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Abstract

The growth mechanism of mesoscale, 100 nm — 500 nm, Prussian blue analogue (PBA) particles
synthesized via a modifier-free co-precipitation method has been investigated. A series of Co?* and
Ni%* analogues, RbjCox[M(CN)g]i*nH,0 (M = Cr, Fe, Co) and RbjNi[M(CN)g]i*nH,0 (M = Cr, Fe, Co) are
compared, along with the parent Prussian blue and the Cu?* analogue, rubidium copper
hexacyanoferrate. The study finds that growth mechanisms differ among this closely related family of
compounds. Ex situ TEM and in situ ionic conductivity and DLS analyses indicate the Cu?* and Ni?*
analogues grow by a traditional heterogeneous precipitation process whereby nucleated particles grow
by addition of ions from solution. On the other hand, the Co?* analogues and the parent rubidium
ferric ferrocyanide grow by aggregation of precursor particles followed by annealing into crystalline
mesoscale particles. Understanding of the growth mechanisms is useful for designing routes to

mesoscale coordination polymer structures and heterostructures.



Introduction
Prussian blue and the mixed metal Prussian blue analogues (PBA’s) of general formula
AiM’ [M(CN)e]i*nH20 (A = monovalent cation, M’ = divalent transition metal, and M = trivalent transition
metal) are three dimensional coordination polymer networks widely studied in areas that include
electrochromism,> 2 photoimage formation,® ion-exchange,* > ion-sensing,® electrocatalysis,’
photoelectrochemistry and photocatalysis,® ° batteries,'®> as well as synthetic magnets and
photomagnetism.1® 1’ More recently, there is significant interest in how the behavior of these simple
but fascinating networks changes at the nanoscale and mesoscale.’®  While Prussian blue has long been
known to form as nanoscale colloidal particles that aggregate to different degrees depending on
synthetic conditions, more general efforts aimed at purposefully controlling the size and morphology of
Prussian blue and PBA particles generally started with microemulsion methods, whereby surfactants
modifying the particle surface limit growth and aggregation.'>?!  Similar concepts using polymer??-24 or
molecular?® modifiers have also been found to be successful routes to stable Prussian blue and PBA
nanoparticles. A recent comprehensive review describes these and other examples of PBA particles.!®
In some applications, the presence of surface binding groups is unwanted, as they may influence
physical behavior or hinder subsequent modification when targeting core-shell particles or more
complex heterostructures. To address this issue, Catala and Mallah and coworkers?®?’ developed a
surface modifier-free route to charge-stabilized suspensions of unmodified PBA particles. Under
appropriate conditions, nanometer scale particles are formed with sufficient surface charge to avoid
aggregation. These authors also showed how the modifier free suspensions can serve as seeds for the
subsequent addition of further precursor to grow larger size-controlled particles or for the epitaxial
growth of a shell of a different PBA.'® 28 2%  How the chemistry and growth conditions influence the
kinetics and morphology of these charge-stabilized PBA nanoparticles has been carefully explored.'®
We and others have adapted the Catala method to achieve PBA particles and core-shell

heterostructures on the 100 nm to 500 nm size regime for studies on battery cathodes,*? 3% 3! magnetism



32-40 3nd elastic effects in solid-state spin transitions.*%*!  While details of

and light-induced magnetism,
how the nanometer scale particles grow were described by Catala and Mallah and coworkers,® the
mechanism of how the larger mesoscale PBA particles form in the absence of surface modifiers has not
been elucidated. Better understanding of the growth mechanisms at the mesoscale can influence the
design and synthesis of more complex structures at these length scales. The present study monitors the
growth of two series of mesoscale PBA’s, RbjCox[M(CN)slienH,O (M = Cr, Fe, Co) and
Rb;Nik[M(CN)¢lienH,0 (M = Cr, Fe, Co) and finds two different behaviors for the Co?* and Ni?
hexacyanometallates (the article uses the shorthand RobCoM-PBA and RbNiM-PBA for these two series).
Mesoscale particles in the Co?* series clearly grow through the aggregation and annealing of smaller
precursor particles. On the other hand, evidence for precursor particles is not seen in the Ni?* series,
which, on the timescales studied, shows behavior more in line with a classical crystal growth mechanism.

