramidalizati
ligands (the

pockets may be
chelating (on average,
868 A for 2, 2.747 and
or 4, respectively). This
revent one of the axial

force a quite large angle, 6, between
the adjacent sites (Fig. 3,
6 =23.44°/22.94°/20.9 "14°). This renders it impossible for
both metals to be six coordinate due to steric encumbrance. The
in chelating geometry of both pockets could in
explaind@fe precise location of the five and six coordination
. Such combination of adjacent five and six coordination
rs is almost unique in the literature. In addition to the
mentioned tetranuclear clusters,® *! it has been
n a related assembly involving bis-1,3,5-
in this other system the adjacent equatorial
an angle of 10.88° large enough to avoid the
coordination of one of the four possible axial ligands. It thus
features two distinct sites even if both chelating pockets are
(1,3-diketonates). With simpler ligands comprising only
elating rings, this effect disappears. Free of constraints
the rest of the structure, adjacent sites are both equal and
ahedral.***! In these cases, the equatorial planes are free to
ccommodate to the appropriate bond distances and lye parallel
to each other, thus allowing the presence of the maximum
number of axial ligands.

The above mentioned steric factors, causing discrimination into
two different coordination numbers, offer a valuable and subtle
synthetic tool; it can be exploited for the rational design of site
selective  heterometallic complexes with predetermined
topologies by taking advantage of the coordination number
preference of different 3d metals (see below).

The mean M-O bond distances in the 1/2/3/4 format are
1.945/2.012/1.977/2.035 (square  pyramidal site) and
1.953/2.038/2.019/2.050 A (octahedral site). Thus, in average,
the octahedral sites have 0.4 to 2.1% longer equatorial bond
distances than the five-coordinate sites, while the metals
compared exhibit the following order of increasing bond
distances; Cu<Ni<Co<Zn.

The free rotation about the C—C bond at the center of L4— leads
to the overall “S” shape conformation of the assembly (Fig. S8).
Within the aggregate, in all compounds the methylthiophenyl
units of the photochromic moiety exhibit an antiparallel
arrangement, with C---C separations of the photoactive carbon
atoms of 3.604/3.562/3.583/3.581 A. Therefore, in complexes 1,
2, 3 and 4, the structural requirements for the photocyclization
are fulfiled. The molecular conformation causes both [M2]
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dimers of the assembly to lie on two exactly parallel directions
(Figs. 2 and S8) separated by 8.831/8.293/8.195/8.350 A. Within
the  coupled dimers, the M---M distances  are

3.053/3.189/3.042/3.284 A, whereas the shortest inter-dimer, but
intramolecular separations are 11.349/11.227/11.290/11.239 A.
In all cases, the complexes are held together through weak
intermolecular interactions, mainly involving C-H---S, C-H---O
or C—H---1r contacts.

probability level (except the metals, represented as sp
partially labelled. Hydrogen atoms are not shown. Complexes
[NisL2(py)e] (3) and [Zn4La(py)s] (4) have the same molecular stri
Figs. S5-S7).

Figure 3. Represé
the equatorial plane!
pattern is observed in

, emphasizing the angle between
jon sites (see text). The same

MM, ; CoNi, 6; CuCo, 7; CuZn, 8; ZnNi,
9). C structural with the homometallic
analogues, therefore, e description has already been
given above and is not repeated. Table 1 summarizes the

