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We report the temperature dependence of the spin dynamics of 

the octacyanometallates [Mo(CN)8]
3−

 and [W(CN)8]
3−

. At 5 K, these 

complexes display remarkably long spin-lattice relaxation times of 

1.05 s, and 0.63 s, respectively. We probe the contributing factors 

to the spin relaxation and demonstrate the impact of spin-orbit 

coupling as a handle to tune vibrationally mediated spin-lattice 

relaxation. 

 Quantum information processing (QIP) promises to 

fundamentally transform our approach to computation, 

enabling advances in fields ranging from biochemistry to 

physics to cryptography.
1,2

 Creation of viable quantum bits, or 

qubits necessitates the development of systems wherein long-

lived superpositions of quantum states are possible. Electron 

spins, both in molecules and solid-state systems, offer 

considerable advantages as candidate qubits, including their 

facility of manipulation with pulsed microwaves.
3-12

 Magnetic 

molecules are extremely promising species with which to study 

the variables that influence coherence time, T2, as synthetic 

chemistry offers a means to tune factors contributing to 

decoherence. Indeed, through such experimentation, our 

laboratory and others have developed design principles for 

increasing coherence times and have implemented them to 

achieve millisecond coherence times.
13-16

 These and other 

related advances have allowed the demonstration of gate 

operations, the proof of concept implementation of Grover’s 

quantum search algorithm, and a theoretical demonstration of 

adiabatic quantum computation using electron spin qubits.
17-21

 

To further enhance our understanding of spin dynamics in 

coordination compounds and to propel the field past single- or 

few-qubit systems, it is vital to understand the factors 

contributing to spin-lattice relaxation, T1, which represents the 

maximum information storage time as well as the upper limit 

to T2. Indeed, the study of T1 has recently seen renewed 

interest for these reasons.
22,23

 By understanding the impact of 

chemical properties on the specific relaxation mechanisms 

operative in these compounds, we can implement new design 

principles to create the next generation of molecular qubits 

and larger multi-qubit architectures. 

 Homoleptic cyanometallate complexes and cyanometallate 

frameworks provide a convenient platform upon which to 

study fundamental spin relaxation processes. Cyanometallate 

complexes have been foundational in the development of 

modern transition metal chemistry; the study of 

cyanometallates dates back hundreds of years with the 

discovery of Prussian Blue.
24,25

 Over the past several decades, 

the study of magnetism using cyanometallate chemistry has 

flourished, with emphasis on the structurally predictable 

networks generated from cyanometallate building units.
26-30

 

Such networks allow for the convenient construction of 

spatially well-defined arrays of paramagnetic metal ions, a 

highly appealing prospect for qubits.
31,32

 Indeed, if 

cyanometallate complexes can be established as viable 

candidate qubits, they would offer significant promise for the 

creation of spatially controlled qubit arrays.  
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Figure 1: Saturation recovery curves as observed upon application of the described 

saturation recovery pulse sequence (see ESI for detail) on a 0.5 mM solution of 1 in a 

butyronitrile glass. The solid lines are fits to the data utilizing a monoexponential 

function.  

 

Figure 2: Plot of the spin-lattice relaxation time, T1 vs. temperature from 5 K to 

150 K in a 0.5 mM solution of 1 in a butyronitrile glass. The solid line is a fit to the 

data using the model given in the main text incorporating the direct process, the 

Raman process, and contributions from local modes (shown as dashed lines). 

 To initiate our studies of cyanometallates, we probed the 

coherence properties of two structurally analogous homoleptic 

cyanometallate complexes, [Mo(CN)8][HNBu3]3 and 

[W(CN)8][HNBu3]3.
33

 These two species feature within many 

reported frameworks,
34-40

 yet their coherence properties 

remain unknown. [Mo(CN)8][HNBu3]3 (1) and 

[W(CN)8][HNBu3]3 (2) offer two primary advantages which led 

to their selection for this study. First, since both complexes are 

S = ½, their transitions are easily addressable, owing to the 

absence of zero-field splitting, which could disrupt electron 

paramagnetic resonance (EPR) addressability and thereby 

convolute the analysis of observed relaxation rates. Second, 

these eight-coordinate compounds are isostructural in 

solution.
41,42

 This structural similarity allows us to directly 

compare the influence of spin-orbit coupling on the processes 

that contribute to the spin-lattice relaxation time, T1.  

