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ABSTRACT: We study the compositional dependence of
molecular orientation (multipolar) and orbital (quadru-
polar) order in the family of perovskite-like metal—
organic frameworks [C(NH;);]Cu,Cd; (HCOO);. On
increasing the fraction x of Jahn-Teller-active Cu”’, we
observe first an orbital disorder/order transition and then
a multipolar reorientation transition, each occurring at
distinct  critical ~ compositions  x,=0.45(5) and
xm = 0.55(5). We attribute these transitions to a combi-
nation of size, charge distribution, and percolation ef-
fects. The transitions we observe establish the accessibil-
ity in formate perovskites of novel structural degrees of
freedom beyond the familiar dipolar terms responsible
for (anti)ferroelectric order. We discuss the symmetry
implications of cooperative quadrupolar and multipolar
states for the design of relaxor-like hybrid perovskites.

Some of the most important and interesting phenome-
na exhibited by conventional oxide perovskites arise
from the coupling of ostensibly independent degrees of
freedom."” In the colossal magnetoresistance (CMR)
manganites, for example, it is an interplay between
charge localization, magnetic order, orbital order, and
atom displacements that allows conductivity to be
switched on and off in response to external magnetic
fields.> Likewise, the anomalous dielectric behavior of
relaxor ferroelectrics arises from coupling of com6posi—
tional variation with orbital and dipole orientations.

Over the past 5-10 years it has become obvious that
many of these same degrees of freedom are as relevant
to metal-organic frameworks (MOFs) and hybrid inor-
ganic/organic solids as they are to conventional oxide
ceramics.”® It is this realization that has fuelled the quest
for multiferroic MOFs, for example, where coupled

magnetic spin and dipolar order would allow magnetic-
field switching of bulk polarization—an attractive prop-
erty in device component design.”’* The relevance to
photovoltaic performance in hybrid organic perovskites
has also become increasingly clear: anomalous exciton
lifetimes in these systems are now understood to emerge
from a complex interplay between cooperative molecu-
lar tumbling, lattice vibrations, and polar displace-
ments.'>"’

In this context, the MOF community has focused al-
most exclusively on the cooperative behavior of dipolar
degrees of freedom (e.g. molecular dipole orienta-
tions,"® " jon displacernents,21 magnetic order21'24), pre-
sumably because these are directly susceptible to exter-
nal fields. Yet MOFs also allow access to a variety of
quadrupolar and higher-order multipolar ordering pro-
cesses, the g)henomenology of which is almost entirely
unexplored. 26 For example, the charge distribution of
guanidinium (point symmetry Ds;) is multipolar rather
than dipolar [Fig. 1(.':1)],27 and so molecular orientations
in guanidinium-containing MOFs can actually be de-
scribed by different states of multipolar order.”® These
states will be conceptually related to the “hidden order”
phaseszg’29 of URu,Si, and Ga;GdsO;, and often have no
direct analogue in conventional oxide perovskites. A
related phenomenon is the quadrupolar order associated
with cooperative Jahn Teller distortions observed in e.g.
[A]Cu(HCOO); hybrid frameworks (here A" is a molec-
ular <:ation).30’31 An extremely important result of Ref. 9
was to demonstrate that this quadrupolar order in guani-
dinium copper formate could itself induce a macroscopic
dipole, allowing indirect design of polar states in a simi-
lar manner to the “tilt en§ineering” approach recently
developed for perovskites. % So while these more com-
plex degrees of freedom accessible to MOFs may not be
directly susceptible to manipulation by external fields
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they can nevertheless couple to degrees of freedom that
are susceptible. Hence there is substantial unrealized
potential for developing new functional MOFs based on
exploiting ordering behavior of complex degrees of
freedom.

It was in this context that we chose to study the phase
behavior of the hybrid perovskite analogues
[C(NH2)3]Cu,Cd;_(HCOO);. Relatively few mixed-
metal formates appear to have been reported else-
where,”?* and here only the x = 0 and 1 end-members
have been characterized prc—”:viously.m’36 They adopt
structures with different guanidinium arrangements, and
so are related to different states of multipolar order.
Whereas in the Cd compound the molecular C; axes
align along a single [111]-type direction of the underly-
ing cubic net (we refer to this arrangement as ‘R-type’ as
it enforces rhombohedral symmetry), in the Cu com-