crystallographic parameters and structural data are on Tables
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S2 and S3. Molecules [M,M’;L2(py)s] (Fig. 4) also consist of two
separate dimers of closely spaced metals, held together by
laterally disposed L*" ligands. The most interesting feature here
is that there are two types of metal@selectively distributed in the
[MM’---M’M]  topology, specifl [CuNi---NiCu] (5),
[CoNi---NiCo] (6), [CuCo---CoCu] (7), o -ZnCu] (8) and
[ZnNi---NiZn] (9), where the central posj hedral and
the external ones are squar, s of the five
coordinate sites (r=0.06/0. /0.14 for 5/6/7/8/9, thus
for metals Cu/Co/Cu/Cu/Zn) ell with these found for
terparts, therefore
Fig. S9). Likewise,
basal plane, d, in these
.41/0.28/0.33/0.47 A for
s, comparing the mean
s with the corresponding
osition assignments of the
he heterometallic molecules; these are
/2.023 A (square pyramidal, Fig. S10)
19/2.008 A (octahedral, Fig. S10) in
the form the structures of the [MalL2(py)el
molecules to support t tal distribution in the heterometallic
analogues is only ambiguous for [CuNi---NiCu] (5) since the
rameters ined are very similar for both metals (Figs. S9
S10). r criteria, however, strongly support the identity of
e below). In this series of molecules, the angle 6 causing
dissymmetry in coordination numbers are
2.90°/20.38°/22.21°/22.93°. Other metric parameters,
related to the heterometallic nature of these
summarized in the caption of Fig. 4. From all the
rvations, the distribution within the various
[MM’---M’M] molecules presumably obeys the relative
preference of the metals for occupying either a five- or a six-
inate position, as dictated by the crystal field energy of
nvironment for each metal. The existence of complexes 1
shows that the four metals examined may occupy both sites.
m the observations, Cu(ll) has a marked tendency to be
ithin a square pyramidal environment (except for one part in
homometallic 1, it is always seen in this position) whereas Ni(ll)
strongly prefers to be six-coordinate (always adopting this
geometry, except when it is forced to be five-coordinate in 3).
Metals Co(ll) and Zn(ll) are seen to adapt their position to the
preferred geometry of Cu(ll) or Ni(ll). Therefore, with Ni(ll) these
metals become square pyramidal (6 and 9) while they occupy
the octahedral site when accompanied by Cu(ll) (7 and 8).
Interestingly, no product could be isolated from the reaction
involving the combination Co/Zn.

the separation of
sites show the sa
5/6/7/8/9, Fig. S9).
M-O bond di
values in 1 to
various metals
1.947/2.012/1.955/
and 2.

Table 1. Structural parameters of complexes 1 to 9, related to the metal
distribution among both coordination sites.

7 o <dwo>sp’ <dwo>oc’ ©OF dC21---C13'

(Al (Al (Al [deg] (Al

[CuCu,1 0.08 028 1.945 10953 23.44 3.604
[CoCol,2 0.27 040 2012  2.038 22.94 3.562
[NiNi,3 007 034 1977 2019 20.97 3.583
[ZnZn], 4 0.17 047 2035  2.050 23.14 3.581
[CuNil,5 0.06 029 1947 2011 20.77 3.559
[CoNil,6 023 041 2012 2011 22.90 3.571
[CuCol,7 0.08 028 1955  2.028 20.38 3.573
[Cuzn],8 0.09 033 1.967 2019 22.21 3.590
[ZnNi,9  0.14 047 2023  2.008 22.93 3.565

“Five-coordinate distortion parameter. PMetal distance to equatorial basal
plane (square pyramidal site). °Equatorial average bond distances
(square pyramidal site). quuatoriaI average bond distances (octahedral
site). “Angle between adjacent equatorial planes. " Distance between
relevant C-atoms.
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[Cu2Ni2] (5) &« [Co2Ni2] (6) &5 [Cu2Co2] (7)
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[Cu,Co,La(py)s] (7), [CuaZnyLa(py)e] (8) and [ZnaNisLa(py)e] (5). Only unique heteroatoms an
other molecules. Hydrogen atoms are not shown. Selected crystallographic parameters a
3.060/3.146/3.120/3.135/3.177 A, second shortest intramolecular M:---M distances,
3.559/3.571/3.573/3.590/3.565 A; separation of the parallel M---M’ (see text) directions, 8.295/8.197/8.411/8.602/8.

A
&
S

are labelled. The labelling is the same for the
: Shortest intramolecular M---M’ distances,
0/11.120/11.204/11.233 A; C13:-:C21,




DFT Calculations

DFT calculations were performed to support and quantify the
efficiency of the site selectivity of ligand HsL. The procedure was
carried out for all the heterometallic systems described here. For
this, the experimentally determined structure of the
[M2M’;L2(py)e] unit was employed for each of the compounds (5,
6, 7, 8 and 9). The energy of the true metal distribution,
[MM’---M’M] (A in Fig. 5), was compared to that of the other
possible distributions; [M'M---M'M] (B), [M'M’---MM] (C) and
[M'M---MM’] (D). The significance of the calculations using this
procedure rely on the fact that the crystalline phases isolated
were homogeneous and, very importantly, that all phases show
1:1 experimentally determined metal composition. In all cases,
the DFT calculated relative energies (Table 2) were these of the
high-spin configurations; this is not tremendously important
since the smallest energy difference in Table 2 is one order of
magnitude larger than the strongest magnetic coupling
determined in these clusters (see below). The computed
energies are in full agreement with the experimental results and
are self-consistent; in all cases the energy cost of swapping two
of the metal ions from their preferred locations (topologies B and
C) is approximately one half the penalty of exchanging the
positions of all metal ions (topology D) from the stable structure
(topology A). These results imply that, all compounds exist

virtually 100% in the Topology A configuration, and furthermore A

that Ni(ll) and Cu(ll) have the strongest preference for the six
and five coordinate sites, respectively. Thus, Co(ll) and Zn(ll)
are relegated to the remaining positions when they are
presence of Cu(ll) and Ni(ll). We also observe that Co(ll)
a preference for being six coordinate, while Zn prefers to
coordinate.

