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Thermo- and photo-induced electron transfer in a series of [Fe,Co,]
capsules

Lingyi Meng,* Yi-Fei Deng,* Stephen M Holmes,*? and Yuan-Zhu Zhang*®

Recently, a family of [Fe,Co,] molecular capsules that display tunable electron transfer coupled spin transition (ETCST)
behaviors were reported via a smart approach through the Schiff-base condensation of aldehyde-functionalized 2,2-
bipyridines  (bpy®©) and 1,7-heptanediamine  (H,N(CH,);NH,).  Here, capsule
{[(TpR)Fe(CN);],[Co(bpyC=N(CHanN=Chny)],[ClO,4],}-n(solvent) (1, Tp® = Tp*, n = 5, sol = 8DMF; 2,TpR = TpMe, n = 9, sol = 5MeCN;
3, TpR = Tp*, n = 11, sol = 5MeCN), where Tp* = hydridotris(3,5-dimethylpyrazol-1-yl)borate and TpMe = hydridotris(3-
methylpyrazol-1-yl)borate] are reported, demonstrating a successful extension of such an approach with other alkyldiamines

three more complexes

in different lengths. Combined X-ray crystallographic, infrared spectroscopic and magnetic studies reveal incomplete
electron transfer with either changing temperature or upon light exposure.

Introduction

Switchable molecule-based materials that display magnetic
bistability between two (or more) electronic or spin states have
received considerable attention recently as potentially
attractive components in switching, display, and information
storage applications.* Among these are well-known Prussian
Blue analogues (PBAs), specifically those comprised of cyanide-
bridged Fe and Co ions, where reversible electron transfer-
coupled spin transition (ETCST) between the [Fe'" s-CN-Co''s]
and [Fe'" s-CN-Co",s] units (LS = low spin, HS = high spin) occurs.
These changes may be effected in response to various external
stimuli such as changing temperature, light, pressure, and
electric field.>2> Using a variety of chelating ligands, to limit the
numbers and directionality of bridging cyanides, a series of
molecular building blocks may be selectively inserted into the
corners of molecular squares.’’?> In these complexes, the
ETCST behaviour appears to be closely correlated with both the
intramolecular (ligand field for both the Fe/Co sites) and
intermolecular environments (hydrogen-bonds, mt---t stackings,
etc.), contributing to the energy separation between the [Fe"'s-
CN-Co'"ys] and [Fe' s-CN-Co"'s] units.12-24

While the vast majority of cyanide-based clusters employ pre-
assembled ligands, a more recent self-assembly approach
exploits post-synthetic modifications (PSMs) as a method to
perform late-stage modifications to the ligands present. For
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example, we recently described the preparation of several
hexanuclear complexes [Fe,Co,M,] (M?* = Zn?*, Co?*, Cd?*)
derived from molecular squares, via covalent attachment of
anionic metal(ll) thiocyanates to their respective terminal
cyanides.?! With this modification, the ETCST behaviours of the
hexanuclear complexes were promoted towards
temperature, demonstrating the grafted metal complex units
may serve as effective electron acceptors, thus enhancing the
effective barrier separating the Fe/Co redox tautomeric states.

Schiff-base reactions have been widely applied in the
construction of coordination supramolecules, metal-organic
frameworks (MOFs), and covalent organic frameworks
(COFs).27-22 As a complimentary strategy, we also explored the
synthetic utility to modify coordinated ligands residing in
assembled clusters. Given that the formation of dynamic imine
covalent linkages (C=N) are usually effective and reversible
through a hydrolytic process, a number of mechanically
interlocked molecular architectures such as metallacycles,
cages or knots have been prepared, showing rich
physicochemical properties.2’-30 Inspired by these results, we
elected to convert aldehyde-decorated chelating ligands
derived from 2,2"-bipyradine (bpy®H°) on dicationic [Fe,Co,]
square complexes, which undergo Schiff-base condensation in
the presence of various amines.2224 Interestingly, a series of
capsule-like square complexes were prepared, in which the
cyanide-bridged [Fe,Co,] cores were encapsuled within the long
1,7-heptanediamines.?222>  Remarkably, these compounds
exhibited complete and sharp thermo- and photo-induced
ETCST behaviours associated with a first-order phase transition
between the Fe'"/Co" and Fe'/Co'l states, suggesting that
significant  intermolecular interactions are operative;??
additional studies revealed the evidenced anion-dependent
ETCST behaviour.?3