Two other examples, Prussian blue itself and the PBA RbjCux[Fe(CN)e]i*nH,0O (RbCuFe-PBA), are also

compared under the same growth conditions used for the Co?* and Ni?* series.

Experimental section
Synthesis and isolation methods.

All chemical reagents are purchased from Sigma-Aldrich and used without further purification.
All syntheses and characterizations are performed at room temperature. Particle samples were
isolated using a Thermo Scientific Sorvall Legend X1 centrifuge. Sampling during a reaction employed a
Thermo Scientific Microliter 30x2 sealed rotor and Fisherbrand 1.5 mL premium microcentrifuge tubes,
resulting in 9916 g as the maximum relative centrifugal force (RCF) from 10,000 rpm. Final products
were isolated using a Thermo Scientific FIBERLiteTM F15- 6x100 rotor and Fisherbrand Higher-Speed
50mL Easy Reader plastic centrifuge tubes, resulting in 8229 g as the maximum RCF from 10,000 rpm.
Synthesis of PBA particles by slow addition of the precursors.

The coprecipitation method was used to synthesize PBA particles.1® 26:28,29,42,43 F5ch system was



synthesized by simultaneous addition of a 100 mL aqueous solution of the mixture of 4.0 mM
MCl3-nH20 (M = Fe, Co, Ni, Cu) and 8.0 mM RbCl, along with a 100 mL aqueous solution of 4.5 mM
K3[M’(CN)s] (M’ = Cr, Fe, Co) to 200 mL nano-pure water at a rate of 1 mL/min via peristaltic pump. At
the end of the slow addition process, the resulting 400 mL solution contained 1.0 mM MCl;-nH,0 (M =
Fe, Co, Ni, Cu), 2.0 mM RbCl and 1.1 mM K3[M’(CN)e] (M’ = Cr, Fe, Co). Vigorous stirring was maintained
during and after the addition process and continued overnight. Samples were isolated via high speed
centrifugation (10000 rpm, 10 minutes) and washed with nano-pure water before further
characterization. Particle sizes were measured using TEM images and the corresponding particle size
vs number histograms are included in Supporting Information.

Rbo.2Ni[Fe(CN)s]Jo.72nH20 (RbNiFe PBA). Particle size: 125 + 28 nm. Dark yellow powder. IR (KBr): 2168
cm~! (TiCN, Ni'"-NC-Fe"), 2102 cm™ (JCN, Ni'-NC-Fe'). EDS atomic% (Rb/Ni/Fe): 7.8/51.7/40.5.
Rbo.2Ni[Cr(CN)e]o.72nH20 (RbNiCr PBA). Particle size: 98 + 17 nm. Light blue-green powder. IR (KBr):
2174 cm™ (HCN, Ni'-NC-Cr'"). EDS atomic% (Rb/Ni/Cr): 9.4/49.5/36.1.

Rbo.2Ni[Co(CN)e]o.72nH20 (RbNiCo PBA). Particle size: 71 + 12 nm. Light blue powder. IR (KBr): 2182
cm 1 (HCN, Ni'-NC-Co").  EDS atomic% (Rb/Ni/Co): 10.0/52.0/38.0.

Rbo.2Co[Fe(CN)s]o.7nH20 (RbCoFe PBA). Particle size: 420 £ 55 nm. Dark purple powder. IR (KBr): 2161
cm™ (ICN, Co"(HS)-NC—-Fe'"), 2109 cm—1 (ICN, Co"(LS)-NC—Fe'), and 2095 cm™ (TiCN, Co"-NC-Fe'"). EDS
atomic% (Rb/Co/Fe): 13.6/49.9/36.5.

Rbo.2Co[Cr(CN)e]o.72nH20 (RbCoCr PBA). Particle size: 541 + 89 nm. Light pink powder. IR (KBr): 2169
cm™ (ICN, Co"-NC-Cr'""). EDS atomic% (Rb/Co/Cr): 12.5/52.9/34.6.

Rb;jCo[Co(CN)e]i*nH20 (RbCoCo PBA). Particle size: 553 + 96 nm. Pink powder. IR (KBr): 2175 cm™ (iCN,
Co''-NC-Co'").