pound alignment is along an alternating pair of <111>

directions to give a structure with orthorhombic sym-
metry (hence ‘O-type’) [Fig. 1(b)]. Both arrangements
are mediated by hydrogen-bonding interactions between
the guanidinium cation and formate linkers of the anion-
ic host framework.*® In the absence of further symmetry-
breaking distortions, the R and O multipole states are
described by the space groups R3¢ and Pnna, respec-
tively.”” The lower symmetry of the Cu compound ob-
served experimentally (Pna2,, a polar space group) aris-
es from coexistence of O-type multipole order with the
quadrupolar orbital order of its cooperative Jahn-Teller
(JT) distortion.” Combining the same orbital arrange-
ment with the R multipole state results in the centro-
symmetric space-group P2;/c (see SI). Hence polariza-
tion is a non-trivial consequence of the symmetries of
quadrupolar and multipolar order [Fig. l(c)].g’10 By
studying the solid solution between the Cd and Cu end-
members, we determine the extent to which the multipo-
lar and quadrupolar order jointly responsible for bulk
polarization in [C(NH;);]Cu(HCOO); might be con-
trolled independently of one another, and hence exploit-
ed in future materials design.

Using the approach developed in Refs. 24 and 36 we
prepared polycrystalline samples of [C(NH;);]Cu,Cd;-
«{(HCOO); with x =0, 0.1, 0.2, ..., 1; compositions were
verified using atomic absorption spectroscopy (see SI).
High-resolution synchrotron X-ray diffraction patterns
measured for these compounds show a progressive shift
in peak positions and diffraction profiles that is con-
sistent with solid solution formation across the entire
composition field [Fig. 2(a)]. Two clear transitions are
observed, dividing the phase field into three regions. The
first occurs for the most Cu-poor samples (0 < x < 0.4):

here the structure type is that of the Cd parent (R§c ),
indicating R-type multipole order and the expected ab-
sence of quadrupolar JT order. The second is observed
for the single composition x = 0.5. Here the diffraction
pattern can be accounted for by a single phase of sym-

metry P2,/c, which is consistent with a combination of R
multipole order and quadrupolar order from cooperative
JT distortions. The existence of a monoclinic distortion
is clearly evident in the splitting of relevant reflections
[see inset to Fig. 2(a)]; this splitting cannot be as con-

vincingly accounted for by a two-phase (R3¢ + Pna2,)
model (see SI). The third and final region occurs for 0.6
= x = 1, where it is the Pra2, phase of the Cu end-
member that is stable. The crystal symmetry of this
phase is consistent with the combination of O-type mul-
tipolar order and the same quadrupolar orbital order ob-
served in the Cu end-member itself. At no point did we
observe any evidence for cation ordering (despite the
sensitivity one would expect with X-rays were such or-
der to occur); the crystal symmetries of each phase are
consistent only with a single Cd/Cu crystallographic site.
Consequently we attribute the transitions at x, = 0.45(5)
and x,, = 0.55(5), respectively, to orbital order and mul-
tipole reorientation transitions. To the best of our
knowledge, this is the first identification of these classes
of transitions in a MOF/hybrid system.
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Figure 1. (a) Guanidinium ion (top), electrostatic potential
(middle) and multipolar representation (bottom). (b) Multi-
pole order in Cd- (left) and Cu-containing (right) guani-
dinium formates; metal-formate linkages are represented
by straight rods for clarity. (¢) Symmetry relationships be-
tween multipolar and orbital ordering processes as de-
scribed in the text. Arrows represent group—subgroup rela-
tionships; the dashed line represents a discontinuous path-
way. Experimentally-observed’’” space-groups for the Cd
(orange) and Cu (blue) formate perovskites are shaded.

The variation in lattice parameters as a function of x
was determined using Pawley refinement [Fig. 2(b)] (see
SI). Within a given phase the variation is smooth, sup-
porting the assertion that we have prepared a genuine
solid solution. However, both transitions appear discon-
tinuous and are accompanied by volume anomalies. The



volume increase with orbital order at x, is not without
precedent: a similar effect is observed in LaMnOj at its
thermally-driven orbital order/disorder transition.***’
We note that the different signs of the AV term associat-
ed with orbital and multipolar ordering suggests that
pressure may be used as a variable to manipulate these
transitions independently of one another.
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Figure 2. (a) Synchrotron X-ray diffraction patterns (A =
0.82599(1) A) for [C(NH,);]Cu,Cd, ((HCOO);. The inset
shows the splitting of a single reflection on transition from
R3c (x = 0.4) to P2)/c (x = 0.5). (b) Corresponding lattice
parameters, determined using Pawley refinement.

