
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Electronic vs Structural Ordering in a Manganese(III) Spin 
Crossover Complex  

A. J. Fitzpatrick,a E. Trzop,b H. Müller-Bunz,a M. M. Dîrtu,c Y. Garcia,c E. Collet b* and G. G. 
Morgana*

A symmetry breaking spin transition in a Mn(III) complex is 

reported with three structural phases, a high symmetry high 

temperature S=2 phase, an intermediate S=1/S=2 ordered phase 

and  an aperiodic low temperature phase with S=1 cations. The 

aperiodicity is interpreted as resulting from long-range ordering of 

the NTf2
- anions.   

Spontaneous symmetry breaking1 governs many transitions in 

nature,2 in condensed matter3 and in particle physics.4  Although it 

had been considered to explain stepped spin crossover (SCO) since 

the first two step transition was detected more than thirty years ago5 

it is only in the last decade that structural symmetry breaking has 

emerged as a phenomenon which regularly accompanies two–step 

SCO in Fe(II),6 Fe(III)7 and Co(II)8 complexes where it is associated 

with long-range ordering of molecules in different spin states. In 

correlated systems the underlying driving force for such structural 

phase transitions is often magnetic frustration9 but despite the 

increasing number of symmetry breaking events 

in SCO complexes the origin of the phenomenon 

is not well understood and very likely involves 

competition between short-range and long-range 

interactions.  SCO in iron and cobalt is well–

known to be sensitive to lattice contents and 

minor changes in disorder of the ligand, anion or 

solvent, are sufficient to affect the thermal 

evolution of the moment.  Although spin switching 

in d4 ions is generally more difficult to achieve10 the serendipitous 

discovery that complex salts of the [MnLR]+ series  promote the 

effect has opened the door to systematic study of the SCO effect in 

manganese(III).11  The geometric changes that accompany SCO in 

Mn(III) differ from those observed in iron both in magnitude and 

direction, as the HS state in d4 is Jahn–Teller distorted.  In addition 

the overall change in bond lengths is less in d4 than in d5–d7 ions 

where two electrons are promoted to the antibonding orbital set.  

The smaller changes which accompany the LS–HS transition should 

confer enhanced sensitivity of d4 complexes towards lattice 

contents, which can easily be modulated in [MnLR]+ by changing 

ligand substitution, charge balancing counterion and solvation.  Such 

studies have thus far produced examples of HS,12 LS12,13 and gradual 

SCO11-13 with one example of an abrupt and hysteretic transition 

which was coupled to an order–disorder transition in the PF6
- 

counterion.14 We now report the first example of a two–step SCO in 

the new complex [Mn(3,5-Sal2(323))]NTf2, Scheme 1, which is 

accompanied by two structural phase transitions with an 

incommensurate low temperature structure.  

Scheme 1: Synthesis of [MnL]NTf2,1. 

Variable temperature magnetic susceptibility data for a poly-

crystalline sample of 1 was recorded between 300 – 10 K in 

heating and cooling modes in an applied field of 0.5 T, with an 

initial scan rate of 5 K/min. 

Fig. 1: χMT v T plot for complex 1, showing thermal hysteresis at 5 K/min.  
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At room temperature around 75% of the sample is HS (χMT = 2.5 

cm3 mol-1 K) and the moment falls gradually on cooling, Figure 1. 

At 210 K the gradual decrease is arrested and the moment 

stabilises at around 1.6 – 1.8 cm3 mol-1 K over the temperature 

range 160 – 210 K suggesting a HS:LS ratio close to 1:1 in this 

intermediate phase (INT).  Cooling below 160 K causes an abrupt 

collapse in the moment over a 7 K range to a χMT value of 1.0 cm3 

mol-1 K which persists  to 10 K (LT phase) when a further decrease 

due to zero field splitting is observed.  On warming at 5 K/min the 

abrupt transition between the LT and INT phases is accompanied 

by opening of a 14 K hysteresis window, Figure 1.   

Several reports have highlighted the importance of temperature 

scan rate on hysteresis width15 and in the case of 1 this was 

probed by a series of experiments with heating/cooling rates of 

0.1, 0.5, 1.0, 2.0, 5.0 and 10 K/min.  These revealed an unusual 

scan rate dependence in one direction only: the profile in 

warming mode is unaffected, but spin equilibration in cooling 

mode changes with scan rate, Figure 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Asymmetric scan rate dependence of the hysteretic window in complex 1 
between 150-175 K. 

 

In both heating and cooling modes there is no observable 

difference in the magnetic response when a fast scan rate is 

used i.e. the 10, 5 and 2 K/min cycles, Figure 2.  At all three rates, 

the transition from INT to LT occurs at 157 K, Figure 2 and the 

switch back from the LT to the INT phase at 171 K. Slowing the 

scan rate to 1 K/min in cooling mode results in the transition to 

the LT phase occurring at slightly higher temperature, 158 K, 

and this pattern persists on slowing further to scan rates of 0.5 

and 0.1 K/min when it increases to 164 and 167 K respectively.  