RbjFe[Fe(CN)s]i*nH20 (Prussian blue). Particle size: 39 + 5 nm. Dark blue powder. IR (KBr): 2082 cm™?
(DCN, Fe'"-NC-Fe").

Rb;Cu[Fe(CN)c]lienH20 (RbCuFe PBA). Particle size: 194 + 109 nm. Dark yellowish brown powder. IR (KBr):



2103 cm™ (DCN, Cu"-NC-Fe'").

Synthesis of PBA nanoparticles by fast mixing of precursors.

PBA nanoparticles were also synthesized by the immediate simultaneous addition of an 8 mL
aqueous solution containing 4.0 mM MCl,-nH,0 (M = Fe, Co, Ni, Cu) (32 umol) and 8.0 mM RbCl (64
umol) plus an 8 mL aqueous solution of 4.5 mM K3[M’(CN)s] (M’ = Cr, Fe, Co) (36 umol) to 400 mL
nano-pure water. At the end of the fast addition process, the resulting 416 mL solution contained
0.077 mM MCly-nH;0 (M = Fe, Co, Ni, Cu), 0.15 mM RbCl and 0.087 mM K3[M’(CN)s] (M’ = Cr, Fe, Co).
Vigorous stirring was maintained overnight and particles were isolated using centrifugation, as
described, above.

Rbo.2Ni[Fe(CN)¢Jo.7nH20 (RbNiFe PBA). Particle size: 57 = 12 nm (DLS number distribution). Dark
yellow powder. IR (KBr): 2168 cm™ (CN, Ni'-NC-Fe''), 2101 cm™ (ICN, Ni"-NC-Fe'). EDS atomic%
(Rb/Ni/Fe): 8.7/53.4/37.9.

Rb;Ni[Cr(CN)s]ienH20 (RbNiCr PBA). Particle size: 297 + 104 nm (DLS number distribution). Light blue-
green powder. IR (KBr): 2174 cm™ (§CN, Ni'"-NC-Cr'"),

Rbo.2Ni[Co(CN)e]o.72nH20 (RbNiCo PBA).Particle size: 77 + 18 nm (DLS number distribution). Light blue
powder. IR (KBr): 2182 cm™ (iCN, Ni"-NC-Co"). EDS atomic% (Rb/Ni/Co): 8.5/53.2/38.3.
Rbo.2Co[Fe(CN)s]o.7nH20 (RbCoFe PBA). Particle size: 165 + 37 nm (DLS number distribution); 186 + 18
nm (TEM). Dark purple powder. IR (KBr): 2161 cm™ (#CN, Co'(HS)-NC—Fe'"), 2109 cm—1 (ICN, Co"'(LS)-
NC-Fe'"), and 2094 cm™ (iCN, Co'-NC-Fe'""). EDS atomic% (Rb/Co/Fe): 9.6/50.8/39.6.
RbjCo[Cr(CN)s]ienH20 (RbCoCr PBA). Particle size: 28 £ 9 nm (DLS number distribution) ; 221 + 104 nm
(78%), Light pink powder. IR (KBr): 2169 cm™ (IiCN, Co"-NC-Cr'").

RbjCo[Co(CN)s]ienH20 (RbCoCo PBA). Particle size: 577 £ 187 nm (DLS number distribution). Pink

powder. IR (KBr): 2175 cm™ (ICN, Co"-NC-Co"").



RbjFe[Fe(CN)s]i*nH20 (Prussian blue). Particle size: 51 + 19 nm (DLS number distribution). Dark blue
powder. IR (KBr): 2082 cm™ (CN, Fe''-NC-Fe').
RbjCu[Fe(CN)clienH20 (RbCuFe PBA). Particle size: 65 * 22 nm (DLS number distribution). Dark

yellowish brown powder. IR (KBr): 2103 cm™ (#iCN, Cu"-NC-Fe'").

Characterization methods.