 To investigate the viability of these two complexes as 

candidate qubits, we acquired pulsed electron paramagnetic 

resonance (EPR) data for each complex in both a butyronitrile 

glass and a 40 vol % dimethylformamide/toluene glass over a 

wide temperature range. We observed a spin echo up to 150 K 

for 1 and 90 K for 2. This overall relaxation behaviour largely 

persisted across samples and in different solvent conditions. 

Here, we were interested in two parameters: T1, the spin-

lattice relaxation time, and T2, the coherence time. 

Understanding these variables is crucial to evaluating qubit 

performance, as T2 represents the operational time of the 

qubit, and T1 is both the upper bound to T2 and is the 

maximum information storage time.
43

  

 We initiated our experiments by determining T1 through a 

saturation recovery experiment. In this experiment, a train of 

picket fence pulses saturates the transition. The return of the 

peak is then monitored as a function of time after the 

saturation pulse train with a Hahn-echo detection sequence. 

The echo intensity is then plotted as a function of the delay 

time between the end of the picket fence pulse train and the 

detection sequence. We extracted T1 values by fitting the 

resulting saturation recovery curves (Figure 1) to a 

monoexponential function. The full details of the data fitting 

can be found in the ESI.  

 To determine which processes mediate the spin lattice 

relaxation of these compounds, we fit the temperature 

dependence of T1 to the model  

1
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wherein we accounted for the influence of three different 

relaxation processes: the direct process, the Raman process 

and local modes. In the model above, Adir, Aram, and Aloc are the 

direct, Raman, and local mode coefficients respectively, θD is 

the Debye temperature, J8 is the transport integral 
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and Δloc is the energy of the local mode vibrations.
44

 

Understanding each of these processes is vital to 

understanding the manifestation of chemical principles 

operative in the temperature dependence of the spin-lattice 

relaxation. At temperatures below 10 K, the direct process, 

wherein the excited state relaxes through a single phonon-

induced spin flip, is frequently significant.
45

 Given that this is 

formally a spin-forbidden process requiring the breaking of 

time reversal symmetry, the influence of a hyperfine field 

typically mediates this process.
46

 In the intermediate 

temperature regime (20 – 60 K), the Raman process is most 

prominent. This process is a two-phonon event analogous to 

Raman scattering of photons. Above 60 K, the Raman process 

gives way to local mode relaxation, in which more localised 

vibrational modes dominate relaxation, in contrast to the long-

range phonons contributing to relaxation via the Raman 
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Figure 3: Two-pulse Hahn-echo decay curves of a 0.5 mM solution of 1 (top) and a 

0.5 mM solution of 2 (bottom) collected at 40 K in butyronitrile. These curves are 

representative of the data across all temperatures sampled for both 1 and 2. The 

extremely deep ESEEM modulation was composed of three frequencies, a result of 

the 
14

N nuclei of the cyanide ions experiencing exact cancellation, resulting in a 

splitting of the nuclear sublevels.  

process. These localised vibrational modes have become a 

subject of much interest in QIP, and scientists have recently 

achieved computational insight into them.
47,48

  

 Notably, at 5 K, we observe unusually large values of T1 for 

both 1 and 2 of 1.05 s, and 0.63 s in butyronitrile respectively. 

These values offer significant promise for the use of 

compounds such as 1 and 2 as qubits. We attribute the marked 

increase in T1 relative to other coordination compounds to the 

relatively small contribution of the direct process to the 

relaxation in these systems. A fit to the data yielded a direct 

constant (Adir) of less than 1.0 K
−1

s
−1 

for both compounds, 

which falls significantly outside of the range of Adir = 10 – 50 K
-

1
s

-1
 found for most transition metal complexes.

40
 We 

hypothesise that the small contribution of the direct process 

arises from the low natural abundance of spin-active nuclei 

with which the spin is directly interacting (
95

Mo = 15.92%, 
97

Mo = 9.55%, 
183

W = 14.31%).
46

 More in-depth discussion of 

this phenomenon can be found in the ESI.  

