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Direct observation of local atomic structure is expected to give deep insights into how short-range interactions and mesoscale cooperative effects relate to macroscopic responses in materials. Metal-organic coordination polymer materials present a special case as their elastic lattice structure is strongly coupled to their functional properties such as sorption, ion storage, catalysis, magnetism and external-field switchable magnetism. 1 In parallel, functional coordination polymer or metal organic framework heterostructures such as nanocomposites, core-shell particles or thin films have been developed in recent years for which interfacial structural characteristics influence physical properties. 2 Atomic level investigations will be critical for full understanding of how macroscopic behavior relates to local structure, local lattice dynamics and phonon propagation in these mesoscale materials. The present study uses highresolution transmission electron microscopy (TEM) to directly monitor the distribution of interatomic distances during a structural phase transition in a coordination polymer solid, gaining insight into the elastic distribution of the different phases. The study is enabled by coating the coordination polymer particles with an ionic liquid (IL) in the TEM, stabilizing the porous solids against normally observed degradation under high-vacuum conditions.

Prussian blue analogues (PBAs) are prototypical porous coordination polymer solids, which have attracted considerable recent attention in studies of alkali ion storage, 3 negative thermal expansion and photoswitchable molecular magnetism. 4,5 The family of cobalt hexacyanoferrates (CoFe-PBAs), Scheme 1, is wellknown for light-switchable magnetism, whereby a charge transfer induced spin transition (CTIST) between the Fe III LS-CN-Co II HS (referred to here as the high-spin or HS state) and Fe II LS,-CN-Co III LS (low-spin or LS state) states alters magnetization. The CTIST is also associated with a large structural transformation resulting from the change in Co-N bond distance in the two spin states. 6,7 The states can be interconverted thermally, between the high-temperature HS state and low-temperature LS state, or optically from the LS state to a metastable HS state below a characteristic relaxation temperature. The high-spin CoFe-PBAs magnetically order at low temperature, so they represent still rare examples of light-switchable magnets. 6 The CTIST in the CoFe-PBAs is strongly coupled to the lattice, so details of the transition depend on composition, including the choice of counterion and extent of cyanometallate vacancies. For the present study, we have chosen to investigate the unusual behavior of the non-stoichiometric analogue K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O, which has been shown to exhibit multistability with three inter-convertible states at low temperatures: a quenched high-spin state (Q) reached by rapid cooling, a low-spin state (LT) accessed by the thermal decay of the Q state, and an intermediate state (IM) achieved by slow cooling from room temperature (Figure 1). 8 The Q and IM states magnetically order (Figure S1 and Table S1). 8 (b) In the IM state, HS and LS fractions coexist due to an elastic stress associated with the large volume change of the CTIST. 9 It has been shown that particle size influences the appearance of the IM state, although the relationship between HS and LS fractions within the lattice is still unclear. 10 Quantitative information on the elastic stress in the crystal during the IM state selforganization process will help to understand its appearance, as well as the conditions for stabilizing the Q state or LT state.

The TEM described here is shown to give directly spatial information of the local microstructures at the atomic level. Although normally sensitive to the conditions of the TEM experiment, use of an appropriate ionic liquid is shown to lead to stable atomic level TEM observations of the iron and cobalt atomic array during the CTIST for K 0. 
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Transmission electron microscopy is used to observe microscopic and/or geometric structures for elastic strain evaluation in semiconductor device and nanoparticles. 12 However, electron irradiation causes heating, electrostatic charging or ionization damage often making the measurement difficult. 13 Metal-organic coordination polymer solids like the CoFe-PBAs are especially susceptible to electron beam damage, even at very short exposure times. We have succeeded in achieving stable temperature-dependent TEM observations in K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O by wetting the particles with an ionic liquid. The IL prevents the sample from melting or bursting when interacting with the electron beam. Also, compared to typical carbon or PtPb thin film coatings, sample charging is reduced, leading to sharper and clearer TEM images. Ionic liquids (Scheme 2) are widely studied and have found significant use in materials synthesis and analysis. 14 Since ILs have negligible vapor pressure, they can be used for analysis under vacuum conditions. Furthermore, as ILs are ionic conductors, they can protect samples from charging and heating during SEM and TEM measurements. They have found use in SEM or TEM observations of biological samples that can be fragile under high-vacuum or heavily distorted if dried. 15 ILs have also been recently applied for in situ TEM analysis of the growth mechanism of gold nanoparticles. [START_REF] Uematsu | [END_REF] However, as far as we are aware, this is the first time ILs have been used to stabilize coordination polymer solids for electron microscopy.