Transmission electron microscopy (TEM) was performed on a JEOL-200CX low-resolution transmission
electron microscope at 200 kV, and a JEOL 2010F high-resolution transmission electron microscope at
200 kV equipped with the Oxford INCA Si(Li) energy dispersive spectroscopy (EDS) system. The TEM
samples were prepared by dropping 50 uL of an aqueous solution containing PBA nanoparticles,
dispersed by sonication, onto the grid (carbon film on a holey carbon support film, 400 mesh, copper
from Ted-Pella, Inc.). Conductance measurements were performed using a YSI 3200 conductivity
meter with a YSI 3253 conductivity cell. Dynamic light scattering measurements were performed on a
Zetasizer Nano particle characterization system using a 173° angle of detection. For ex situ
measurements, isolated PBA nanoparticles were dispersed in water then filtered into disposable
cuvettes DTS0012 (Polystyrene latex, Refractive index (RI) = 1.590, Absorption = 0.010) via 0.45um
filter. For in situ measurements, immediately following the mixing of precursors, a 1.5 mL sample was
filtered into the disposable cuvette and the reaction continuously monitored. Infrared spectra (IR)
were performed on a Nicolet 6700 Thermo Scientific spectrophotometer. Samples were prepared by
mixing 2 mg of powder samples with 100 mg KBr and pressing into a pellet at 3000 PSI. The chemical
identity of each nanoparticle sample was confirmed by comparing frequencies to published data.*
Chemical formulas were assigned based on EDS elemental ratios. Exact water content was not

determined.

Results



Mesoscale PBA particles using a slow addition of precursors

Prussian blue analogue particles with controllable uniform size are typically prepared by the gradual
addition of divalent metal and cyanometallate precursors to water or a water/alcohol mixture followed
by continuous stirring for a period of hours.'® 26:28,29,42,43 |5 the present study this procedure is called
the slow addition of precursors, and reactants were combined over 100 min. to achieve approximately
1 mM concentration of precursor ions followed by continued stirring overnight before isolating
particles using centrifugation. Figure 1 compares particles for several common PBA’s formed in this
way based on divalent Ni?* or divalent Co?* with different cyanometallates. In each case particles with
well-defined faces in the 100 nm-500 nm size regime are formed. Although the final products of the
different analogues have very similar appearance, significant differences are seen during the growth
processes. For example, Figures 2 and 3 contrast the growth of RobNiFe-PBA and RbCoFe-PBA by
isolating samples taken from the reaction at different times during the precursor addition process.

For RbNiFe PBA, the particle size significantly increased from 83 £ 12 nm at the first sampling to
124 £+ 24 nm at the end of the slow addition process, where it remained until the synthesis was
terminated after 24 hrs. The particles are characterized by cubic shapes with smooth faces. The
growth of the RbNiCr-PBA and RbNiCo-PBAs follow similar patterns, as show in the Supporting

Information, Figures SI1 — SI6.



Figure 1. TEM images of
mesoscale particles of the
nickel hexacyanometallate
(top row) and cobalt
hexacyanometallate
(bottom row) series
prepared using the slow
addition of precursors
method described in the
text.




(a) 15 min

Figure 2. TEM micrographs monitoring
the growth of RbNiFe-PBA particles
prepared using the slow addition of
precursors synthetic method described in
the text. Samples for imaging are
extracted from the same synthetic batch
at the times indicated. The particle size
and size distributions are determined
from the corresponding histograms
which appear in Supporting Information.




(@) 15 min Small: 21 + 4 nm

Figure 3. TEM micrographs
monitoring the growth of RbCoFe-
PBA particles prepared using the
slow addition of precursors
synthetic method described in the
; = ; . text. Samples for imaging are

(b) 15 mi Large:zog + 24 nm ' extracted from the same synthetic
batch at the times indicated. At
early times both large and small
particles are observed, as shown
in a and b after 15 minutes. Both
images are from the same grid,
taken of regions where there are
only smaller particles (a) and
where both large and small
particles are present (b). The
particle size and size distributions
are determined from the
corresponding histograms which
appear in Supporting Information.