 With increasing temperature, the Raman process begins to 

dominate, and the T1 values of 1 and 2 diverge, consistent with 

the difference in spin-orbit coupling between the two 

complexes (ζ = 900 cm
-1

 and ζ = 2700 cm
-1

 for Mo
5+

 and W
5+

 

respectively).
49

 As spin-orbit coupling of the complex 

increases, the interaction between the spin and the phonon 

bath strengthens. Therefore, we expect ions containing 

heavier metals to display more rapid spin-lattice relaxation.
50

 

We find that 2 displays an order of magnitude larger Raman 

coefficient (Aram) (0.86 MHz vs. 0.053 MHz) and slightly larger 

local mode coefficient (Aloc) (90 MHz vs. 20 MHz) than 1. In 

addition to a smaller local mode coefficient, we observe lower 

characteristic local mode energies for 2 than for 1 (416.1 K for 

2 and 514.0 for 1). We suggest that the strong interaction 

between the spin and the electronic energy levels resulting 

from spin-orbit coupling in 2 increases the susceptibility of this 

complex to relax as a result of vibrational distortions to its 

ligand sphere. This, in turn, lowers the energy at which 

vibrational relaxation processes become operative in 2.
45

 The 

increase in the contributions of these vibrational relaxation 

processes leads to the loss of a measurable spin echo by 90 K 

in 2, in contrast to the persistence of the echo in 1 until 150 K. 

In this case, the influence of specific local modes on the 

relaxation of these complexes cannot be deconvoluted from 

the spin-orbit contribution which powerfully impacts T1. Future 

studies on other cyanometallate series will probe this effect.   

 The second key figure of merit for a qubit is T2, which we 

investigated by performing two-pulse Hahn echo experiments. 

Intriguingly, upon inspection of the T2 data, we observed deep 

electron spin echo envelope modulation (ESEEM) within the 

decay curves of both 1 and 2 (Figure 3). A Fourier transform of 

the data reveals that three distinct frequencies and a broad 

unresolved feature comprise the ESEEM (Figure 4). We 

attribute the unusually strong ESEEM in this case to a 

coincidental, but well precedented exact cancellation 

condition, wherein Aiso = 2νI, where Aiso is the isotropic 

hyperfine parameter and νI is the nuclear Larmor frequency.
51

 

This condition is met when the hyperfine field cancels out the 

external field, leaving the nuclear spin sublevels to split from 

the influence of the electric quadrupole interaction. As 

illustrated in Figure 4, we observe the diagnostic three-line 

pattern (green, purple, and red dots) followed by a broad 

higher frequency feature (black dot) in the Fourier transform 

of the data.  

 

Figure 4: Fourier transform of the ESEEM modulation of a 0.5 mM solution of 1 at 

40 K in butyronitrile. The three frequencies arise from nullification of the external 

field at the 
14

N nuclei, which results in the splitting of the MI states shown in the 

inset. The 
14

N frequencies are marked with a colour corresponding to the 

transition to which they correspond.  
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 To interpret our T2 data and extract information regarding 

the temperature dependence of T2 for 1 and 2 without 

overparameterization, we normalised the data collected at 

each temperature to the 5 K data and subsequently fit the 

resulting curve to the exponential function: 

 

+�τ � �%-!./�/  

 

where N is the curve resulting from the division of a higher 

temperature curve by the 5 K cure, A is a y-axis scalar term, 

and TR in this case is the ratio of the T2 at the higher 

temperature to the T2 at 5 K. This approach enabled us to 

obtain the temperature dependence of T2 relative to the T2 

value at 5 K. We have included further details of this fitting in 

the ESI. For both compounds, we observe a decrease in T2 as 

temperature increases – likely influenced by a decrease in T1 

and by fluctuations of methyl groups in the solvent 

molecules.
45,52

 This behaviour is expected, as in other studies, 

we and others have observed that T2 generally remains 

constant as a function of temperature until approximately 30 

K, and then decreases resulting from environmental 

interference.
53-55

 These data demonstrate, however, that we 

can measure T2 out to the same temperature we can measure 

T1, thus indicating that these complexes are likely T1 limited, 

meaning that the spin-lattice relaxation process indeed serves 

as the limiting factor to coherence. Future measurements at 

higher field will enable exact determination of T2 values as we 

will have moved away from the exact cancellation condition.  