As an extension of such works, we reasoned that systematic
alteration of alkyl diimines-based bipyridines, would also serve
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to modify the packing environment of the clusters, potentially
providing better control of the intermolecular environments
and separation of clusters in the solid state. In the present
contribution, we focused on the preparation of three
structurally related clusters via variation of their diamine chain
lengths and pyrazolylborate ligands present, {[(TpR)Fe(CN)s]-
2[Co(bpy=NICH2MN=Chhpy)],[CIO,4),}-n(solvent), (1, ToR = Tp*, n = 5,
sol = 8DMF; 2,TpR = TpMe, n = 9, sol = 5MeCN; 3, TpR = Tp*, n =
11, sol = 5MeCN, Tp* = hydridotris(3,5-dimethylpyrazol-1-
yl)borate and TpMe = hydridotris(3-methylpyrazol-1-yl)borate).
Combined X-ray crystallographic, variable temperature infrared
and magnetic studies revealed that each complex exhibits
incomplete thermo- and photo- induced electron transfer, but
all display varying degrees of between the paramagnetic
[Fe" s,Co'"ys»] and the diamagnetic [Fe' s,Co'"s,] states.

Results and discussion

Treatment of methanolic solutions of bpy®H° with a series of
alkyl diamines [H,N(CH,),NH,, n = 5/9/11], followed by
sequential addition of cobalt(ll) perchlorate hexahydrate and
[(TpR)Fe"(CN)3]- anions, rapidly affords red precipitates.
Extraction of the solids into either acetonitrile or DMF, followed
by crystallization from layered diethyl ether mixtures, yields a
series of imine-functionalized squares of {[(Tp®)Fe(CN)s]-
,[Co(bpy=N(CH2AnN=Ch5\)],[ClO,4],}-n(solvent) stoichiometry in
modest yields, including the title three complexes.?2:23

Variable-temperature infrared spectra
Infrared measurements initiated in an effort to determine
whether compounds 1-3 undergo intramolecular electron

transfer (Fig. 1). At 273 K, 1 displays intense and high energy
absorptions at 2533, 2154 and 2136 cm™?, which are ascribed to
borohydride (vgy) and bridging and terminal cyanide (vcy)
stretches absorptions belonging to the [(Tp*)Fe'(CN)s]-anions
present within the {Fe"'s(CN)Co"ys} units.1223 As the
temperature was lowered to 123 K, the vgy stretch shifts to 2529
cm™ and the intensity of the vcy bands decrease, while lower
energy ones appear [2104, 2083 and 2060 cm™] being
consistent with those belonging to [Fe' s(u-CN)Co'"s] units.12-23
For 2 and 3 the high energy vcy absorptions also seen at 260 K
[2158 and 2132 cm, 2; 2154 and 2127 cm, 3] with lower
energy ones appearing at lower temperatures [vcy = 2108 and
2085 cm for 2; 2095, 2072 and 2062 cm! for 3]; we note that
the intensity of the high energy vcy changes but never
disappears, suggesting that incomplete ETCST occurs in 1-3.

Complexes 2 and 3 appear to be polycrystalline as judged
from their powder X-ray diffraction (PXRD) data collected at
room temperature. The PXRD data suggests that polycrystalline
samples are reasonably robust and resemble those obtained
from simulations of their single-crystal X-ray data (Figs. S1-S2).
We were unable to obtain analogous PXRD data for 1 indicating
thatitis predominantly amorphous for facile desolvation results
in a rapid loss crystallinity when taken from its mother liquor
under experimental conditions. Consistent with this
assumption, thermogravimetric analysis (TGA) shows significant
mass loss occurs at temperatures below ca. 100 °C (1, ca. 21.6%,
8 DMF; 2, ca. 9.0%, 5 MeCN; 3, ca. 8.6 %, 5 MeCN) which is
consistent with facile removal of lattice solvent in 1 — 3,
respectively (Figs. S3—S5).
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Fig. 1 Variable temperature infrared spectra collected for 1 (a), 2 (b) and 3 (c).