Table 2. Energies in cm™' for the metal topologies in Figure 5 of,
to 9 as obtained through DFT calculations.

Topology A Topology B Topology C

[CuNi,5 O 7068 7132
[CoNi,6 0O 2505 2510
[CuCol,7 © 5207 5303
[Cuznl, 8 © 2839 3328
[ZnNiL9 O 4009 4136

Photo-switching Behaviour
The photo-switching behaviour of
investigated with UV-Vis spectrosco

they feature one or two high
300 nm and one intense ban
shoulders, near 400
ligand charge trans
observed for complex e bands are
ands from d-d
the same scale, except in
very broad metal-based
transition centre 6). For all complexes,
uses a reduction of the
cases accompanied by shifts and
cture (Figs. 6 and S11 to S19). In
rows gradually in the visible region
while shiftin energies. The maximum of this
band at the photo-stationary state lies in the 620 to 651 nm
range. This signal corresponds to the typical® m-m* transition
within the polyenic system that forms upon photocyclization of
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the central diarylethene moieties of the complexes, which gives
the strong coloration to the photo-generated compounds. In all
cases, the various spectra cross at isosbestic points, indicating
that the transformations are of zergaarder and only the initial and
final products are present throug process. When the
photo-stationary states are illuminated ible light (A > 430
nm) the band from the photochromic unj
intensity to finally disappe
again. The disappearance 0
photocyclization is reversed co The spectra recorded
during the reverse pr so feat estic points, thus
showing that the ¢ exes do disa¥semble during the
transformation. ‘

Topology A Q—O

signal confirms that the

Sad)

Topology B Q—O
o0

Topology C Q—O
OO

in the
s* Topology D Q—O

00O

5. Metal topologies used for DFT calculations on complexes 5 to 9
he coordinates from the structures obtained experimentally. The
hted topology (top) corresponds to the one suggested by the
rimental data, i.e. [CuNi-*NiCu], [CoNi:--NiCo], [CuCo-:-CoCu],
Zn---ZnCu] and [ZnNi---NiZn], respectively.

The photo-isomerization in complexes [NisL2(py)s] (3, Figs. 6 and
S13) and [CosL2(py)s] (2, S12) is fully reversible. For the rest of
the complexes, the reverse process takes place through a
slightly ([CozNizL2(py)s] 6, Fig. S16; [Cu.Zn,Lo(py)s] 8, Fig. S18;
[Zn2NisLa(py)s] 9, Fig. S19) or dramatically ([CusLz(py)s] 1, Fig.
S11; [ZnsLa(py)s] 4, Fig. S14; [CuzNizLa(py)s] 5, Fig. S15;
[CuzCoyLa(py)e] 7, Fig. S17) different pathway. Thus, the ring
opening of the diarylethene moieties in these complexes yield
slightly different species than the original ones. A plausible
explanation is that the structural rearrangements occurring upon
the photo-isomerization involve changes to the coordination
geometries, and even to the number of pyridine ligands that are
not reversed during the photo-induced ring opening. Complex
[ZnsL2(py)e] (4) is the only one which does not recover the open
form of its diarylethene moieties completely.
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Figure 6. Top: Electronic absorption spectrum of [NisL,(py)s] (3) —bold lin€
5x107° M toluene/DMSO (1:1) solution and its evolution during irradiation with
UV light (A <425 nm) over 2 min. Bottom: Electronic absorption spectriygn of
the above photo-converted product —bold ljge— and its evolution
irradiation with visible light (A > 430 nm) over

Magnetic Properties
Variable temperature bulk mag
were performed on polycryst

susceptibility me3Purements
lesof 1 -3 and 5-9.