Conclusions 

 We demonstrate that two cyanometallate complexes are 

viable qubit candidates, and indeed comprise two of the 

paucity of examples of second and third row transition metal 

complexes. At 5 K, these compounds exhibit exceptionally long 

spin-lattice relaxation times of approximately 1 s. We attribute 

this observation to the relatively small contribution from the 

direct process to spin-lattice relaxation resulting from the 

weak hyperfine field exerted by the transition metal nucleus 

on the electron spin. In accordance with the smaller spin-orbit 

coupling constant of 1, we observe a smaller change in 

relaxation time with increasing temperature relative to 2, 

implicating the stronger influence of spin-orbit coupling in the 

higher temperature vibrational relaxation processes than in 

the direct process. This reflects that changes in spin-orbit 

coupling can be used as a handle to control spin-lattice 

relaxation by tuning the Raman and local mode contributions 

but that the direct process is more strongly influenced by 

other factors.   

 We propose that these compounds and similar 

cyanometallates will continue to be valuable platforms upon 

which to perform these well-controlled studies into 

fundamental relaxation behaviours – particularly local mode 

relaxation processes, given the relative simplicity of the ligand 

field. We also suggest that cyanide frameworks incorporating 

these ions are worthy of study as potential solid-state qubit 

arrays given the exceptionally long spin-lattice relaxation times 

of their constituent parts. 

Conflicts of interest 

There are no conflicts to declare. 

Notes and references 

‡  
§ We thank C.J. Yu for experimental assistance and helpful 
discussions. We further acknowledge assistance from M.S. 
Fataftah for insightful discussions into relaxation processes and 

for editing. This research was conducted with the support of the 
National Science Foundation for CAREER award CHE-1455017 
(D.W.L. and D.E.F.), and the Presidential Early Career Award for 

Scientists and Engineers (FA9550-17-1-0247) (D.E.F.). This work 
was also supported by the National Science Foundation under 
grant no. CHE-1565925 (M.R.W.). T.J.P. recognises the support 

of an NSF Graduate Research Fellowship (DGE-1324585). 

 
1  M. A. Nielsen and I. L. Chuang, Quantum Computation and 

Quantum Information, 10th Anniversary ed., Cambridge 

University Press: Cambridge, 2010.  

2  R. P. Feynman, Int. J. Theor. Phys., 1982, 21, 467–488.  

3  M. N. Leuenberger and D. Loss, Nature, 2001, 410, 789. 

4  M. J. Graham, J. M. Zadrozny, M. S. Fataftah and D. E. 

Freedman, Chem. Mater., 2017, 29, 1885–1897.  

5  G. Aromı,́ D. Aguila, P. Gamez, F. Luis and O. Roubeau, Chem. 

Soc. Rev., 2012, 41, 537–546. 

6  F. Troiani and M. Affronte, Chem. Soc. Rev., 2011, 40, 3119–

3129. 

7  P. C. Stamp and A. Gaita-Ariño, J. Mater. Chem., 2009, 19, 

1718–1730. 

8  P. L. Stanwix, L. M. Pham, J. R. Maze, D. Le Sage, T. K. Yeung, P. 

Cappellaro, P. R. Hemmer, A. Yacoby, M. D. Lukin and R. L. 

Walsworth, Phys. Rev. B., 2010, 82, 201201. 

9  S. Takahashi, R. Hanson, J. van Tol, M. S. Sherwin and D. D. 

Awschalom, Phys. Rev. Lett., 2008, 101, 47601. 

10  J. J. Pla, K. Y. Tan, J. P. Dehollain, W. H. Lim, J. J. Morton, D. N. 

Jamieson, A. S. Dzurak and A. Morello, Nature, 2012, 489, 541. 

11  C. J. Wedge, G. A. Timco, E. T. Spielberg, R. E. George, F. Tuna, 

S. Rigby, E. J. L. McInnes, R. E. P Winpenny, S. J. Blundell and A. 

Ardavan, Phys. Rev. Lett., 2011, 108, 107204. 

12  Y. Morita, S. Suzuki, K. Sato and T. Takui, Nat. Chem., 2011, 3, 

197. 

13  J. M. Zadrozny, J. Niklas, O. G. Poluektov and D. E. Freedman, 

ACS Cent. Sci., 2015, 1, 488–492.  

