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The term “frustration” in the context of magnetism was originally
used by P. W. Anderson and quickly adopted for application to the
description of spin glasses and later to very special lattice types, such
as the kagomé. The original use of the term was to describe systems
with competing antiferromagnetic interactions and is important in
current condensed matter physics in areas such as the description of
emergent magnetic monopoles in spin ice. Within molecular magnetism, at least two very different deﬁnitions of frustration are used.
Here we report the synthesis and characterization of unusual ninemetal rings, using magnetic measurements and inelastic neutron
scattering, supported by density functional theory calculations.
These compounds show different electronic/magnetic structures
caused by frustration, and the ﬁndings lead us to propose a classiﬁcation for frustration within molecular magnets that encompasses
and clariﬁes all previous deﬁnitions.
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ne of the motivations underpinning molecular magnetism is
the idea that chemistry can provide model systems that allow
detailed analysis of behavior in homogeneous materials, and hence,
theory can be tested without any need to allow for sample inhomogeneity. A classic example is the demonstration of quantum
tunneling of magnetization in molecules such as [Mn12O8
(O2CMe)16(H2O)4] (1) or [Fe8O2(OH)12(tacn)6]Br8 (2) (tacn =
1,4,7-triazacyclononane). One area where molecular magnetism
might contribute is in spin frustration (3), which is important in
condensed matter physics in areas such as spin ice (4) and spin
liquids (5). Potential model systems would be odd-numbered metal
rings where the metal array forms equilateral triangles, or regular
pentagons, heptagons, and larger 2D rings. Alternatively 3D solids
made from regular odd-numbered rings should also be frustrated,
e.g., regular tetrahedra and octahedra contain triangular faces and
regular icosahedra contain pentagonal faces.
Studies of spin frustration in molecular systems are largely restricted to that of triangular trimetallic species (6, 7). There are
a few reports of ﬁve-metal rings but no detailed magnetic studies of
such compounds (8), with the exception of a {Cu5} cage (9). The
only signiﬁcant examples of larger frustrated molecules are studies
of the {M30} Keplerates (10) and a recent report of a heptametallic
{VO}7 ring (11), where the studies are limited to low temperature
magnetization. There is also a report of an {Fe9} complex that can,
very approximately, be described as a nine-metal ring (12).
A further difﬁculty is that precisely what is meant by frustration
varies in this area. The strictest deﬁnition used in molecular magnetism, from Kahn (13), states that frustration must result in a spin
degenerate ground state, typically a degenerate pair of S = 1/2
states. Surprisingly, this deﬁnition excludes all possible models built
from integer spins, as in such cases (for example a regular pentagon
www.pnas.org/cgi/doi/10.1073/pnas.1213127109

of s = 1 spins), the ground total spin state is unique and has S = 0.
This deﬁnition thus seems prohibitively strict. At the other extreme,
the term frustration has been used to describe cases where there
are competing antiferromagnetic interactions, even where those
interactions result in a unique spin ground state that can be described using a classical picture, with spins represented as arrows
pointing alternately up and down. This deﬁnition seems, if anything, too permissive.
We have reported studies of a {Cr8Ni} ring that we described as
a magnetic Möbius strip, because the magnetic studies suggest
a spin ground state that could not be described using classical spins
(14). Using the strictest deﬁnition of frustration (13), this compound cannot be frustrated because the {Cr8Ni} ring contains an
even number of electrons and has a singly degenerate spin ground
state; however, the magnetic behavior cannot be described using
a picture of classical spins. The molecule has also been described as
a valence bond solid (15). Here we report our attempts to make the
homometallic odd-metal, odd-electron ring that, if regular, would
be frustrated by the strictest deﬁnition of Kahn (13), and describe
two new molecules and their physical characterization.
Results
Our route to a homometallic {Cr9} ring is based on the reaction
that gives a {Cr7} “horseshoe” (an open ring). The reaction involves
hydrated chromium triﬂuoride dissolved in pivalic acid in the
presence of di-isopropylamine. With a ratio of Cr:NHiPr2 of 1.2:1,
we isolated {[iPr2NH2]3[Cr7F12(O2CtBu)12]}2 (1) in 20% yield,
where we have two {Cr7} horseshoes linked through their open ends
by hydrogen bonding to di-iso-propylammonium cations (16). If we
reduce the amine to chromium ratio, we reasoned it may be possible
to cyclize the horseshoe. This is what we ﬁnd for a Cr:NHiPr2 ratio of
8:1. A green precipitate is isolated initially, which contains at least
three compounds. The ﬁrst compound eluted by chromatography
was crystallized and contains the known homometallic [CrF
(O2CtBu)2]8 (2) ring (17). The second band was crystallized and
contains [iPr2NH2][Cr9F10(O2CtBu)18] (3), and the third band

Author contributions: D.C., E.J.L.M., and R.E.P.W. designed research; M.L.B., G.A.T., J.S.M.,
H.M., F.T., T. Guidi, T. Gupta, H.R., R.J.W., and R.G.P. performed research; M.L.B., S.P., P.K.,
M.A., G.K., H.W., L.C., G.R., D.C., and E.J.L.M. analyzed data; and D.C. and R.E.P.W. wrote
the paper.
The authors declare no conﬂict of interest.
This article is a PNAS Direct Submission.
Database deposition: CCDC 933834 and 893835 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
1

To whom correspondence should be addressed. E-mail: richard.winpenny@manchester.
ac.uk.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1213127109/-/DCSupplemental.