and hetereo-metallic compoun
material, togeth i
Considering the

chitectures with two well defined
non-zero spin entities nd state. We focus here on the
Cu/Ni systems to evaluate the potential of the photochromic
assemblies as possible realizations of 2-qubit quantum gates.
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Complexes [Cu2Zn;La(py)s] (8) and [ZnzNizL2(py)s] (9) exhibit a
nearly constant value of xT of 0.82/2.66 cm®K mol™ (in the 8/9
format) over almost the entire temperature range, thus
confirming the composition an e presence of isolated
Cu(ll)/Ni(ll) ions in these complexe ted values are 0.75/2
cm®*K mol™” for g = 2). Only at the lowe ratures, a slight
decrease of xT is observed, indicatin
Law. In the case of 8, tha
antiferromagnetic interactiol
and/or intermolecular (
molecules is 1.60
reproduced using
interaction J = 0.
C = 0.814 cm®*K
details). The solid-

be ascriBed to weak
could be either intra-
separation within the

ctrum of [CuzZn,la(py)s]
enter with hyperfine split
erpendicular transitions at

reasonable agreement with those
derived from magnetic sUS€eptibility. For 9, the downturn of xT
at low temperature necessarily involves the zero-field splitting of
Ni(ll) iongl#®nd the data are correctly reproduced with a ZFS
Dy = 6 or -9.95 cm™ and g ca. 2.2 (see Sl for details).
presence of a weak intramolecular antiferromagnetic
tion can however not be discarded given the shorter
separation (1.12 nm). It is expected to be smaller than
from fitting the data to a spin-only isotropic

5

4

w

T (cm3mol'K)
N

Figure 7. Plots of xT vs. T per mole of complexes 1 [CuCul,, 3 [NiNi],, 5
[CuNi],, 8 [CuZn], and 9 [ZnNi],. The solid lines are fits of the experimental
data (see text and Sl for details).

The homometallic systems 1 and 3 exhibit a dominant
antiferromagnetic coupling within each of their dinuclear entities
(Figs. 7, S20). This interaction is particularly strong in complex
[Cusla(py)s] (1), which exhibits a xT value at 300K of
0.48 cm®*K mol™, less than one third of the expected response
for four uncoupled Cu(ll) centers with g = 2 (expected, 1.5 cm*K
mol™). A rapid decrease of xT occurs upon cooling to reach a
steady value of ca. 0.06 cm®K mol™ near 100 K (Figs. 7, S20).
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The data is well-reproduced with an isotropic spin Hamiltonian H
= -2J8,-8,, where J is the coupling within the dinuclear entities
of the complex.®"! A good fit was obtained without the need of
any additional coupling constant,”? yielding the parameters
J=-262cm™, g=2.10 and a fraction of paramagnetic impurity
of 2.5%. This coupling is similar to that seen on a related
[CuCu---CuCu] complex exhibiting the same dinuclear
moieties."” Such coupling through equatorial coordination
bonds connected by alkoxide type atoms with Cu—O—Cu angles
near 100° is expected.® The xT vs. T curve of [NisLa(py)s] (3,
Figs. 7, S20) indicates a much weaker antiferromagnetic
exchange, the values of 4.6-4.2 cm®K mol” down to about 150
K agreeing well with four uncoupled Ni(ll) centres (expected 4.0
cm®K mol™” for g = 2). A decrease of xT below 150 K may be
attributed to the combined effects of the antiferromagnetic
coupling within the Ni---Ni dinuclear sub-entities and the ZFS of
the Ni(ll) ions. The data are correctly reproduced (Figs. 7, S20)
with J=—-12.0 cm™, fixing g and Dy; to the values derived for 8,
and considering a weak interaction between the central Ni(ll)
ions, fixed at the value derived for the [CuNi] analogue 5 (see
below). This model significantly deviates from the experimental
data in the low temperature region, where the experimental data
do not tend to zero as expected. The most plausible origin of this
discrepancy is the occurrence of not fully compensated spins
within the antiferromagnetically-coupled Ni(ll) pairs, possibly due
to differing anisotropy axes at both Ni sites. This effect can be
very strong in systems with large anisotropy and useful for
building spin-based quantum gates as reported for

a [Tl
molecule.® Here, the outer pentacoordinated Ni(ll) ion cot#
expected to exhibit a larger anisotropy than the a

octahedral one, although we were unable to come to a
reasonable model (see Fig. S20).