However in warming mode the switch from the LT to the INT 

phase consistently occurs at 171 K for all scan rates.  This 

asymmetric dependence on scan rate is clearly observable in 

plots of d(χmT)/T versus T, Figure S.1.  

Differential scanning calorimetry (DSC) data were recorded for 

1 over the temperature range 105-300 K in both cooling and 

heating modes, at several heating/cooling rates from 1K/min to 

10 K/min. Heating and cooling heat capacity profiles at selected 

scan rates are depicted in Figure 3. The high temperature step, 

which corresponds to the transition from the INT to HT phases, 

is always detected at 208(2) K whatever the scan rate, in 

agreement with SQUID and X-ray diffraction data (vide infra). 

Similarly, a temperature shift, from 157 K to 166 K, was 

observed for the lower branch of the hysteresis loop on 

reducing the scan rate from 2K/min to 1K/min, as noticed in 

Figure 2. A third thermal anomaly was noticed at 225 K (at 2 

K/min) which is likely related to the order-disorder transition of 

the NTf2- anion (vide infra).  

The total entropy obtained from the DSC study is ΔHtot = 6.9 kJ 

mol-1 and ΔStot = 37.6 J mol-1 K-1 after considering the switching 

spins (75% deduced from SQUID measurements). The entropy 

associated with the high temperature step is ΔSHT = 15 J mol-1 K-

1 and the entropy associated to the hysteretic step is 22.6 J mol-

1 K-1.  Such thermal anomalies are characteristics of first order 

phase transitions. 

Fig. 3: DSC profiles for 1 in cooling and heating modes at selected scan rates. 

Temperature dependent X-ray diffraction data also indicate a 

two-step conversion through the thermal evolution of the 

lattice parameters and intensity of the Bragg peaks, Fig. 4 and 

Fig. S2. A weak discontinuous change is observed around 210 K 

on both the cooling and warming modes. A larger discontinuous 

change occurs from the INT to the LT phases at 168 K on cooling 

and 178 K on warming. In addition, a symmetry breaking occurs 

in this INT phase due to a change in translation symmetry. With 

respect to the HT (a, b, c) cell, new Bragg peaks appear 

characterised by scattering vector Q=ha*+kb*+lc* with k=0.5 

and l=0.5 (Fig. S3). The temperature dependence of these 

superstructure peaks indicates, in agreement with the 

temperature dependence of the lattice parameters and DSC 

data, a weak first-order phase transition around 210 K and a 

stronger first-order phase transition from INT to LT phases with 

a thermal hysteresis (Fig. 4). The cooling branch at 168 K 

observed by X-ray diffraction is in agreement with magnetic 

measurements performed with a similar cooling rate (0.2 K 

/min).  Crystallographic data for 1 was collected in the HT phase 

(210 K and 260 K), in the INT phase (185 K) and in the LT phase 

(120 K). A major structural rearrangement between the HT and 

the INT phases revealed valuable information on the 

relationship between the structural changes in the cell and the 

nature of the stepped transition in the χMT data.  In the HT 

phase (a=9.9941(4) Å, b=11.2766(4) Å, c=15.4647(5) Å, 

V=1629.38(11) Å3 at 260 K) the asymmetric unit comprises one 

cation and one NTf2
- anion, Fig. 5. The anion is disordered 

around two positions in the cell. At 260 K the structure of the 

cation is close to the one of the HS state as characterized by the 

bond lengths between the Mn and the atoms bonding it to the 

ligand (O and N, see Table 1) with <Mn-L>2.038 Å. The bonds 

most sensitive to the spin state change are the Mn-N. At 210 K 

the average structure of the cation shrinks and <Mn-L>2.018 

Å, Table 1. 
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Fig. 4: Temperature dependence of the unit cell volume given in the INT cell (top), 
average intensity of the superstructure Bragg peaks (middle) and of the general Bragg 
peaks (bottom) indicating a weak first-order phase transition around 210 K and a strongly 
first-order phase transition around 173 K with a 10 K hysteresis width 

 