PNAS | November 20, 2012 | vol. 109 | no. 47 | 19113–19118

CHEMISTRY

Edited by Malcolm H. Chisholm, The Ohio State University, Columbus, OH, and approved October 12, 2012 (received for review July 31, 2012)

contains [iPr2NH2][Cr9F11(O2CtBu)17] (4). The relative yields of the
three compounds in our initial studies were 20, 16, and 10%,
respectively. By variations on the reaction conditions, we could
eliminate formation of compound 3 and raise the yield of 4 to
40% (SI Text).
To understand the reaction, we followed the formation of cyclic
compounds by cryospray and electrospray mass spectroscopy. This
has previously been used to probe the reaction mechanism by which
giant polyoxopalladate wheels form (18). Here we mixed the
reagents chromium triﬂuoride and iPr2NH in an 8:1 ratio in pivalic
acid and followed the reaction. The result (Figs. S1 and S2) shows
that after 1.5 h, signiﬁcant amounts of 4 have formed. After 3 h, we
observe formation of 3 and growth of peaks due to [(iPr2NH2)2]+,
which is a species not observed in the solid state. At 4 h, the amount
of 3 formed has peaked, and the quantity gradually declines. By 24 h,
the solution contains 4 and [(iPr2NH2)2]+, and we see evidence of
a compound related to [(iPr2NH2)[CrF(O2CtBu)2]9]+. After 1 d, the
amount of 4 begins to decrease, and mass spectral peaks for
[(iPr2NH2)2]+ and [(iPr2NH2)[CrF(O2CtBu)2]9]+ grow in intensity.
Attempts to separate and to crystallize the compounds after 3 d lead
exclusively to isolation of 2, which suggests the other species present
in solution at this point decompose to 2 during chromatography.
The structures of 3 and 4 are closely related (Fig. 1). The ninemetal rings have eight edges bridged by one ﬂuoride and two pivalate ligands, in a manner similar to all eight edges in 2. Only a single
ﬂuoride and a single pivalate bridge the ninth edge, and therefore,
both chromium sites in this edge have a terminal group attached to
them. In 3, one terminal group (Y in Fig. 1C) is a ﬂuoride and the
second (X in Fig. 1C) is a pivalate; in 4, both terminal ligands are
ﬂuorides. We will discuss bond lengths and angles below when
discussing possible structural explanations for magnetic behavior.
The X-ray structures indicate the problem of repeating connectivity with an odd-membered ring compared with an evenmembered ring. In 2, one-half of the carboxylate ligands lie in the
plane deﬁned by the eight chromium centers, with the other half of
the carboxylates alternately above and below this plane. In 3 and 4,
on eight edges of the ring, there is a carboxylate in the plane and
a carboxylate either above or below the plane. On the unique edge,

we have one terminal ligand above the plane and the second below
(Fig. 1D): this clearly prevents the terminal ligands from being
displaced by a single carboxylate.
Magnetic Measurements. We have studied compounds 3 and 4 to