Complex [CuzNizL2(py)s] (5) exhibits a value of xT
3.46 cm® K mol™', above the calculated one for
system and g=2 (2.75 cm® K mol™), and sho
decreasing trend with cooling, which sugge
antiferromagnetic coupling and g values slightly
expected. The most remarkable feature of the xT vs. T p|
7, S22) is the formation of a plateau near 50 K at =1.0 cm
mol™', confirming the formation of a paramagnetic state
the [CuNi] entities over a large temp rature range A fu

again be ascribed to intermolecul
exchange-coupled S = %% moieties

The data are well-reproduced
2.20 and Jyini = —0.2 cm’)

at 2 K follows the Birillouin fi jon calculated for two S = %2 and
this same g = 2.22 (Fig. S The absence of noticeable
itti f the EPR signal can be
ange interaction, which

explained by the
dominates over the

r the [CuZn] moieties in 8, there
are, at this tempe signatures of intramolecular
interaction between the [CUNI] exchange-coupled units in 5,
which is reasonable given the long M---M separation, 1.60 and
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1.12 nm respectively for 8 and 5. This agrees with the small
Jni-ni estimated above. This aspect is in fact particularly
interesting, since such very weak interactions or inter-qubit
separations are deemed approprij for the development of
spin-based 2-qubit quantum gates® >°! |t is also important
that at temperatures below 40 K, the quartet state is
completely depopulated. Altogether,
state of the [CuNi] (S =
qubits, as are naturally the
units in 8.

5 good Wefinitions of
u(ll) ions in the [CuZn]

8 [CuZn]

S .
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Figure 8. X-Band EPR spectra of powder samples of 8 [CuZn] (top) at 5 K and
5 ([CuNi] (bottom) at 4 K. The insets show the corresponding electron spin
echo detected EPR spectra recorded on frozen solutions (toluene-dg:dmso-dg
1:1) at 35 GHz (Q-band) and 7 K.

A relevant property of any potential spin based qubit realization
is its quantum coherence, which can be evaluated through
pulsed Q-band EPR measurements. These were performed on
both compounds 8 and 5 using dilute (1 mM) frozen solutions in
toluene-ds:dmso-ds (1:1). The dilute nature of the samples
suppresses the detrimental effect of intermolecular electron spin
interactions on the quantum coherence, whilst the deuteration of
the solvent avoids the drawbacks from hyperfine interactions
with solvent proton spins. Spectra detected via a Hahn echo
sequence (insets in Fig. 8) are consistent with the CW powder
spectra, proving the integrity of the species in solution. Inversion
recovery and Hahn echo sequences were used to determine
spin-lattice relaxation (T;) and phase memory (Tw) times,
respectively. All echo decay curves were found to be
monoexponential and were analyzed as such (Fig. S24). Spin-
relaxation times T, are of the same order for both compounds at

8



the lowest temperature (2.11(2) and 0.99(1) ms at 7 K,
respectively; Fig. 9, Table S4). This reflects the similar chemical
(geometrical structure) and physical (S = %2) nature of both. T;
decreases more rapidly with increasing temperature for the

[CuNi] qubits in 5 than for the [CuZn] ones in 8 (Fig. 9, Table S4).

This and the overall longer T; for the latter can be explained by
the presence of an excited S = 3/2 state for the former, which
can function as the intermediate state in an Orbach-type
relaxation process, thus opening up more relaxation pathways
and shortening T;. The phase memory time Ty for the [CuZn]
spins in 8 is 6.03(1) pys at 7 K, which is reasonably long,
especially considering the non-deuterated nature of the ligand
and the axially ligated pyridine molecules. Ty decreases slowly
with increasing temperature and above 50 K no reliable signal
could be observed. At this temperature Ty has decreased to a
value close to Ty, thus becoming the limiting factor for the latter.
The phase memory time for the [CuNi] qubits in 5 is Ty = 3.59(1)
ps at 7 K, which is rather long for an exchange coupled system
and in fact compares favourably with the previously reported
exchange-coupled Cr/Ni  and Cus qubits at similar
temperatures.®*”*®  Upon increasing the temperature, Ty
diminishes despite T; still being consistently much longer than
Tw. Such parallel decrease of T; and Ty was noted before."™
The foregoing demonstrates that the S=7% units in both
[CuzZn,La(py)e] (8) and [CuzNizL2(py)s] (5) can embody qubits
with reasonable coherence times. The combination of the very
weak inter-qubit interaction at work and the possibility of
affecting this interaction through irradiation makes thege
molecules suitable candidates for 2-qubit gate systems,
relevant measurements are now underway along thi e.
Unfortunately, full conversion of the photoactive group from the
open to the closed form was so far not obtained in the
and therefore the effect of the photoconversion to th
interaction could not be determined.