14  K. Bader, D. Dengler, S. Lenz, B. Endeward, S.-D. Jiang, P. 

Neugebauer and J. van Slageren, Nat. Commun., 2014, 5, 5304. 

15  J. J. Morton, A. M. Tyryshkin, A. Ardavan, K. Porfyrakis, S. Lyon 

and G. A. D. Briggs, J. Chem. Phys., 2006, 124, 14508. 

16  M. Shiddiq, D. Komijani, Y. Duan, A. Gaita-Ariño, E. Coronado 

and S. Hill, Nature, 2016, 531, 348. 

17  C. Godfrin, A. Ferhat, R. Ballou, S. Klyatskaya, M. Ruben, W. 

Wernsdorfer and F. Balestro, Phys. Rev. Lett., 2017, 119, 

187702. 
18  E. Moreno-Pineda, C. Godfrin, F. Balestro, W. Wernsdorfer and 

M. Ruben, Chem. Soc. Rev., 2018, 47, 501-503.  

 

Page 4 of 6Dalton Transactions



Dalton Transactions  COMMUNICATION 

This journal is © The Royal Society of Chemistry 2018 Dalton Trans., 2018, 00, | 5 

Please do not adjust margins 

Please do not adjust margins 

 
19  M. Mehring, J. Mende and W. Scherer, Phys. Rev. Lett., 2003, 

90, 153001.  

20  S. Nakazawa, S. Nishida, T. Ise, T. Yoshino, N. Mori, R. D. 

Rahimi, K. Sato, Y. Morita, K. Toyota, D. Shiomi, M. Kitagawa, 

H. Hara, P. Carl, P. Höfer and T. Takui, Angew. Chem. Int. Ed., 

2012, 51, 9860-9864. 
21  S. Yamamoto, S. Nakazawa, K. Sugisaki, K. Sato, K. Toyota, D. 

Shiomi and T. Takui, Phys. Chem. Chem. Phys., 2015, 17, 2742–

2749. 

22  L. Tesi, E. Lucaccini, I. Cimatti, M. Perfetti, M. Mannini, M. 

Atzori, E. Morra, M. Chiesa, A. Caneschi, L. Sorace and R. 

Sessoli, Chem. Sci., 2016, 7, 2074-2083. 

23  M. Atzori, E. Morra, L. Tesi, M. Chiesa, L. Sorace and R. Sessoli, 

J. Am. Chem. Soc., 2016, 138, 11234-11244. 
24  Anonymous, Miscellanea berolinensia ad incrementum            

scientiarum, 1710, 1, 377–378. 

25  K. Dunbar and R. A. Heintz, Prog. Inorg. Chem., 1997, 45, 283–

392.  

26   F. J. Birk, D. Pinkowicz and K. R. Dunbar, Angew. Chem. Int. 

Ed., 2016, 55, 11368–11371. 

27  K. Qian, X.-C. Huang, C. Zhou, X.-Z. You, X.-Y. Wang and K. R. 

Dunbar, J. Am. Chem. Soc., 2013, 135, 13302–13305.  

28  D. Pinkowicz, H. I. Southerland, C. Avendaño, A. Prosvirin, C. 

Sanders, W. Wernsdorfer, K. S. Pedersen, J. Dreiser, R. Clérac, 

J. Nehrkorn, G. Simeoni, A. Schnegg, K. Holldack and K. R. 

Dunbar, J. Am. Chem. Soc., 2015, 137, 14406–14422.  

29  S. Ferlay, T. Mallah, R. Ouahes, P. Veillet and M. Verdaguer, 

Nature, 1995, 378, 701.  

30  S. Ohkoshi, K. Nakagawa, K. Tomono, K. Imoto, Y. Tsunobuchi 

and H. Tokoro, J. Am. Chem. Soc., 2010, 132, 6620–6621.  
31  M. Verdaguer and G. S. Girolami, in Magnetism: Molecules to 

Materials: 5 Volumes Set, ed. J. S. Miller and M. Drillon, Wiley-

VCH Verlag GmbH & co. KGaA, Weinheim, 2005, ch. 9, pp. 283–

346.  

32  J. M. Zadrozny, A. T. Gallagher, T. D. Harris and D. E. 

Freedman, J. Am. Chem. Soc., 2017, 139, 7089–7094.  