determine whether they show frustration as would be expected for
a regular nine-spin ring. For an odd-electron, odd-metal antiferromagnetically coupled system, the strictest deﬁnition of frustration would require a degenerate pair of S = 1/2 spin states as the
ground state. The point where frustration is said to be broken is
reached, in the strictest sense, when the ground state spin degeneracy is lost because of inequivalent exchange couplings around
the ring. If the inequivalence in exchange constants around the ring
becomes sufﬁciently large, the ground state will change from S =
1/2 to S = 3/2, i.e., a state that can be derived from considering
a ﬁnite chain with alternate up and down spins.
Direct current (DC) magnetic susceptibility measurements were
performed on powdered microcrystalline samples of 3 and 4 in an
applied magnetic ﬁeld of 0.5 T and in the temperature range 300–
1.8 K (Fig. 2). The high temperature χMT value of 15.1 cm3·K·mol−1
and of 15.0 cm3·K·mol−1, for 3 and 4, respectively, are lower than
the value calculated (16.5 cm3·K·mol−1) for nine noninteracting
CrIII (3d3) ions, assuming g = 1.98. This suggests relatively strong
intramolecular antiferromagnetic interactions in 3 and 4. The χMT
product of 3 and 4 decreases continuously with temperature to
reach the value of 1.6 and 0.4 cm3·K·mol−1, for 3 and 4, respectively, at 2 K. The behavior of the low temperature molecular
magnetization, M, versus magnetic ﬁeld, B, also varies (Fig. 2B).
For 3, M rises rapidly with increasing ﬁeld, and at 2 K, it
approaches saturation at a value of 3 μB by 5 T; this behavior
suggests an S = 3/2 ground state for 3. For 4, M increases more
slowly with increasing ﬁeld and shows no evidence for saturation
to the highest ﬁeld measured (7 T). The behavior of M for 4
suggests the likelihood of a ground spin-state of total spin, S, less
than 3/2, which implies compound 4 shows signs of frustration.
Inelastic Neutron Scattering. The inelastic neutron scattering (INS)
spectra obtained for 3 and 4 differ considerably (Fig. 3). The Q
integrated energy spectra of 3 (Fig. 3A) show the main cold band
centered at 1.14 meV (containing overlapping transitions II, III, and
IV), with a further cold transition centered at 0.5 meV (transition I).
At 6.0 K, warm bands emerge at 0.8 (transitions i and ii) and 1.5
meV (transition iii). A high-resolution (9.0 Å) INS energy spectrum
of 3 (Fig. S3) within this low energy region shows a cold peak at 0.08
meV that can be assigned, by analogy to Cr7 horseshoes, which have
an S = 3/2 ground state (16), as an intramultiplet transition within
the potential S = 3/2 ground state quartet. The same measurement
on 4 shows no band in the same energy range, suggesting a different
ground spin state. The measurements on 4 at 1.6 K show two sets of
cold bands, a group of transitions centered between 0.60 and 0.85
meV (transitions I and II), and a pair of transitions with a Gaussian
line shape at 1.2 and 1.3 meV (transition III). At 6.0 K, an
unsymmetric warm band emerges at 1.6 meV (transitions i and ii).
Fitting Magnetic and INS Data. The magnetic susceptibility of 3 and
4 was numerically ﬁtted to the isotropic spin-Hamiltonian
(Eq. 1), using the self-written software ITO-MAGFIT (19) that
makes use of irreducible tensor operator algebra (20) to blockdiagonalize the spin-Hamiltonian and uses the Levenberg–
Marquardt algorithm (21):


^1 · S
^9 − 2J12 S
^2 + S
^8 · S
^9
^1 · S
^ iso = − 2J19 S
H
[1]
7
9
X
X
^i+1 + μB g ~
^i · S
^i ;
B·
S
S
− 2J23

Fig. 1. The structures of (A) 3 and (B) 4 in the crystal, viewed close to
perpendicular to the plane of the nine Cr centers. (C) A schematic representation of the structure, with the magnetic exchange interactions used in
Hamiltonian (Eq. 1) included. (D) A view of 4 looking into the unique edge,
showing the arrangement of terminal ligands. Colors: Cr, green; O, red; N,
blue; C, black; bridging F, yellow; terminal F, brown.

19114 | www.pnas.org/cgi/doi/10.1073/pnas.1213127109

i=2

i=1

^ is a spin operator, μB is
where Jij is an isotropic exchange parameter, S
the Bohr magneton, g = 1.98 was used as the g value for CrIII (16, 17),
and ~
B is the applied magnetic ﬁeld vector. The spin-Hamiltonian
(Eq. 1) includes the nearest neighbor exchange with three differing
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Fig. 2. The magnetic behavior of compounds 3 and 4. (Upper) Magnetic
susceptibility (χ) versus temperature (T) and χT versus T for 3 and 4. (Lower)
Magnetization (M) against ﬁeld measurements for 3 and 4 at 2 and 4 K. In both
cases, the simulations are based on Eq. 2 using parameters given in Table 1.

exchange-coupling constants (Fig. 1B): one exchange constant (J23) is
the coupling between the chromium ions that are not in the unique
edge; the second (J19) is the coupling on the unique edge bridged by
one pivalate and one ﬂuoride; and the third (J12) is the coupling
between the chromium ions in the unique edge and their nearest
neighbor. Studies on the Cr7 horseshoe (1) found that the exchange
constant to the terminal Cr ions differed from that of the body of the
Cr chain—justifying the use of three exchange interactions (16).
The best ﬁt parameters of the magnetic susceptibility alone give
an energy level picture that matches the INS well, but with small
deviations. To eliminate these deviations observed between experimental and calculated INS spectra, we modiﬁed the program
ITO-MAGFIT to ﬁt simultaneously the observed INS transition
energies and the susceptibility data of 3 and 4 in the temperature
range 300–1.8 K (Fig. 2). This gives the best ﬁt parameters given
in Table 1.
The INS results clearly indicate nondegeneracy in total spin
transitions as a result of the effect of single-ion anisotropy, DCr.
For the simulation of the low-temperature magnetization vs. ﬁeld
data (Fig. 2B) and INS spectra of 3 and 4 (Fig. 3), single-ion anisotropy terms were added in spin-Hamiltonian (Eq. 1), as mainly
evidenced by the splitting of the observed INS bands. Thus, the
anisotropic spin-Hamiltonian (Eq. 2) used is of the following form:
^ iso + DCr
^ aniso = H
H

9 
X


^2 − Si ðSi + 1Þ=3 :
S
z;i

[2]

i=1

The values of DCr were determined directly from the INS
spectra and are given in Table 1. For 3, the low energy transition
Baker et al.