A quantitative description of the changes to the
spin-spin interaction upon photocyclization was
DFT calculations on the [CuNi]---[NiCu] architeci

dithienylethene unit open, the inter-spi
null (with an energy difference betw,

interaction is practi
the antiferroma

(Fig. S26).
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Conclusions

Baker-‘&ataraman transposition is proven to occur twice,
e reaction step, on two different positions of a molecule, as
with the preparation of HsL. This ligand leads to the
n of tetranuclear coordination complexes with a
wed [MM---MM] topology (M= Cu, Co, Ni, Zn)

aggregates¥In this assembly, there are two chemically distinct
sites featuring octahedral and square-pyramidal coordination
geometries. This property allows pairs of different 3d metals to

e the pure heterometallic assemblies [CuzNizL2(py)s] (5),
i2L2(py)e] (6), [Co2Cu:L2(PY)s] (7), [CuzZnala(py)e] (8) and
2ZnoLa(py)s] (9). From the ensemble of compounds, it
ecomes clear that Cu(ll) and Ni(ll) exhibit a strong preference
for the square-pyramidal and the octahedral sites, respectively,
while Co(ll) and Zn(ll) may occupy either of both sites
depending on the nature of the metal with which they are paired.
DFT calculations show that the metal topologies obtained
experimentally are much more stable than any other distribution.
This sophisticated supramolecular system has been designed as
a potential model of spin-gased 2qubit quantum gates. All the
heterometallic molecules (5 to 9) exhibit two well-defined,
weakly interacting magnetic entities. The resonance between
two magnetic levels of these units could be used as the
implementation of a qubit. Particularly interesting are
compounds 5 and 8, which exhibit a pair of two level (S = %)
systems in the ground state. The resonance between these
levels exhibits quantum coherence, which can be determined
with pulsed EPR. The reversible photo-switching of the structure
of all the molecules (except 4, not fully reversible) was probed in
solution through absorption spectroscopy. DFT calculations on
complex 5 indicate that the reversible cyclization triggered by
this photo-switching turns the interaction between the two spins
of the molecule ON and OFF. These properties convert this
family of coordination assemblies into promising functional
devices, for example as models of light-operated 2-qubit
quantum gates.



Experimental Section
Synthesis

The starting material  1,2-bis-(5-carboxy-2-methyl-thiophen-3-yl)-
cyclopentene was synthesized according to a previously reported
procedure.® All reagents were purchased from commercial sources and
used as received. All coordination chemistry reactions were performed
under aerobic conditions.

1,2-bis-(5-(3-ox0-3-(2-hydroxyphenyl)propanoyl)-2-methyl-thiophen-
3-yl)-cyclopentene (HiL). 1,2-bis-(5-carboxy-2-methyl-thiophen-3-yl)-
cyclopentene (0.4 g, 1.15 mmol) and a catalytic amount (spatula tip) of 4-
dimethylaminopyridine (DMAP) were dissolved in 10 mL of CH,Cl, and
0.1 mL of dimethylformamide at 0°C. N,N’-dicyclohexylcarbodiimide
(DCC, 0.711 g, 3.45 mmol) and 2’-hydroxyacetophenone (0.3 g, 2.53
mmol) were added and the mixture was allowed to warm to room
temperature and was stirred for 12h. The resulting suspension was
filtered and the filtrate washed with 1M aqueous NaHCOj3; (3 x 6mL) and
H2,0 (3 x 6 mL). The organic phase was dried with Na,SO, and solvent
removal led to a brown oil that was purified by column chromatography
(silica gel with gradient elution of 1:9 EtOAc:hexane to 100% EtOAc). A
pale brown solid corresponding to 1,2-bis-(5-(2-acetylphenyl)-
carboxylate-2-methylthiophen-3-yl)-cyclopentene was obtained in a yield
of 92.4 % (0.62 g). 'H NMR (400 MHz, ppm, CDCls) 7.97-7.87 (m, 1H,
ArH), 7.74 (s, 1H, ArHiiophene), 7.70-7.61 (m, 1H, ArH), 7.42 (dd, J = 7.6,
1.1 Hz, 1H, ArH), 7.33 (dd, J = 8.1, 1.0 Hz, 1H, ArH), 2.84 (t, J = 7.5 Hz,
2H, CCH,), 2.45 (s, 3H, COCHjs), 2.05 (s, 4H, CH3+CH,CH,). HRMS
(+ESI): m/z Calc. for [M-H]-C33H2sNaOgeS: 607.1225. Found: 607.1219.
Subsequently, this product (0.2 g, 0.349 mmol) was dissolved in
anhydrous THF (10 mL) and a solution of ‘BuOK (0.87 mmol) was ad
The resulting mixture was refluxed overnight under N,. The slurry
allowed to cool to room temperature and filtered. The solid was leftlo dry
and was then dissolved in 20 mL of H,O. The solution was acidified to pH

then filtered. The solid was purified by crystallization fr
affording yellow-green platelet crystals corresponding to H
60 % (0.11 g). Anal, found (calc% for Csz1H2s0,
H4L-0.55C3Hs0); C 66.17 (66.37), H 5.32 (5.5). "H NM
CDCl3) 15.69 (d, J = 19.3 Hz, 1H, OHenal), 11.96 (