This is due to the fact that 50% of the cations are in the LS or 

HS states as indicated by magnetic data.  The structural data 

indicates a doubled cell (a=9.9196(3) Å, b=20.8595(6) Å, 

c=16.9831(4) Å, V=3211.27(16) Å3) on the plateau, with a 

maximum order at 185 K, as indicated by the temperature 

dependence of the superstructure peaks (Fig. 4). In this doubled 

cell, two crystallographically independent molecular sites are 

observed for the cations. At 185 K cation site 1 is mainly LS, as 

characterized by <Mn1-L>1.98 Å and site 2 is mainly HS with 

<Mn2-N>2.05 Å, Table 1. The structure on the plateau is 

therefore made of stripes of HS and LS layers alternating in a 

HS-LS-HS-LS sequence along the b axis, Fig. 5, forming a spin-

state concentration wave.16 The main feature of the 

intermediate phase is therefore the long-range ordered of 

cations in different electronic states. The structural analysis at 

120 K revealed a more complex structure. In addition to the 

Bragg peaks corresponding to a unit cell similar to the HT one 

(a=9.7733(3) Å, b=11.0266(4) Å, c=15.5654(3) Å, V=1567.37(8) 

Å3) we observe satellites peaks, indexed on a 4 vector basis by: 

Q=ha* + kb* + lc* + mq h, k, l & m being integer (Fig. S3). 

 

 
Fig. 5: View of asymmetric unit of complex 1 in the HT phase at 260 K and in the LT 
phase at 120 K showing the unique [Mn(3,5-ClSal2(323))]+ cation and the disordered 
NTf2

- anions. I the INT at 185 K long-range order of HS (red) and LS (blue) cation layers 
form. 

The modulation vector corresponds to q= a* + b* + c* with 

0.29, 0.15 and 0.44. As the system is triclinic there is no 

restriction on the orientation of the modulation vector and the 

4D superspace group symmetry is P-1(). Refining the 

structure in the 4D superspacegroup is beyond the scope of the 

present paper and the weak satellite peaks make refinement 

difficult. However, we can mention that in the average 3D 

structure we observe a significant disorder on the anions and 

not on the cations. This indicates that the satellites peaks are 

very likely due to an ordering of the anion with a modulation 

vector aperiodic with the average unit cell. In addition, since the 

LT phase is completely LS, this aperiodic order is simply of 

structural nature and not related to aperiodic ordering of LS and 

HS molecules, as recently reported in an Fe(II) SCO complex.16a 

At 120 K the average 3D structure of the cation is the one of the 

LS state as characterized by <Mn-L>1.98 Å. In addition, since 

there is no group/subgroup relationship between the INT and 

the LT phase, this phase transition is reconstructive and should 

be first-order as experimentally observed here.     

The NTf2
- anion is well known to lower the melting point in solids 

due to the high degree of rotational disorder, making it a 

popular choice when designing ionic liquids.17 Here use of an 

anion with rotational freedom has assisted onset of a two-step 

magnetic transition with three structural phases: a HT phase 

with a single cation site and two positions for the disordered 

NTf2
- anion; an INT phase with well-ordered crystallographically 

distinct cations in different electronic HS and LS states, each 

charge balanced by a now well-ordered NTf2
- anion; an 

incommensurate LT phase where all cations are LS and well-

ordered, but where the NTf2
- anions order with a modulation 

aperiodic with the average (a,b,c) lattice. 
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Table 1: Mn-Donor bond lengths for complex 1 at 120, 185, 210 and 260 K. 

 

This work underscores the influence of structural order-

disorder transitions on counterion or ligand on the switching 

rates in spin labile complex cations. The coupling between 

electronic and structural states (mainly through molecular size 

dependence) is at the heart of the electronic ordering in the INT 

phase and the anion layer (Fig. 5) plays a role. Within a cation 

layer, the inter-cation coupling favours a single spin state (HS or 

LS). However, the coupling between cations of different layers 

is screened by the anions (Fig. 5). Such anisotropic coupling 

favours layered structures and underlines the role of the anion 

in the formation of the striped HS-LS structure. 
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Bond Length (Å) 

Temp. (K) 120 185 210 260 

Z’ 1 2 1 1 

Mn(1)-O(1)phen 
Mn(1)-O(2)phen 
Mn(1)-N(1)im 
Mn(1)-N(4)im 
Mn(1)-N(2)am 
Mn(1)-N(3)am 

1.888(3) 
1.888(3) 
1.993(3) 
1.996(4) 
2.065(4) 
2.056(3) 

1.8833(17) 
1.8906(17) 

2.001(2) 
2.001(2) 

2.0738(19) 
2.067(2) 

1.885(2) 
1.887(2) 
2.037(3) 
2.045(3) 
2.132(3) 
2.123(3) 

1.884(3) 
1.881(3) 
2.065(4) 
2.069(3) 
2.168(4) 
2.158(4) 

Mn(2)-O(3)phen 
Mn(2)-O(4)phen 
Mn(2)-N(5)im 
Mn(2)-N(8)im  
Mn(2)-N(6)am 
Mn(2)-N(7)am 

 1.8801(17) 
1.8818(17) 

2.081(2) 
2.081(2) 
2.189(2) 
2.177(2) 

  

Z’ number of independent sites in the asymmetric unit 
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