Density Functional Theory Calculations. To understand the different
exchange interactions found in 3 and 4, density functional theory
(DFT) calculations were performed on the X-ray structures of 3
and 4 but with pivalate replaced by acetate; the results are given
in Table 1. These computed J values give a reasonable ﬁt of the
experimental magnetic susceptibility, but do not ﬁt with the INS
data. For both complexes, the order J23 > J12 > J19 is reproduced
by theory. It is also found that J19 is larger in 4 than in 3, but with
the absolute value of J19 predicted to be signiﬁcantly larger in 3
by DFT than what was observed. The result is that DFT predicts
that both 3 and 4 should have an S = 1/2 ground state. In 3, the
DFT calculation has the S = 3/2 ﬁrst excited state lying nearby at
0.36 meV, with a much larger gap (4.19 meV) to the ﬁrst excited
state in 4. This discrepancy in predicting the correct ground state
for 3 is caused by the overestimation of J19 in 3 (Table 1).
The coupling J19 involves one bridging ﬂuoride and only one
bridging acetate; to test whether this is the reason for the smaller
exchange interaction, we performed calculations on model
complexes (Fig. S5). Removal of one acetate bridge from
a dimetallic {Cr(μ-F)(μ-O2CMe)2Cr} fragment leads to a reduction of the exchange interaction by approximately 0.7 meV,
which is consistent with the difference between J19 and J23 in 3
and 4 (Table 1). The experimental J12 of complex 4 is also found
to be larger than for 3, and this is reproduced in the DFT values,
with the explanation due to the terminal substitution (ﬂuoride
compared with carboxylate; see Structural Analysis below).

Discussion
Structural Analysis. The structural parameters of compounds 3

and 4 are very similar. There are two types of Cr–F bonds: the
Cr–F terminal bonds are the shorter in both compounds, with the
terminal Cr–F bond = 1.834(6) Å in 3 and the two terminal Cr–F
bonds in 4 averaging 1.818(8) Å. The Cr–F bonds involving
bridging ﬂuorides are all longer, averaging 1.928(8) Å in 3 and
1.927(7) Å in 4. There is no signiﬁcant difference in the bridging
Cr–F bonds within the unique edge and the other eight edges.
The Cr–O bonds average 1.950(8) Å in 3, with the single terminal Cr–O bond the longest in the structure at 1.989(8) Å, and
the next longest bond being the Cr–O bond [1.983(8) Å]. In 4,
the Cr–O bonds average 1.951(10) Å. The bond angles are also
very similar, as expected for CrIII. All trans-angles in both
structures fall in the range 172.6–179.8(4)°, whereas all bar one
cis-angles fall in the range 83.0–96.3(4)°. There is one cis-O–Cr–
F angle in 3 of 79.7(3)°. A ﬁnal factor to consider is the angle at
the bridging ﬂuoride. In 3, the Cr–F–Cr angle in the unique edge
is 131.0(3)° compared with angles in the other eight edges that lie
in the range 120.1(3)–124.2(3)°. In 4, the unique Cr–F–Cr angle
is 130.9(4)°, with the other eight Cr–F–Cr angles lying in the
range 121.1(4)–123.5(4)°.
PNAS | November 20, 2012 | vol. 109 | no. 47 | 19115
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in the 9.0-Å spectra (Fig. S3) is the Δms = ±1 transition within
the S = 3/2 ground state, which allows calculation of DCr =
−0.029 meV. For 4, transition III is from the S = 1/2 ground state
to an S = 3/2 excited state, and the appearance as a doublet (Fig.
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The most signiﬁcant difference between the two compounds is
that for 3 the ground state is S = 3/2, whereas for 4 it is a single S =
1/2 state. Clearly the change in ground state is caused by the very
small value of J19 in 3. The energy gap to the ﬁrst S = 1/2 doublet for
4 (transition I) is 0.62 meV, which is a measure of how far 4
deviates from a frustrated system by the Kahn deﬁnition (13). The
behavior of 3 can essentially be modeled as a classical spin chain,
whereas the physics of 4 cannot be explained with classical spins.
INS measurements at higher energy transfers show four additional cold transitions in compound 4. Fig. S4 shows cold
excitations IV–VII with energies 2.13, 2.79, 3.28, and 3.75 meV.
These excitations all come from the S = 1/2 ground state going up
to sets of S = 3/2 excited states and are simulated using the
parameters in Table 1.
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Fig. 3. INS studies and energy levels for 3 and 4. (A and B) INS energy spectra for 3 and 4, respectively, measured with a 5.0-Å incident neutron setting at 1.5
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the transitions marked in C and D. (C and D) Low energy spin multiplets as a function of their total spin for the isotropic exchange Hamiltonian for 3 and 4,
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Examining the ranges of bond lengths at Cr in the two structures shows some subtle differences. In 4, the average difference
between the shortest and longest Cr–X bond at each Cr is 0.050
Å, whereas in 3, the same average difference is 0.074 Å. This
implies a greater distortion from octahedral geometry in 3 than 4
and may be an explanation for the slightly greater value for jDCrj
in 4.
Therefore, the difference in each of the exchange interactions
J19 and J12 between the two compounds is not caused by bond
length or angle variations. The best explanation we can give is
related to the variation in the coordination geometry at the Cr
sites in the unique edge. In 4, both Cr sites have terminal F
ligands and very similar coordination geometries, e.g., the
shortest bonds are to the terminal ﬂuorides for each site. In 3,
the two Cr sites are signiﬁcantly different, with one having a
short bond to a terminal ﬂuoride and the other a long bond to
a terminal pivalate ligand. The DFT calculations offer a possible
explanation; the Cr site in 4 with a terminal ﬂuoride has a signiﬁcantly smaller spin density compared with the site having
a terminal carboxylate in 3 (2.905 vs. 2.971). The larger the spin
density found on the Cr sites, the less spin delocalization onto
bridging ligands and hence weaker antiferromagnetic interactions
result (22). We have reported previously that the magnetic ex19116 | www.pnas.org/cgi/doi/10.1073/pnas.1213127109