X-ray structural determinations

Single crystal X-ray diffraction data were collected at 100 and
260 K for 1 -3, respectively (Table 1). Selected bond lengths and
angles are summarized in Tables 2 and S1-S3. Compounds 1 - 3
crystallize in the monoclinic P2,/n, C2/c, and triclinic Pl space
groups, respectively, where the asymmetric unit is comprised of
half of the molecule square, [(Tp®)Fe(CN)(CN),Co(bpy'™e)]*, in
addition to lattice solvent(s) and charge-balancing perchlorate
anions. The cyanide-bridged and six-coordinate [(TpR)Fe(CN)s]

2| J. Name., 2012, 00, 1-3
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and [Co(bpy™e),]?* ions reside at alternate corners of the
[Fe,(£-CN),4Co,]% square, leaving a terminal cyanide that adopts
an anti-orientation relative to the mean plane of the cluster.
The bidentate bpy™e ligands span the face diagonal above and
below the mean plane of squares, where each bipyridine
coordinates a single cobalt centre, forming a two-handled
molecular basket (Fig. 2).

At 260 K, analysis of the crystallographic data shows that the
average Co-N bond lengths are rather long [ca. 2.12(4), 2.12(5),

This journal is © The Royal Society of Chemistry 20xx
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and 2.13(3) A] for 1 — 3, respectively, which are comparable to
those expected for high spin Co'ys centres (Table 2).22-23 Below
ca. 100 K, the average Co-N distances become slightly shorter
[ca. 2.01(6), 2.02(6) and 2.07(5) Al], suggesting that partial or
incomplete electron transfer has occurred, being longer than
the typical value (ca. 1.9 A) seen for bona fide Co",s complexes.
As judged from the structural analysis, we propose that 1-3
contain significant fractions of both Fe"'s/Co'"s and Fe' s/Co"s
pairs at 100 K.1316 The crystallographic data shows that the
average Fe—C=N bond angles remain nearly linear and invariant
with respect to changing crystal temperature, while the Co—N=C
ones become more acute [179.0(5) > 173.0(4)° for 1; 173.5(5)
- 170.6(5)° for 2, and 168.7(4) - 164.7(4)° for 3], between 260
to 100 K, respectively. We also find that the Fe-C=N-Co linkages
become more distorted as a function of increasing alkyl chain

ARTICLE

length (e.g., 1 < 2 < 3) when structures at 100 K are compared
to those at 260 K, confirming that Fe'/Co"' pairs have been
thermally converted to Fe"'/Co" ones, suggesting that the Co''s
to Co'ys conversion induces significant lattice strain between
adjacent [Fe,Co,] clusters within the lattice.

The solid state packing environment at 260 K reveals
considerable intermolecular edge-to-edge -1 interactions
between adjacent bipyridine (bpy) ligands [1, 3.549 A; 2, 3.964
A; 3, 3.773 A] and between bpy and TpMe ligands (1, 3.727 A),
and those of C-H---1t interactions between the alkyl chain and
bpy or Tp* ligands (2, 3.676, 3.772 A; 3, 3.823 A). The nearest
intermolecular metal-metal distances are ca. 10.36, 12.76 and
11.55 A for 1 -3 at 260 K, respectively confirming the separation
of the [Fe,(CN),Co,]?* cores (Figs. S9-S11).

Table 1 Crystal data and structure refinement for 1 —3.

Complex 1 2 3

temperature, K 100(2) 260(2) 100(2) 260(2) 100(2) 260(2)

formula Ci18H160B2Cl,Co2Fe;N33046 Ci06H121B,Cl,Co,Fe;N3505 Ci16H143B,Cl,Co,Fe;N3505

gie;i')arweight 2688.42 2335.29 2477.73

crystal system monoclinic monoclinic triclinic

space group P2,/n C2/c PT

a, A 21.745(3) 22.146(3) 22.863(1) 23.019(4) 14.0286(7) 14.246(2)

b, A 14.665(2) 14.840(2) 17.548(1) 17.917(3) 15.5718(8) 15.814(2)