0.068 mmol) in pyridine (15 mL).
stirred for 2 h, filtered an
After one weak, orange
collected (14 % i
CgsH7sCusNg012S4:2.65H,0;
N 3.98 (4.34). IR (KBr pellet) v
1500 s, 1443 s, 1365 m, 1326
1000 w, 847 w, 7

(calc% for
7), H4.11 (4.34),
, 2847 w, 1600 m,
47 m, 1195 m, 1130 m, 1030 w,

ered with ether. After one day, the
complex was obtaine: s (10 % yield, 8.5 mg). Anal., found
(calc% for C96H73004N601284'2.3H20; 223H20), C 60.27 (6026), H
4.39 (4.35), N 4.43 (4.40). The IR spectrum was identical to that of
complex 1.
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[NisL2(py)s]-9py (3-9py). A solution of HsL (20 mg, 0.034 mmol) and 1M
methanolic solution of TBAOH (0.136 mL, 0.136 mmol) in pyridine (15
mL) was added to a solution of Ni(AcO),'4H,0 (16.2 mg, 0.068 mmol) in
pyridine (15 mL). The resulting dark orgnge mixture was stirred for 2 h,
filtered and the solution then layered r. After three days, orange
crystals were collected (13 % yield, 10. al., found (calc% for
[CQGH78Ni4N601ZS4]'5HQO; 35H20), C 58.91 4.43 (453), N
4.13 (4.29). The IR spectrum was identical to

0 mg, 0.034 mmol) and 1M
136 mmol) in pyridine (15

[ZnsL2(py)e]-9py (4-9py). A solu

filtered and the soluti
complex was obtain % yield, 10.7 mg). Anal. %
(CHN) Calc. (Foun 1]-:8H20; 4(-2py)-8H,0-: C
54.85 (54.61), H 4. " . 3). The IR spectrum was
identical to that

y). A solution of HsL (20 mg, 0.034 mmol) and
TBAOH (0.136 mL, 0.136 mmol) in pyridine
ution of Cu(NO3),-3H,O (8.21 mg, 0.034
mmol) a mg, 0.034 mmol) in pyridine (15 mL).
The resulting dark ora re was stirred for 2 h, filtered and the
solution was then layered with hexane. After four days, orange crystals

[¢ rrespondin?he complex were obtained (16 % yield, 13.2 mg). Anal.,
4

1M methanolic solutio
(15 mL),

nd (calc% CgeHesCUzNi2N401284'6H20; 56H20—2py), C 56.34
1), H 4. 41), N 2.88 (3.06). The IR spectrum was identical to

(PY)e]'9pY (6-9py). A solution of HsL (20 mg, 0.034 mmol) and
ic solution of TBAOH (0.136 mL, 0.136 mmol) in pyridine
ded to a solution of Ni(AcO),-4H,O (8.71 mg, 0.035
AcO);-4H,0 (8.45 mg, 0.034 mmol) in pyridine (15 mL).
The resulting dark orange mixture was stirred for 2 h, filtered and the
solution was then layered with hexane. After four days, orange crystals
collected (12 % yield, 9.7 mg). Anal., found (calc% for
02Ni2NeO1QS4'6H20; 66H20), C 58.57 (5829), H 4.12 (459), N
.25). The IR spectrum was identical to that of complex 1.

u2CozL2(py)el-9py (7-9py). A solution of HsL (20 mg, 0.034 mmol) and
M methanolic solution of TBAOH (0.136 mL, 0.136 mmol) in pyridine
(15 mL) was added to a solution of Cu(AcO)H20 (7.4 mg, 0.037 mmol)
and Co(AcO),'4H,0 (8.46 mg, 0.034 mmol) in pyridine (15 mL). The
resulting dark orange mixture was stirred for 2 h, filtered and the solution
was then layered with ether. After one day, the complex was obtained as
orange crystals (13 % vyield, 11 mg). Anal, found (calc% for
CgeH78C02CU2N601284'1.65H20; 7165H20), C 60.27 (6038), H 4.32
(4.29), N 4.50 (4.40). The IR spectrum was identical to the one obtained
for complex 1.