change interactions between Cr sites are dependent on the terminal ligands attached to the Cr ions (16).
Frustration. Compounds 3 and 4 clearly show different physics,

but curiously they would be classiﬁed identically by the current
commonly used terminology. By the strict Kahn deﬁnition, neither 3 nor 4 is frustrated, and by the looser deﬁnition based on
the presence of unsatisﬁed antiferromagnetic interactions, both
are frustrated. Because the difference in the physics is not described by the current terminology, we propose that a new nomenclature is required for frustrated molecular systems. The
idea is inspired by the classiﬁcation of mixed-valent systems introduced by Robin and Day (23). We propose to have type I,
type II, and type III frustration.
Type I systems obey the strict deﬁnition given by Kahn.
Physically, they must have an odd number of electrons and result
in a degenerate, spin-active ground state, i.e., multiple S = 1/2
levels. The spin number of the ground states will be lower than
can be reached by regarding the quantum spins of the system
classically. Structurally this will require a very regular geometry
and the presence of odd-numbered circuits—either triangles,
pentagons (as in the Keplerates), or larger rings.
Type II frustration is where the single ground state has a spin
value lower than can be achieved by treating the molecule as
Baker et al.

Table 1. Parameters used to ﬁt magnetic and INS data and calculated by DFT
3

J12/meV
J19/meV
J23/meV
DCr/meV
Spin ground state

4

Best ﬁt parameters

DFT calculation

Best ﬁt parameters

DFT calculation

−0.409 (1)
−0.0037 (5)
−0.726*
−0.029
3/2

−0.621 (10)
−0.197 (10)
−0.914 (10)
Not applicable
1/2

−0.71163 (4)
−0.2715 (1)
−0.726*
−0.038
1/2

−0.91 (10)
−0.346 (10)
−0.930 (10)
Not applicable
1/2

Numbers in parentheses are estimated error on last digit.
*Fixed based on previous studies (e.g., ref. 17).