¢, A 21.799(2) 22.231(3) 27.236(2) 27.567(5) 16.0029(8) 16.329(2)

a, deg 90 90 90 90 73.466(2) 72.318(5)

8, deg 109.157(4) 109.343(4) 91.011(2) 91.420(7) 74.402(2) 73.993(5)

v, deg 90 90 90 90 70.073(2) 69.773(5)

v, A3 6566(1) 6894(1) 10925(1) 11366(4) 3093(3) 3228(8)

z 2 2 4 4 1 1

Peaty g CM3 1.138 1.084 1.345 1.296 1.330 1.258

29 range, © 4.71-49.61 4.63-49.61 4.61-49.62 4.55 -49.56 4.52 -52.98 4.46 - 53.16

Completeness 99% 100% 100% 99% 100% 100%

Residual map, e A3 0.79/-1.08 0.65/-0.55 0.82/-1.55 0.89/-0.90 1.90/-0.87 0.97/-0.53

Goodness-of-fit on F 1.012 1.022 1.102 1.117 1.040 1.032

Final indices [/ > 201()] R, =0.0869, R, =0.0693, R, =0.0904, R1=0.0745, R, =0.0820, R, =0.0560,
WR, = 0.2238 WR, = 0.1843 WR, = 0.2364 WR, = 0.1962 WR, = 0.2146 WR, = 0.1630

R indices (all data) R,1=0.1274, R, =0.0993, R, =0.1139, R, =0.0973, R, =0.1093, R, =0.0815,
WR, = 0.2609 WR, = 0.2114 WR, = 0.2573 WR, = 0.2140 WR, = 0.2349 WR, = 0.1869

Fig. 2 Wire representation of the X-ray structures of 1 (a), 2 (b) and 3 (c) at 260 K. All lattice solvents, hydrogen atoms, and anions are eliminated for clarity.

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Selected bond lengths [A] and angles (°) for 1 —3.

1 2 3

Complex

100 K 260 K 100 K 260 K 100 K 260 K
Col-N1[A] 1.986(5) 2.073(4) 1.995(6) 2.076(4) 2.019(4) 2.077(3)
Co1-N11[A] 2.028(5) 2.133(3) 2.029(6) 2.119(5) 2.077(4) 2.128(3)
Co1-N10 [A] 2.016(6) 2.126(4) 2.038(6) 2.128(4) 2.100(4) 2.146(3)
Col1-N2A [A] 1.968(5) 2.103(4) 1.988(5) 2.080(4) 2.058(4) 2.134(3)
Col1-N14(A) [A] 2.019(5) 2.121(3) 2.050(6) 2.145(4) 2.096(5) 2.157(3)
Co1-N15(A) [A] 2.040(5) 2.153(3) 2.048(5) 2.136(4) 2.084(5) 2.131(3)
Co-Nyve [A] 2.01(6) 2.12(4) 2.02(6) 2.11(5) 2.07(5) 2.13(3)
Fel-C1-N1["] 174.6(4) 175.8(4) 175.3(5) 176.7(4) 174.8(4) 176.2(3)
Fel-C2-N2[°] 174.7(5) 175.1(4) 177.8(6) 177.3(5) 179.0(4) 177.4(3)
Co1-N1-C1[°] 173.0(4) 179.4(4) 173.5(5) 173.2(4) 168.7(4) 168.7(3)
ColA-N2-C2["] 179.0(5) 173.3(3) 170.6(5) 172.4(4) 164.7(4) 166.0(3)
ot 7] 62.02(2) 75.04(1) 57.40(1) 67.29(2) 60.86(2) 66.91(1)
CShMc,? 0.763 1.267 0.714 1.076 0.721 0.933

a3, : the sum of |90-a| for the 12 cis-N-Co-N angles around the cobalt atom; ® CShMc,: the continuous shape measurement relative to ideal octahedron of the Co centre.