50 nm

(d) 80 min 376 + 41nm




On the other hand, the growth of the RbCoFe-PBA particles appears very different, Figure 3. At
the first sampling, after 15 min, there are cubic particles with average size 208 *+ 24 nm that grow to
420 = 55 nm by the end of the synthesis. However, in addition to these larger particles, an abundance
of smaller particles with size 21 £ 4 nm can be observed as background at early times.  Further, close
inspection of the faces of the larger particles early in the growth shows them to be aggregates of the
smaller particle building blocks. Later in the process the small particles are no longer evident and
faces on the larger particles gradually become smoother. The growth of the RbCoCr-PBA and RbCoCo-
PBA particles show similar features (Supporting Information Figures SI7 — SI12) with small particle or
amorphous precipitates observed alongside larger particles at early growth times evolving into well-
defined particles with smooth faces by the end of the synthesis. At least at the early stages of
growth, mesoscale particles of the Co?* PBA’s appear to form through the initial aggregation of smaller

precursor objects.

Mesoscale PBA particles by fast mixing of precursors

To gain further insights into the growth processes, the synthetic procedure was changed to
instantaneously add all precursors, thereby allowing observations on the time evolution of the particle
growth without the complication of continually adding reactants. In addition to the ex situ analysis of
the particles using TEM, the time evolution of the particle growth can be monitored using in situ
conductivity and dynamic light scattering (DLS) methods.

The results of time dependent conductance and DLS measurement during the growth of RbNiFe
PBA nanoparticles are illustrated in Figure 4. The conductance monitors the change in the dissolved
ion content as it evolves, first reflecting the dissolved precursors and equilibrating at values that
correspond to those ions, primarily counterions, not included in the product networks. For RbNiFe-

PBA, the majority of the conductance decrease occurs over about five hours before equilibrating after



about twelve hours. The DLS response is also shown in Figure 4.

Once particles are detected after a short time lag, particle size increased consistently to about 55 nm

after three hours and then stabilized near 57 nm after about five hours. The time dependence of the
particle growth correlates well with the change in ion concentrations monitored with the conductance
measurement, keeping in mind DLS estimates a particle diameter and not the particle volume. Overall,

the particle precipitation during the single addition synthesis is consistent with the observations of the
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Figure 4. Time dependence of the solution conductance and DLS-determined particle
size for the growth of RbNiFe-PBA particles using the fast addition of precursor method
described in the text. Time = 0 corresponds to the time precursors are added to the
solvent.

slow-growth experiments that the divalent nickel series of PBAs grow by building up from the addition

of solution precursor ions.



The divalent cobalt PBA series was also studied using the single addition of reactants and, as for
the slow addition preparation, TEM analysis shows evidence for small precursor particles which
aggregate to form larger particles. Individual, 30 £ 9 nm particles with irregular shape appeared at 1
min of the RbCoFe synthesis, shown in Figure 5. Select area diffraction at this stage indicates the
particles do not diffract and are largely amorphous. When the reaction time reaches 20 min, larger
(82 + 16 nm) cubic shape particles with coarse faces can be observed, evidently formed by the
aggregation of the smaller particles that form initially. With time, the particles continue to grow and
the faces gradually become smooth. After 24 h, uniform particles with average size 184 nm are seen

for the RbCoFe-PBA synthesis.

1 min

Figure 5. TEM micrographs monitoring
the growth of RbCoFe-PBA particles
prepared using the fast addition of
precursors synthetic method.




Particle size monitoring during the RbCoFe-PBA growth using DLS is shown in Figure 6. In
contrast to the case of RbNiFe-PBA, which showed a smooth evolution of the average particle size, the
growth of the RbCoFe-PBA and RbCoCo-PBA are less uniform, with evidence of “steps” in the average
particle size. For the first few minutes of the RbCoFe-PBA synthesis, DLS-measured particle size
hovers just below 40 nm, which corresponds well to the particles imaged after 1 min. of reaction time
in Figure 5.  With time, the DLS size-average increases gradually. For the RbCoCo-PBA growth, steps
in the growth are even more dramatic, with multiple steps observed, Figure 6.  In contrast to the
particle size measurements, the conductivity measurements do not show corresponding plateaus
(Supporting Information) indicating that, whereas there may be steps in the evolution of the particle
size, the condensation of the ions is a much more continuous process.