33  L. Bok, J. Leipoldt and S. Basson, Z. Anorg. Allg. Chem, 1975, 

415, 81–83.  

34  Q.-L. Wang, Y.-Z. Zhang, H. Southerland, A. V. Prosvirin, H. Zhao 

and K. R. Dunbar, Dalton Trans., 2014, 43, 6802–6810.  

35  H. Zhao, A. J. Brown, A. V. Prosvirin and K. R. Dunbar, 

Polyhedron, 2013, 64, 321–327.  

36  Y. S. You, D. Kim, Y. Do, S. J. Oh and C. S. Hong, Inorg. Chem., 

2004, 43, 6899–6901.  

37  S.-L. Ma, S. Ren, Y. Ma, D.-Z. Liao and S.-P. Yan, Struct. Chem., 

2009, 20, 145–154.  

38  K. Nakabayashi, S. Chorazy, Y. Miyamoto, T. Fujimoto, K. 

Yazawa, D. Takahashi, B. Sieklucka and S. Ohkoshi, 

CrystEngComm, 2016, 18, 9236–9242.  

39  Y. Arimoto, S. Ohkoshi, Z. J. Zhong, H. Seino, Y. Mizobe and K. 

Hashimoto, Chem. Lett., 2002, 31, 832–833.  

40  B. Nowicka, M. Rams, K. Stadnicka and B. Sieklucka, Inorg. 

Chem., 2007, 46, 8123–8125.  

41    B. McGarvey, Inorg. Chem., 1966, 5, 476–479.  

42    R. G. Hayes, J. Chem. Phys., 1966, 44, 2210–2212.  

43  S. Nellutla, G. Morley, J. van Tol, M. Pati and N. Dalal, Phys. 

Rev. B, 2008, 78, 54426.  

 

 
44  A. J. Fielding, S. Fox, G. L. Millhauser, M. Chattopadhyay, P. M. 

Kroneck, G. Fritz, G. R. Eaton and S. S. Eaton, J. Magn. Reson., 

2006, 179, 92–104.  

45  L. J. Berliner, S. S. Eaton and G R. Eaton, Biological Magnetic 

Resonance: Distance Measurements in Biological Systems by 

EPR, vol. 19, Kluwer Academic/Plenum Publishers: New York, 

2000.  
46  A. Abragam and B. Bleaney, Electron paramagnetic resonance 

of transition ions, Clarendon Press, Oxford, 1970. 

47  L. Escalera-Moreno, J. J. Baldovı,́ A. Gaita-Ariño and E. 

Coronado, Chem. Sci., 2018, 9, 3265–3275. 
48 Escalera-Morena, N. Suaud, A. Gaita-Ariño and E. Coronado, J. 

Phys. Chem. Lett., 2017, 8, 1695-1700. 

49  B. N. Figgis and M. A. Hitchman, Ligand Field Theory and Its 

Applications, Wiley-VCH, 1999. 
50  Alistair J. Fielding, S. Fox, G. L. Millhauser, M. Chattopadhyay, 

P. M. H. Kroneck, G. Fritz, G. R. Eaton and S. S. Eaton, J. Magn. 

Reson., 2006, 179, 92-104. 
51  H. L. Flanagan and D. J. Singel, J. Chem. Phys., 1987, 87, 5606–

5616.  
52  A. Zecevic, G. R. Eaton, S. S. Eaton and M. Lindgren, Mol. Phys., 

1998, 95, 1255–1263. 

53  G. R. Eaton, S. S. Eaton, J. Magn. Reson., 1999, 136, 63-68. 

54  M. J. Graham, C.-J. Yu, M. D. Krzyaniak, M. R. Wasielewski, D. E. 

Freedman, J. Am. Chem. Soc., 2017, 169, 3196-3201. 

55  C.-J. Yu, M. J. Graham, J. M. Zadrozny, J. Niklas, M. D. 

Krzyaniak, M. R. Wasielewski, O. G. Poluektov and D. E. 

Freedman, J. Am. Chem. Soc., 2016, 138, 14678–14685. 

Page 5 of 6 Dalton Transactions



Cyanometallates are excellent building blocks for networks, we demonstrate counterintuitively long 

spin-lattice relaxation times in two heavy octacyanometalltes. 

Page 6 of 6Dalton Transactions