[CuzZn;L(py)e]l-9py (8:9py). A solution of HsL (20 mg, 0.034 mmol) and
1M methanolic solution of TBAOH (0.136 mL, 0.136 mmol) in pyridine
(15 mL) was added to a solution of CuCl,-2H,0 (5.78 mg, 0.034 mmol)
and ZnCl, (4.62 mg, 0.034 mmol) in pyridine (15 mL). The resulting dark
orange mixture was stirred for 2 h, filtered and the solution was then
layered with hexane. After one day, orange crystals corresponding to the
complex were collected (16 % yield, 13.4 mg). Anal., found (calc% for
CgsHesCu2ZNyN4012S4:1.95H,0; 8-2H,0-3,75py); C 56.55 (56.94), H
3.76 (3.91), N 2.38 (1.94). The IR spectrum was identical to that of
complex 1.

[Zn2Ni.L2(py)el-9py (9:9py). A solution of HsL (20 mg, 0.034 mmol) and
1M methanolic solution of TBAOH (0.136 mL, 0.136 mmol) in pyridine
(15 mL) was added to a solution of NiCl,'6H,O (8.08 mg, 0.034 mmol)
and ZnCl, (4.62 mg, 0.034 mmol) in pyridine (15 mL). The resulting dark
orange mixture was stirred for 2 h, filtered and the solution was then
layered with ether. After one day, orange crystals were obtained (13 %
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yield, 10.7 mg). Anal., found (calc% for CggHesNi2ZNn2N4sO12S4-5.2H,0;
9-6H,0-2.75py); C 55.69 (55.80), H 3.89 (4.34), N 2.98 (2.57). The IR
spectrum was identical to that of complex 1.

Physical measurements

Elemental analyses were performed with a Perkin-Elmer Series |
CHNS/O Analyzer 2400, at the Servei de Microanalisi of CSIC,
Barcelona, Spain. IR spectra were recorded as KBr pellet samples on a
Nicolet 5700 FTIR spectrometer. UV-Vis experiments were performed
with a Varian Cary-100 spectrophotometer. 'H-NMR spectra were

recorded at room temperature with a Varian Unity 400 MHz spectrometer.

ESI mass spectrometry was carried out using a LC/MSD-TOF
spectrometer (Agilent Technologies) equipped with an electrospray
ionization (ESI) source at the Serveis Cientificotécnics of the Universitat
de Barcelona. Magnetic measurements were performed on
polycrystalline samples with either a Quantum Design SQUID
magnetometer MPMS-XL at the Physical Measurements Service of the
Servicio de Apoyo a la Investigacion-SAl, Universidad de Zaragoza, or a
MPMS-5 magnetometer at the “Unitat de Mesures Magnetiques” of the
Universitat de Barcelona. Analysis of metals were performed by
inductively coupled plasma (ICP) spectrometry using a Varian Vista-MPX
apparatus. X-Band EPR measurements were performed with a Bruker
EMX spectrometer and pulsed Q-band measurements were performed
on a custom-built spectrometer.®® The pulse sequences used were T1/2-
1-m-1-echo (Hahn echo) for echo-detected EPR spectra and phase
memory time determination and T-T- TI/2-Ts-TT-Ti-echo  (inversion
recovery) for spin-lattice relaxation time determination. Hahn echo decay
curves were fitted to the expression | = Iy exp(—21/Tm) and inversion
recovery decay curves to | = Iy (1-2exp(—T/T4)) to extract the relevant
decay time.

X-ray Crystallography

Data for Hal, (1-9py), [CosL2(py)el-9p
[ZnsL2(py)s]l-Opy (4-9py), [Co2CusLa(py)el- 9py
[CuzZnaLa(py)e]-9py  (8-9py) and  [NizZnoLa(py)el 9py
collected using Mo Ka radiation (A = 0.71073 A) on a
QUAZAR diffractometer equipped with a micro
monochromator at 100 K. Data for [Nislo(

[CuzNisL2(Py)e]- 9Py  (5:9py) and [CozNizL2(Py)s]-Opy
collected on a Bruker APEX Il CCD diffractometer at the Advan
Source beam-line 11.3.1 at Lawrence Berkeley National Laboratory,
a silicon 111 monochromator (A = 0.7749 A). Data reduction and

[CusL2(py)el-9py

respectively. All structures were solved
SHELXTL suite,®"*? and through the OL

moieties. Hydrogen atoms were
atoms and refined with a riding
the supplementary
obtained free of
charge from The Camb ata Center via

https://www.ccdc.cam.ac.uk/stri

Crystallograp
res/.

DFT Calculation

aussian 09 program using
Il single-point calculations were performed
is set for all atoms.® For the geometry
asis set was employed.’®®!
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