Several IL systems were explored to find suitable conditions for imaging the CoFe-PBA, including seven types of hydrophilic ionic liquids, two types of hydrophobic ionic liquids, as well as combinations with different additives (table 1). The identity and dilution ratio of the IL proved to be important parameters for clear TEM observation. Choline lactate and choline pyruvate were found to be effective ILs for the KCoFe-PBA particles that were studied. It is likely that the nature of surface absorption plays a role in the effectiveness of the IL. The range of conditions that were explored and those found to be most effective are described in Table I. a. The effectiveness is qualitatively evaluated using 44levels of stability under 120 kV /100 k magnification continuous obser4 vation; ×: sample damaged within 1 minute or unstable/poor image visibility, △: stable for 2 minutes, ○: stable for ~3 minutes with clear image visibility ◎: stable more than 4 minutes and clear image visibility.

! $ +$ "# ! ! ! The KCoFe-PBA structure has been well investigated by powder X-ray diffraction (PXRD), neutron diffraction and EXAFS 7, 8(c), 9 and shown to be a three-dimensional Fe-CN-Co cubic framework with a = 10.3 Å at room temperature. 9 Figure 2 
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"# ! ! To visualize HS domain nucleation and coarsening during the phase change, temperature dependent TEM measurements were performed on the CTIST heating branch using a liquid He cooled specimen holder. The sample was gradually cooled to about 100 K to achieve the IM state (Figure 1) and then slowly heated to observe changes as the IM state transitions back to the room temperature HS phase. The sample is easily damaged by the TEM experiment below the freezing point of the ionic liquid (~210 K) so the study is restricted to temperatures above this point (Figure3).

Figure 4 shows 3D charts of Co-Fe distances on a ~900 nm crystal plane along with histograms of the distribution of Co-Fe distances obtained at several temperatures. Note that the data have not been adjusted for TEM calibration, so measured values have a constant offset of 0.4 ~ 0.5 Å relative to the crystallographically determined distances. The color bar gradient spans the distances expected for the LS and HS states and the transition from blue toward red relates to the LS → HS conversion. It should be noted that according to magnetic susceptibility data, Figure 3, the low-temperature IM state initially contains about 33% HS sites, and upon warming to 235 K about 20% of the CTIST-active sites have transitioned. The 3D distribution map of Co-Fe distances confirms that the majority is still in the LS state at 235K, and HS structures with short coherence are randomly distributed in the LS lattice.

The mean (uncorrected) Co-Fe lengths can be obtained from Gaussian fits to the histograms in Figure 4(e)- (f). At 235K the mean distance is 4.439 Å with standard deviation (SD) 0.067 Å. The mean bond length shifts to 4.535 Å (SD of 0.058 Å) at 250K. After a constant calibration offset, the mean values are consistent with X-ray diffraction data, which showed ~5.06 Å at 235 K and 5.13 Å at 250K for a sample of 500 nm particles. 9 According to the magnetic suscep-tibility measurement the CTIST is complete by 286 K, while the TEM image analysis shows the mean Co-Fe length of 4.602 Å (SD of 0.092 Å) still approaching the room temperature value of 4.721 Å (SD of 0.046 Å). The discrepancy is likely a consequence of comparing a single particle to a bulk measurement representing an ensemble of particles.