Magnetic studies

The magnetic susceptibility data for 1 — 3 were collected
between 2-300 K under an applied static magnetic field (Hg. =1
kOe) (Fig. 3). At 300 K, the xT product for 1-3 are comparable
[6.59, 6.66, and 6.62 cm? K mol'] and are in the range expected
for paramagnetic [Fe",Co",] complexes containing a 2:2 ratio of
low spin Fe(lll) (S=%, g = 2.5~ 2.7) and high spin Co(ll) (S = 3/,,
g = 2.0 ~ 2.8) ions.'231 As the temperature is lowered, the T
values for 1-3 remain nearly constant until ca. 230 K, and then
gradually approach smaller ones [3.38, 3.02, and 3.56 cm3 K
moll], possibly indicating that approximately half of the
paramagnetic Fe/Co pairs have been converted to diamagnetic
ones. We were initially excited to see possible evidence of an
intermediate state, [Fe"'Co"Fe""Co"'], or a phase containinga 1:1
mixture of paramagnetic [Fe'"',Co'",] and diamagnetic [Fe",Co",]
complexes. Unfortunately, we were unable to obtain
crystallographic evidence to support this hypothesis, that is, no
supercell or localized changes in the Co-N distances are seen
structures of 1-3. As judged from the magnetic data, thermal
transition temperatures (Ty5,), the point where half of the
clusters simultaneously exist in the Fe'"/Co"' and Fe"'/Co'" states,
are estimated to occur at ca. 170, 188, and 165 K for 1 - 3,
respectively. The absence of significant thermal hysteresis in
the magnetic data suggests that the transformation of Fe'/Co"
into Fe"'/Co'" pairs occurs without intermolecular cooperativity.
We hypothesize that this may be reflective of well-separated
clusters in the solid state, leading to inefficient elastic

interactions, strain propagation, and volume expansion
associated with Co'"'s-N to Co"ys-N bonds upon reduction.333
When the temperature is again brought to room temperature,
the xT products are seen to return to their original values,
suggesting that thermally-induced changes in their
magnetization are indeed reversible.

The behaviours of 1- 3 were also investigated at 10 K under
the presence of light irradiation [Figs. 3 and S12-S14]. Upon
irradiation [808 nm] for 1 h, the ¥T products of 1 — 3 quickly
approach their expected saturation values [7.89, 6.92 and 7.07
cm3 K mol?] indicating that facile photo transformation of
Fe''/Co" into metastable paramagnetic [Fe"s,Co"ys2] ones is
possible at cryogenic temperatures [Figs. S12-S14]. Upon
removal of the light source, samples were heated from 2 to 12
K, whereby the T values increased from 4.21 to 7.89 cm3 K mol-
1for 1, 2.89 to 6.92 cm3 K mol? for 2, and 3.47 to 7.07 cm3 K
molt for 3, which is ascribed to the intermolecular
antiferromagnetic interactions between the photogenerated
paramagnetic Fe"'/Co" pairs as well as the magnetic anisotropy
(zero-field splitting) of metal centres.'>?> At higher
temperatures, there is sufficient thermal energy to overcome
the magnetic exchange interactions (ca. 3-6 cm) and the Fe'"
and Co" ions adopt a metastable paramagnetic state. To gain an
insight into this metastable state, the photo-irradiated
magnetic susceptibility data at 2 - 50 K for 1 - 3 were fitted using
PHI program3* (Fig. S15) based on the following spin
Hamiltonian (eq. 1):

Please do not adjust margins




Page 5 of 7

H= -Z](SFL‘]SC()I + SFc]SCulA + SFclASCul + SFc]ASCo]A)
+Z (DCu,iSzz,x + g(,‘a.i/uBBSCo.i + gFe,i/’lBBSFe,1)

Where D, ug, g, B and J correspond to the axial zero-field splitting
(zfs) parameter, Bohr magneton, Landé factor, magnetic field vector,
and magnetic exchange between Co(ll) and Fe(lll) metal centres,
respectively. To avoid the overparameterization, ge. is fixed as 2.6
based on the previous related literature.3> Given that the significant
n-mt stackings, a zj’ corresponds to the intermolecular interactions
has also been included, the best fitting gave:

Table 3 Experimental (PHI) fitting results for complexes 1 - 3.