Materials and Methods
Synthesis. All reagents and solvents were purchased from commercial sources
and used without further puriﬁcation. Complexes were prepared in Erlenmeyer Teﬂon ﬂasks.
Pivalic acid (25 g, 245 mmol), di-isopropylamine (0.35 g, 3.5 mmol), and
chromium(III) ﬂuoride tetrahydrate (5.0 g, 27.6 mmol) were stirred together
at 150 °C for 46 h. The ﬂask was cooled to room temperature, MeCN (100
mL) was added, and the solution was stirred for 3 h to produce a solid
precipitate. This was collected by ﬁltration and washed with MeCN, and the
solid was extracted with acetone (550 mL) while stirring overnight. The
resulting solution was ﬁltered and then evaporated to dryness under reduced pressure. The residue contained a mixture of compounds 2, 3, and 4;
separation was achieved with column chromatography on silica gel.
With toluene as an eluent, compound 2 elutes ﬁrst as an intense green
band (1.45 g found after evaporation). The eluent was changed to 40:1
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toluene:ethyl acetate, and 3 was eluted as the next band. Evaporation of the
solution under reduced pressure gives 3 as a green powder with a yield of
1.25 g (16%). Calculated elemental analysis (%) of 3 as C96H178Cr9F10N1O36
are Cr 18.14, C 44.68, H 6.95, and N 0.54 compared with experimental values,
which gave (%) Cr 18.40, C 44.46, H 7.09, and N 0.50. Positive ion electrospray mass spectrometry (+ES-MS) using THF as carrier solvent gave m/z
values of +2603 assigned as the molecular ion plus one sodium, [M + Na]+,
+2682 assigned [M + iPr2NH2]+.
Thereafter, a mixture of 20:1 toluene:ethyl acetate was used to elute 4.
After evaporation to dryness, 4 remained as a green powder with a yield
of 0.8 g (10%). Calculated elemental analysis (%) of 4 as C91H169Cr9F11N1O34
are Cr 18.73, C 43.75, H 6.82, and N 0.56 compared with experimental values,
which gave (%) Cr 18.62, C 43.16, H 6.96, and N 0.59. Positive ion electrospray mass spectrometry (+ES-MS) using THF as carrier solvent gave m/z
values of +2520 assigned as the molecular ion plus one sodium, [M + Na]+,
+2600 assigned [M + iPr2NH2]+.
Structural Studies. Single crystals of 3 and 4 were grown from Et2O/MeCN
solutions. X-ray data were collected using an Enraf Nonius CCD single crystal
X-ray diffractometer using Mo-Kα radiation (λ = 0.71073 Å). All data were
collected at 100 K. Structures were solved and reﬁned by full-matrix leastsquares techniques on F2 using the SHELX-97 program (25). The absorption
corrections were done by Multiscan methods. Hydrogen atoms were included in the reﬁnement process as per the riding model.
Crystal Data. Crystallographic data collected for 3, C96.5H181Cr9F10NO37.5 of
relative molecular mass M = 2613.4, showed a monoclinic space group, P21/
n, with unit cell parameters a = 19.4799(4), b = 27.4301(6), c = 27.2085(7) Å,
β = 90.4480(10)o, and cell volume V = 14538.0(6) Å3, with four molecules per
unit cell (Z = 4), and density ρ = 1.194 g·cm−3. 26,498 data points were
collected of which 13,514 were considered unique with Rint = 0.0677 and μ =
0.721 mm−1. There were 1,386 parameters and 2,448 restraints were applied
to produce a residual R1 = 0.0883 for I ≥ 2σ(I) and a weighted residual wR2 =
0.2278 for all data. The equivalent numerical crystallographic data for 4
were: C99H185Cr9F11N3O35, M = 2654.5, orthorhombic space group P212121,
a = 19.6327(4), b = 21.5606(4), c = 32.6247(8) Å, V = 13809.8(5) Å3, Z = 4, ρ =
1.277 g·cm−3, total data 27,741, unique data 14,505 (Rint = 0.1004), μ = 0.76
mm−1, 1,417 parameters, 3,244 restraints, R1 = 0.0858 for I ≥ 2σ(I) and wR2 =
0.2247 for all data.
CCDC 893834 and 893835 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Physical Measurements. Magnetic susceptibility measurements were performed in the temperature range of 300–1.8 K, using a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 7-T magnet. Magnetization measurements were performed at 2 and 4 K using the same equipment.
Diamagnetic corrections were estimated using Pascal’s constants, and magnetic measurements were corrected for sample holder contributions.
INS was performed on the IN5b time-of-ﬂight inelastic spectrometer (26) at
the Institute Laue-Langevin, Grenoble, France. IRIS is a time-of-ﬂight invertedgeometry crystal analyser spectrometer at ISIS, the centre for research in the
physical and life sciences at the Science and Technology Facilities Council, Rutherford Appleton Laboratory, United Kingdom, on polycrystalline nondeuterated
samples of 3 or 4 loaded into a hollow aluminum cylinder for measurement.
Modeling Experimental Data. Simultaneous ﬁtting of the susceptibility and INS
data of 3 and 4 was based on a sparse matrix technique described elsewhere
(27), using the Davidson algorithm (28). Susceptibility data measured in an
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having classical spins. Compound 4 shows type II frustration, in
that the spin ground state is S = 1/2, which is lower than can be
achieved by coupling nine classical s = 3/2 centers. The degenerate ground state required for type I frustration is not evident in type II systems. Structurally, a type II system is likely to
contain odd-numbered circuits of spin centers, but with some
structural distortion. Thus, in 4 we have eight edges of one type
and a ninth of another. Conversely, in the related type II {Cr8Ni}
ring, we have a nonagon that has one vertex different from the
other eight (14). The heptametallic {VO}7 ring reported by
Hoshino and colleagues also shows type II frustration (11).
Type III frustration is found in cases where the ground state
could be derived from a classical treatment of the spin, but where
there are competing antiferromagnetic exchange interactions.
Compound 3 is a good illustration because J23 >> J19 leads to the
spins on the Cr sites within the unique edge aligning parallel,
leading to an S = 3/2 ground state.
The difference between type II and type III frustration is dependent on the relative magnitudes of the competing exchange
interactions present. To understand this in the {Cr9} rings, the
behavior of a ring of nine s = 3/2 was calculated using numerically exact methods involving quantum transfer matrices and
exact diagonalization (24), setting J23 = J12 to reduce the complexity of the phase diagram. The calculation shows that the spin
ground state is S = 3/2 if the ratio 0 < J19/J23 < 0.154, which
we would describe as type III frustration. For ratios of 0.154 <
J19/J23 < 1, we have type II frustration and a single S = 1/2 ground
state. For compound 4, the ratio of J19/J23 is at least 0.3, which is
consistent with the theoretical analysis. Type I frustration would
only be found if J19 = J23, and this illustrates why type I frustration is so rare.
Introducing a new classiﬁcation can seem unnecessary; however, the different uses of the term frustration in the molecular
magnetism community is also frustrating. Using type I, type II,
and type III descriptions should clarify the position. In a recent
tutorial review (3), Schnack discussed frustration in terms of
bipartite descriptions of a system and suggested that a frustrated
system is one that cannot be described as bipartite. This covers
types I and II systems; our new classiﬁcation also allows for the
use in describing competing antiferromagnetic interactions. Thus,
we are spreading frustration!