The imaging of domains gives insight into the mechanism of the elastic phase transition and provides an opportunity to compare its progress to different models for cooperative spin transitions. In systems dominated by short range interactions, transitions are barrier crossing processes requiring a nucleation event, and the key parameters determining the critical size of a nucleus are the interplay between its surface and bulk free energies. The nucleation of the new phase is more favorable at the surface (or around the defects) of the material than in the bulk. The density of nucleation sites is then expected to be larger at particle edges, although as a system becomes larger, nucleation in the bulk may domi- nate. On the other hand, when the spin state changes are accompanied by adjustments in unit cell volume (bond lengths or molecular size), the local volume changes are delocalized over the lattice, causing longrange interactions. 17,18 For example, a recent model predicts an attractive interaction between two HS atom defects in a LS lattice of as much as 30 meV. 18 The growth of HS domains in K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O as it is warmed through the CTIST are clearly seen within the bulk of the particles in the TEM images (Figure 4). Sites were defined as in the HS state by a Co-Fe distance longer than 4.5 Å (L > 4.5 Å), since 99.9% of Co-Fe pairs satisfy this condition at 300 K. The spatial distribution of HS sites is visualized at four temperatures in Figure 4, and over larger regions at 235 K and 250 K in Figure 5 for which the total calculated crystal plane size is about 2100 pixels (65.6 nm × 65.6 nm). In Figure 5(a) and (b), atoms corresponding to the L > 4.5 Å criterion are denoted with red marks on the color map. The average size of coherent HS structure at 235K from Figure 5(c) is 534.5 Å 2 , containing about 26 Co/Fe atoms, with the average Co-Fe distance of 4.572 Å. When increasing temperature, we observe the growth and coalescence of the HS domains. As a result, at 250K, the number of small coherent HS structures decreased significantly while the average number of HS sites per domain increased up to ~373 atoms, with the average size reaching 7744 Å 2 (Figure 5 (d)). Based on the 2D images in Figure 5, the HS fractions in the plane are estimated as 13% at 235K, 76% at 250K. Although quantitatively slightly different, these values parallel those from magnetic data, which result from the bulk response of the system.

A statistical analysis of the number of atoms in the each HS domain at 235 K and 250 K is presented in Figure 5(c) and (d). The distribution is asymmetric, following a log-normal law at 235 K, characteristic of disordered systems 19 with aging properties. It can also be seen that the developing HS structures have short coherence length and do not show any clear spatial selforganization. Furthermore, the short coherence-length structures are irregularly-shaped. The 235 K images indicate that the IM phase is structurally disordered with residual HS domains embedded in a largely LS lattice. The present ramified structure contrasts with recent optical microscopy imaging on spin-crossover solids, and theoretical studies that show phases propagating from a nucleation point as a single domain. 20,21 From the viewpoint of the elastic process, these small HS domains inside the LS lattice can be considered as Eshelby inclusions with shape and size different from the hosting cavity. 22 Therefore, a stress field at the interface and inside the domains (for smaller coherent structures) is expected, induced by the lattice parameter misfit between the HS and the LS states. This picture is consistent with the X-ray diffraction analysis, which showed unrelaxed lattice constants for the HS fraction. 8b, 10 The presence of a large number of irregular domains (Figure S4) suggests that there are multiple processes influencing the transition. The stoichiometry of K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O dictates that there are random cyanometallate vacancies in the lattice with K + ions disordered in the interstices. The presence of defects has a profound impact on the mediation of the elastic interactions (the volume change). Vacancies or substitution of cyanide ligands by water molecules favours the HS Co species, 23 which provide sites of nucleation in the LS HS transition. At the same time, the defects hinder the domain propagation by weakening the elastic interactions. These structural observations for K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O are also consistent with the spin-glass like character of the IM phase, detected using bulk magnetic susceptibility measurements, that often characterizes this family of compounds. 8 (c),24 The use of an ionic liquid has enabled the direct TEM observation of local atomic structure at different temperatures during a solid-solid phase transition in the coordination polymer K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O. The ionic liquid prevents the electron beam damage normally encountered during TEM observation of porous coordination polymers or metal organic frameworks and this approach should have profound impact on studies of these classes of materials.