Compd. 1 2 3
D (cm?) 40.8 30.2 29.4
J(cm?) 4.6 3.4 5.8
7/’ (cm™?) 0.1 -0.2 -0.1
Jdco 2.6 2.7 23
gr (fixed) 2.6 2.6 2.6

The zfs fitting parameters for 1 — 3 are comparable to those
reported high-spin Co(ll) in a distorted octahedral coordination
environment.3® The obtained J and zj’ parameters suggest the
intra-ferromagnetic and inter-antiferromagnetic interactions,
respectively. These results corroborate both the intermolecular
antiferromagnetic interactions and magnetic anisotropy would
contribute to the low temperature decrease of xT products.
With additional heating, the magnetically isolated Fe"' and Co"
ions state returns to the thermodynamically preferred
diamagnetic Fe''/Co" one, at temperatures above ca. 112, 132
and 132 K, for 1-3, respectively.

In prior studies we demonstrated that rather sharp and nearly
complete intramolecular electron transfer occurs in [Fe,Co,]
capsules (R1), derived from pentylbis(imino-pyridine) ligands.
Curiously, the cationic portions of 1 and R1, are identical, in that
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they each contain the same ancillary ligands. However, their
solid-state intermolecular environments and charge-balancing
anions present are different [CIO4 vs PFg], as well as the
temperature regimes where intramolecular electron transfer is
operative. Furthermore, thermal hysteresis is observed in one
(R1) but not the latter (1), suggesting that intermolecular
contacts may be important. Most notable is the observation
that 1 displays negligible thermal hysteresis (ca. 2 K) while R1
has a pronounced one (ca. 6 K), suggesting that intermolecular
contacts may be more important role in their disparate
behaviours.

In the frame of Marcus-Hush electron transfer, the magnetic
transition is likely to be strongly correlated with the local
coordination environment (ligand field, AG) and possibly
intermolecular ligand-ligand interactions (reorganization
energy, A). These factors are highlighted in derivatives
containing various anions and lattice solvents (1, CIO4;, 8DMF;
R1, PFs, 6DMF) and those derived from other bipyridine and
pyrazolylborate ligands.12-18 2124 These factors are expected to
play subtle but important roles in modulating intermolecular
environments, ligand fields, and ultimately the temperature
regimes whereby thermo- and photochromic behaviour may be
observed. As shown in Tables 2 and S4, the continuous shape
analysis shows that at 260 K, both the distortion parameters X
and CShM, for 1 (75.04° and 1.267) are larger than those of R1
(72.50° and 1.157), suggesting a weaker cobalt ligand field,
which would potentially lower the energy separation between
the Fe'"/Co'" and Fe'/Co'" states. If this assumption is correct, a
lower thermal transition temperature (T;5,) is expected. It
follows that less distorted and more separated structures (like
R1) may engender higher ligand field and reorganization
energies which ultimately lead to correspondingly higher
thermal phase transition temperatures (e.g., 1, 170 Kvs R1, 230
K).

(c) 7

2T/ cm® Kmol?

T T T T 1 T
0 50 100 150 200 250 300 0 50 100
T/K

T T T 1 T T T T 1
150 200 250 300 0 50 100 150 200 250 300
T/K T/K

Fig. 3 Variable temperature magnetic susceptibility data for 1 (a), 2 (b) and 3 (c) collected in the dark (1 kOe; blue, cooling; red, heating) and after light irradiation (808nm, 20 mW,

green, 10 kOe) at 10 K. Solid lines are guides for the eye.

Conclusions

In summary, we have described the synthesis, structural,
spectroscopic, and magnetic properties of three cyanide-
bridged molecular squares. We find that judicious substitution
of ancillary ligands within a common tetranuclear structural

This journal is © The Royal Society of Chemistry 20xx

archetype offers an attractive strategy to systematically alter
changes in their observed thermo- and photochromic
behaviour. We propose that these changes may be related to
intermolecular interactions that change both their resulting
ligand field (at Co) and elastic interactions associated with
electron transfer, spin state, and volume changes in the solid

J. Name., 2013, 00, 1-3 | 5
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state. Analysis of several complimentary data suggests that
incomplete intramolecular electron transfer may be associated
with the existence of an intermediate spin and tautomeric
states. Future efforts are directed towards a better
understanding of these attributes with an ultimate goal of
preparing multifunctional materials.
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