applied magnetic ﬁeld of 0.5 T and in the temperature range 300–1.8 K were
included in the ﬁt. In addition, a number of INS transitions were included by
assigning the observed INS bands and including the energy difference of the
relative eigenstates, at zero-ﬁeld, as an observation. Assignment of the bands
was made on the basis of the preliminary energy spectrum obtained by ﬁtting
only the susceptibility data to spin-Hamiltonian (Eq. 1). In cases where the relevant states were split at zero-ﬁeld, the barycenter of the state was taken into
account to create an effective isotropic model. Further detail is given in SI Text.

model (38) based on the energies of ﬁve spin conﬁgurations, given in SI Text,
which were calculated for both 3 and 4. Errors on the computed interactions
were estimated and are included in Table 1 (39).

DFT Calculations. The DFT calculations were performed using Noodleman’s
broken symmetry (BS) approach (29) to compute J values, using Gaussian 09
software (30) with the hybrid B3LYP functional (31–33). We used a triple
zeta valence (34) basis set on Cr and split valence polarization for the rest of
the elements (35). Calculations were performed on models of 3 and 4 where
the pivalates were replaced by acetates, as in previous work (36, 37). The
magnetic exchange interactions were extracted using the pairwise interaction

ACKNOWLEDGMENTS. We thank the Engineering and Physical Sciences
Research Council (UK), including the National Electron Paramagnetic Resonance Facility, the Institut Laue-Langevin, the European Commisson Network
of Excellence: Molecular Approach to Nanomagnets and Multifunctional
Materials (MAGMANet), and the Ministry of Science and Higher Education
(Grant 230137, Poland) for support. We thank the Poznan Supercomputing
and Networking Center (Poland), the Partnership for Advanced Computing in
Europe Second Implementation Phase (Grant RI-283493), and the Distributed
European Computing Initiative for access to high performance computing.
M.L.B thanks the Japan Society for the Promotion of Science for a postdoctoral fellowship and S.P. thanks the Danish Natural Science Research
Council (FNU) for a Sapere Aude Fellowship (10-081659). R.E.P.W. and L.C. are
grateful to the Royal Society for Wolfson Merit Awards.

1. Thomas L, et al. (1996) Macroscopic quantum tunnelling of magnetisation in a single
crystal of nanomagnets. Nature 383(6596):145–147.
2. Sangregorio C, Ohm T, Paulsen C, Sessoli R, Gatteschi D (1997) Quantum tunnelling of magnetisation in an iron cluster nanomagnet. Phys Rev Lett 78(24):
4645–4648.
3. Schnack J (2010) Effects of frustration on magnetic molecules: A survey from Olivier
Kahn until today. Dalton Trans 39(20):4677–4686.
4. Bramwell ST, Gingras MJP (2001) Spin ice state in frustrated magnetic pyrochlore
materials. Science 294(5546):1495–1501.
5. Struck J, et al. (2011) Quantum simulation of frustrated classical magnetism in triangular optical lattices. Science 333(6045):996–999.
6. Cannon RD, White RP (1988) Chemical and physical properties of triangular bridged
metal-complexes. Prog Inorg Chem 36:195–298.
7. Cage B, et al. (2003) Observation of symmetry lowering and electron localization in
the doublet-states of a spin-frustrated equilateral triangular lattice: Cu3(O2C16H23) x
1.2C6H12. J Am Chem Soc 125(18):5270–5271.
8. Stemmler AJ, Kampf JW, Kirk ML, Atasi BH, Pecoraro VL (1999) The preparation,
characterization and magnetism of copper 15-metallocrown-5 lanthanide complexes.
Inorg Chem 38(12):2807–2817.
9. Nellutla S, et al. (2005) Magnetism, electron paramagnetic resonance, electrochemistry, and mass spectrometry of the pentacopper(II)-substituted tungstosilicate
[Cu5(OH)4(H2O)2(A-α-SiW9O33)2]10-, a model ﬁve-spin frustrated cluster. Inorg Chem
44(26):9795–9806.
10. Schröder C, et al. (2005) Competing spin phases in geometrically frustrated magnetic
molecules. Phys Rev Lett 94(1):017205.
11. Hoshino N, Nakano M, Nojiri H, Wernsdorfer W, Oshio H (2009) Templating odd
numbered magnetic rings: Oxovanadium heptagons sandwiched by β-cyclodextrins. J
Am Chem Soc 131(42):15100–15101.
12. Yao HC, et al. (2006) An iron(III) phosphonate cluster containing a nonanuclear ring.
Chem Commun (Camb) 16:1745–1747.
13. Kahn O (1997) Competing spin interactions and degenerate frustation for discrete
molecular species. Chem Phys Lett 265(1-2):109–114.
14. Cador O, et al. (2004) The magnetic Möbius strip: Synthesis, structure and ﬁrst
magnetic studies of odd-numbered anti-ferromagnetically coupled wheels. Angew
Chem Int Ed 43(39):5196–5200.
15. Almeida J, Martin-Delgado MA, Sierra G (2009) Valence bond solid state induced by
impurity frustration in Cr8Ni. Phys Rev B 79(11):115141.
16. Baker ML, et al. (2011) Varying spin state composition by the choice of capping ligand
in a family of molecular chains: Detailed analysis of magnetic properties of chromium
(III) horseshoes. Dalton Trans 40(12):2725–2734.
17. van Slageren J, et al. (2002) Magnetic anisotropy of the antiferromagnetic ring
[Cr8F8Piv16]. Chemistry 8(1):277–285.
18. Xu F, et al. (2012) Correlating the magic numbers of inorganic nanomolecular assemblies with a {Pd84} molecular-ring Rosetta Stone. Proc Natl Acad Sci USA 109(29):
11609–11612.
19. Hooper TN, Schnack J, Piligkos S, Evangelisti M, Brechin EK (2012) The importance of
being exchanged: [(Gd4MII8)MIII(OH)8L8(O2CR)8]4+ clusters for magnetic refrigeration.
Angew Chem Int Ed Engl 51(19):4633–4636.