Images evidence the elastic nature of the coordination polymer crystal and the existence of many defects. Nevertheless, the spatial distribution of the Co-Fe distances as the solid undergoes the CTIST was directly measured. At low temperature, a snapshot of the previously identified K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O intermediate (IM) state reveals the existence of small-coherence length HS structures randomly scattered within the LS lattice. As the temperature increases, Co-Fe distances clearly lengthen as the CTIST progresses, allowing a trace of the HS domain growing and coarsening on a nanoscopic scale.

The ability to directly observe crystal elasticity was used here to quantify spatial changes in local elastic properties for a mixture of phases during a phase change, but could be extended to other analyses such as fractal shape of the HS/LS interfaces upon phase transition. Furthermore, it can be expected that direct TEM observation becomes an important analytical technique for understanding local structure during elastic transformations associated with a range of functions of coordination polymer materials, including ion storage, gas sorption and other host-guest processes.
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& -% # %

talham@chem.ufl.edu itoi.miho@nihon-u.ac.jp

  3 Co[Fe(CN) 6 ] 0.77 •nH 2 O mesoscale particles. Direct observation of HS domain coarsening during the thermal LS → HS transition gives insight into the short structural coherence caused by the CTIST in the IM state and the elastic structure of the sample.

Figure 1 .

 1 Figure 1. Temperature dependent magnetic susceptibility of K 0.3 Co[Fe(CN) 6 ] 0.77 nH 2 O between 80 and 300 K. The mean particle size in the sample is approximately 135 nm. The quenched (Q) state, which has the Co II (S=3/2)-Fe III (S=1/2), or HS state, is obtained by rapid cooling from room temperature to 10 K. The low temperature Co III (S=0)-Fe II (S=0), or LS state, is achieved from thermal control of the Q state. The IM state is obtained by slow cooling (1 K/min) from room temperature. The data and assignments are consistent with previous reports.8a,10

Figure 2 .

 2 Figure 2. TEM images of K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O using the ionic liquid, [(CH 3 ) 3 NC 2 H 4 OH][CH 3 C(OH)CO 2 ] ([Ch][Lac], 1 vol%). (a) The average particle size of K 0.3 Co[Fe(CN) 6 ] 0.77 nH 2 O is about ~135 nm. (b),(c) larger particles of K 0.3 Co[Fe(CN) 6 ] 0.77 nH 2 O at two magnifications at room temperature. (d) An HRTEM image at 286 K with 1500 k magnification. A coherent checked pattern related to the alternating Co-Fe array is observed. (e) The reciprocal image of frame d obtained by Fourier transformation. (f) The periodic structure is extracted by Fourier filtering from e. (Inset) A partial image of d with the Co and Fe atomic positions, dark spots in the TEM, indicated with red circles and the centers of Co-Fe cubic lattices, the empty suboctants corresponding to the wycoff site 8 of the Fm3m space group, indicated by the blue crosses.

  (a)-(c) display TEM images of a K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O particle under different magnifications at room temperature. Fringes associated with the cubic structure are clearly observed by using the ionic liquid [Ch][Lac]. Figure 2(d) is a 1500 k magnification HRTEM image taken at 286 K, and a coherent shepherd-check pattern related to the alternating cobalt ion and iron ion atomic array is observed. There are also many random blurred regions in the crystal, probably caused by defects associated with [Fe(CN) 6 ] 3-/4-octahedral vacancies. To extract atomic positions, the background of the TEM image is subtracted by first performing a fast Fourier transformation (FFT), Figure 2(e), followed by inverse fast Fourier transformation (IFFT), Figure 2(f), to give a weighted image of the lattice structure. Many defects randomly distributed on the crystal plane and an inhomogeneous strain distribution is observed. We calculated the atomic coordinates of the Co and/or Fe atoms under translation symmetry by using the points with brightest intensities, which are on centers of the Co-Fe square lattice in the bright-field images. The Co-Fe distances within the sub-cubic lattice structures are about ~5 Å, consistent with the Co-NC-Fe distance of 5.15 Å determined by X-ray diffraction.9

Figure3.