So how might we understand the microscopic mecha-
nisms responsible for transitions at x, and x,,? We sug-
gest there are three key effects associated with increas-
ing Cu composition.

First is that of size: the difference in Cu—O and Cd-O
bond lengths (2.1 and 2.3 A, respectively30’36) means
that the edge length of the cubic perovskite net is some-
what shorter in [C(NH);]Cu(HCOO); than in
[C(NH,);]Cd(HCOO)s: 6.03 vs 6.24 A. This comparison
holds not only for Cu but for all the first-row transition-
metals; that the analogous framework for each of these
systems adopts the same O multipole state™ suggests
this particular arrangement of guanidinium cations may
simply reflect a more efficient packing. In other words,
the reduction in molar volume on Cu doping [Fig. 2(b)]

may drive the multipole state transition in order to pack
guanidinium ions more efficiently.

A second, albeit related, factor is the variation in
strength of hydrogen bonding interaction between guan-
idinium and host framework induced as the transition-
metal is varied.****** One expects R and O multipole
states to support different cation—framework interaction
strengths,‘”’42 suggesting that a change in charge density
may also explain the transition at xy,.

The final effect we consider is that of introducing JT-
active ions into a JT-inactive matrix. On one level, it is
perhaps surprising that even in flexible MOFs the local
strains associated with JT distortions are sufficient to
enforce coupling between orbital orientations of neigh-
boring cations. Yet orbital order is indisputably present
in the crystal structure of [C(NH,);]Cu(HCOO); itself. >
For small values of x, the JT axes of isolated Cu”" ions
will be uncorrelated since most ions are surrounded by a
JT-inactive matrix of Cd>". As x increases, however, the
fraction of Cu®" ions with Cu®" neighbors will quickly
increase, and strain effects will enforce local coupling
between their orbital orientations. At some critical Cu
composition these correlations will become long-range,
resulting in an orbital disorder/order transition; on the
basis of symmetry arguments we identify this as the
transition at x,. We used a simple Monte Carlo (MC)
simulation to identify the composition at which this tran-
sition might be expected to occur (see SI). Our toy Ham-
iltonian considers the effect of random-site percolation
on a cubic lattice taking into account only nearest-
neighbor interactions. For this model, we find that the
orbital order phase transition occurs at x, ~ 0.6. That
orbital order sets in at a lower value of x in the experi-
mental system suggests (i) the existence of short-range
cation order and/or (ii) the JT strain field is meaningful-
ly longer-range than nearest-neighbor interactions.®

As further checks we investigated the temperature de-
pendence of the transitions at x, and x,, (there is none,
consistent with percolative mechanisms;* see SI) and
also established the corresponding phase behavior of the
solid solution [C(NH;);]Mn,Cd;_(HCOO);. In this Mn-
containing system both cations are JT inactive, and we
now observe a single, temperature-dependent, multipole
transition from R3¢ directly to Pnna [Fig. 1(c)] (see
SI). This transition occurs at a higher doping level
xm(Mn) = 0.75(5) A, which is consistent with the size
arguments presented above.*

So we have demonstrated for a family of perovskite-
like MOFs that multipolar and orbital degrees of free-
dom undergo independent ordering processes as a result
of compositional variation. The particular system we
study here has a readily identifiable signature of orbital
order (rhombohedral-monoclinic splitting). However,
one expects similar phenomena in families such as
[C(NH3)3]CuMn; ,(HCOO);, where the emergence of
weak forbidden reflections would identify progression



from disordered (Pnna) to ordered (Pna2,) states. Com-
positions in the vicinity of this transition may prove es-
pecially interesting since the symmetry arguments of
Ref. 9 guarantee that critical fluctuations in orbital order
must couple to fluctuations in the polarization to give
polar nano-domain structures more usually associated
with the Pb-containing perovskite relaxors PZN/PMN.*
Not only do our results suggest an avenue for the design
of lead-free relaxors, but the inclusion of magnetic tran-
sition metals such as Mn>" and Cu®" allows in principle
for subsequent coupling to magnetic order. Moreover,
since different organic cations have different multipolar
charge distributions, substitution of this 00111ponent47’48
is an obvious means of exploring a large variety of mul-
tipolar states. In all cases both the statistical mechanics
and the symmetry implications of correlated multipolar,
quadrupolar, and dipolar order will prove crucial in ex-
ploiting the degrees of freedom accessible to MOFs.
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