20. Bencini A, Gatteschi D (1990) Electron Paramagnetic Resonance of Exchange Coupled
Systems (Springer, Heidelberg).
21. Press WH, Teukolsky SA, Vetterling WT, Flannery BP (1992) Numerical Recipes in C:
The Art of Scientiﬁc Computing (Cambridge Univ Press, Cambridge, MA), 2nd Ed.
22. Barone V, Bencini A, Cioﬁni I, Daul CA, Totti F (1998) Density functional modeling of
double exchange interactions in transition metal complexes. Calculation of the
ground and excited state properties of [Fe2(OH)3(tmtacn)2]2+. J Am Chem Soc 120(33):
8357–8365.
23. Robin MB, Day P (1968) Mixed valence chemistry: A survey and classiﬁcation. Adv.
Inorg. Radiochem. 10:247–422.
24. 
Slusarski T, Brzostowski B, Tomecka D, Kamieniarz G (2011) Electronic structure and
magnetic properties of a molecular octanuclear chromium-based ring. J Nanosci
Nanotechnol 11(10):9080–9087.
25. Sheldrick GM (2008) A short history of SHELX. Acta Crystallogr A 64(Pt 1):112–122.
26. Ollivier J, Mutka H (2011) IN5 cold neutron time-of-ﬂight spectrometer, prepared to
tackle single crystal spectroscopy. J Phys Soc Jpn 80:SB003–SB006.
27. Piligkos S, et al. (2009) EPR spectroscopy of a family of Cr(III) 7M(II) (M = Cd, Zn, Mn,
Ni) “wheels”: Studies of isostructural compounds with different spin ground states.
Chem Eur J 15(13):3152–3167.
28. Davidson ER (1975) The iterative calculation of a few of the lowest eigenvalues and
corresponding eigenvectors of large real-symmetric matrices. J Comput Phys 17(1):
87–94.
29. Noodleman L (1981) Valence bond description of anti-ferromagnetic coupling in
transition-metal dimers. J Chem Phys 74(10):5737–5743.
30. Frisch MJ, et al. (2003) Gaussian 03, Revision C.01 (Gaussian, Inc., Wallingford, CT).
31. Becke AD (1993) Density-functional thermochemistry.3. The role of exact exchange.
J Chem Phys 98(7):5648–5652.
32. Ruiz E, Rodríguez-Fortea A, Cano J, Alvarez S, Alemany P (2003) About the calculation
of exchange coupling constants in polynuclear transition metal complexes. J Comput
Chem 24(8):982–989.
33. Ruiz E, Alvarez S, Cano J, Polo V (2005) About the calculation of exchange coupling
constants using density-functional theory: The role of the self-interaction error. J
Chem Phys 123(16):164110.
34. Schaefer A, Huber C, Ahlrichs R (1994) Fully optimized contracted Gaussian-basis sets
of triple zeta valence quality for atoms Li to Kr. J Chem Phys 100(8):5829–5835.
35. Frisch MJ, Pople JA, Binkley JS (1984) Self-consistent molecular-orbital methods 25.
Supplementary functions for Gaussian-basis sets. J Chem Phys 80(7):3265–3269.
36. Rajeshkumar T, Rajaraman G (2012) Is a radical bridge a route to strong exchange
interactions in lanthanide complexes? A computational examination. Chem Commun
(Camb) 48(63):7856–7858.
37. Tomecka DM, et al. (2008) Ab initio study on a chain model of the Cr8 molecular
magnet. Phys Rev B 77(22):224401.
38. Ruiz E, et al. (2001) Magnetism: Molecules to Materials, eds Miller JS, Drillon M
(Wiley-VCH, Weinheim), Vol II, pp 227–239.
39. Bencini A, Totti F (2005) DFT description of the magnetic structure of polynuclear
transition-metal clusters. Int J Quant Chem 101(6):819–825.

19118 | www.pnas.org/cgi/doi/10.1073/pnas.1213127109

Baker et al.