  Figure3. Temperature dependence of the magnetic susceptibility for K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O, measured while cooling (blue) to generate the IM phase or warming (red) at 1 K/min. The charge transfer induced spin transition is observed from ~180K to ~275K on heating. Temperature dependent TEM measurements were performed using ionic liquids during the heating branch from 220K to 300K. K 0.3 Co[Fe(CN) 6 ] 0.77 •nH 2 O is quite sensitive to the electron beam so TEM observations could not be carried out below ~220K (light blue region), the freezing point of the ionic liquid.

Figure 4 .

 4 Figure 4. (a)~(d) 3D charts of the Co-Fe distances within approximately 30 nm×30 nm crystal planes at several temperatures. The Co-Fe length at each site is measured as the average value between each atom site and its nearest neighbor atoms. The color scale represents the change from LS to HS. Above each map is a 2D array of red points marking the positions of HS atoms, chosen as those having Co-Fe distances longer than 4.5 Å. The number of HS atoms clearly increases with increasing temperature. Plots (e)~(h) are the corresponding histograms of Co-Fe lengths obtained from the 3D charts at several temperatures. Note that the distances are not corrected for TEM calibration and images correspond to different nanoparticles in the same sample batch.

Figure 5 .

 5 Figure 5. TEM image analysis of a ~2100 pixel × 2100 pixel (about 65.6 nm × 65.6 nm) crystal plane at (a) 235K and (b) 250K. The images correspond to different nanoparticles in the same sample batch. The color bar represents the average Co-Fe distances at each site. Co-Fe distances associated with HS atoms (L > 4.5 Å) are indicated with red makers. At 235K (image a) the image is divided into nine 700 × 700 pixel spatial segments and the local lattice distortion is calculated in each segment. (c) Distribution of the number coherent HS domains of various sizes, plotted according to the number of atoms in a domain, 235K. The black solid line in (c) is a fit to a log-normal distribution. (inset) the same data plotted on a log scale and the spatial segmentation of the TEM image for (a). (d) Distribution of the number of coherent HS domains of various sizes at 250K. The black solid lines in (d) fits a log-normal distribution; the insets shows the plot on a log scale along with the TEM image used for the data analysis at 250K.

Table I . Analysis of the efficiency of different ionic liquids for TEM measurements of KCoFe-PBA at room tem- perature.

 I 

				Observation
	Category	Name	Definitive dilution ratio	stability at 300K
				(Efficiency) a
	Hydrophilic Ionic Liquid	Choline lactate [(CH 3 ) 3 NC 2 H 2 OH][CH 3 C(OH)CO 2 ]	1:100 (with H 2 O)	◎
			1:50 (with H 2 O)	◎
		plus 10%vol H 2 O +choline dihydrogen phosphate	1:10 (with H 2 O)	△
		plus 50%vol H 2 O + samarium sulfate	1:10 (with H 2 O)	×
		plus 50%vol H 2 O + sodium chloride	1:10 (with H 2 O)	○
		plus 50%vol H 2 O +choline dihydrogen phosphate	1:10 (with H 2 O)	×
		plus 10%vol H 2 O +Pt nanoparticle	1:10 (with H 2 O)	△
		Choline propionate	1:100 (with H 2 O)	△
			1:20 (with H 2 O)	○
		Choline levulinate	1:100 (with H 2 O)	×
			1:20 (with H 2 O)	△
		Choline pyruvate	1:100 (with H 2 O)	△
			1:20 (with H 2 O)	◎
		[BuMeIm][BF 4 ] ([14butyl434 methylimizolium][tetrafluoroborate])	1:5 (with H 2 O)	△
			1:10 (with H 2 O)	×
		EtMeIm][Ace]	1:100 (with H 2 O)	○
			1:20 (with H 2 O)	○
		[EtMeIm][Lac]	1:100 (with H 2 O)	△
			1:20 (with H 2 O)	△
	Hydrophobic Ionic Liquid	Tributyloctylphoshpnium thiocyanate [P4,4,48][SCN]	Undiluted solu4 tion	△
		Tributyloctylphoshpnium bis(trifluoromethanesulfonyl) amide [P4,4,48][Tf2N]	Undiluted solu4 tion	○
	Without IL	Carbon vapor deposition	-	△
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