Discussion

Figures 2 and 3 and additional images in the Supporting Information make evident the Ni?* and Co?*

RbCoFe
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1251 g Figure 6. Time dependence of the DLS-
£ . . .
£ 100 / ~/ determined particle size for the growth of
% 754 ¢/ > RbCoFe-PBA (top) and RbCoCo-PBA (bottom)
| using the fast addition of precursor method
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5] = described in the text. Steps in the growth
0 20 40 60 80 100 correlate with the precursor particles and
Time (min) aggregates of particles observed in the TEM
studies. Time =0 corresponds to the time
6001 RbCoCo '.”,_'_,.._..--'--."\..k_,--.- precursors are added to the solvent.
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hexacyanometallate PBA particles form at different rates and through apparently different

mechanisms. Although the observations in this study are made well past the point where



supersaturation is achieved, on the timescales monitored each of the Ni** compounds appear to follow
a classical growth process with the amplification of nuclei by the continued deposition of ions from
solution. On the other hand, each of the Co?* PBA’s follow a non-classical crystallization process* 4®
whereby the crystallites grow through aggregation of precursor particles followed by annealing of the
aggregates into crystalline particles. The precursor particles are small cubes in the slow addition
synthesis, Figure 3, but lack a defined shape when formed rapidly under the single addition conditions,
Figure 5. In neither case do these precursor particles diffract in the TEM indicating the initial
formation of an amorphous precipitate.

These amorphous precursor particles become the building blocks of the eventual mesoscale
particles, eventually fusing and annealing into crystallites. The fusing of precursor Prussian blue or
Prussian blue analogue particles into larger particles or mesocrystals has previously been seen even in
the presence of surface modifiers.'® 474 Examples include the recent hydrothermal preparation of
Prussian blue particles*” 4> >0 in the presence of surfactants or the assembly of citrate-modified PBA
particles into larger arrays by Hu et al.>> It is not surprising, then, that unmodified particles can
aggregate into larger particles. The absence of surface modifier facilitates the particle fusion and
annealing into larger homogenous particles. The annealing process is seen in eventual conversion of
heterogeneous particle surfaces into smooth faces and is further seen by the evolution of contrast in
TEM images, as shown in Figure 7 for RbCoFe-PBA particles formed during the single addition process,
where darker and lighter regions in the bright-field images of individual particles can be seen as the

structures anneal.



The different behavior of the Co?* and Ni?* series correlates with the difference in solubility.
Figure 8 compares the initial change in conductance during particle growth for RoNiM PBA’s and
RbCoM PBA’s (M = Co, Fe). As seen in Figure 8, the ionic concentration falls more quickly for RbCoCo-
PBA and RbCoFe-PBA than for either of the Ni?* PBA’s, indicating more rapid precipitation. The fast
condensation of the ions leads to large numbers of small particles which form without fully

crystallizing, but, in the absence of surface passivating additives, can aggregate into to larger particles.

(a)15min 79 £ 19 (b) 30 min 82 + 17
nm @ nm

Figure 7. RbCoFe particles during the
growth process showing differences in
contrast within individual particles,
providing evidence for annealing
following the aggregation of precursor
particles.

ad

The slower change in ionic conductivity for the Ni?* analogues relative to the Co?* analogues is
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consistent with observations of Catala and cowork

changes under similar conditions at shorter times in the presence of Cs* instead of Rb*, and correlated
the trend with the faster water exchange rate of aqueous Co?*. However, it should be noted that
under their conditions very small particles of both the nickel hexacyanoferrate and cobalt
hexacyanoferrate were formed. If small, sub-20 nm, precursor particles of RoNiFe-PBA form, we were
not able to detect them. However, we cannot rule out the fast formation and aggregation of such
particles at times before we sampled. Nevertheless, during the RbNiFe-PBA growth stages such

precursor particles are not seen and growth is consistent with growth by classical heterogeneous



precipitation.

Under the identical synthetic conditions used in this comparison, the Co?*-based PBA’s eventually
form larger particles than the analogous Ni**-based PBA’s, despite the faster precipitation of the Co?*
compounds. For the slow addition synthetic method, after 21 hours the system has had opportunity
to equilibrate and the average size of the RbNiFe-PBA, RbNiCr-PBA and RbNiCo-PBA particles are 125 +
28,98+ 17 nm, and 71 + 12 nm, respectively (Figures SI1-S16). On the other hand, for RbCoFe-PBA,
RbCoCr-PBA and RbCoCo-PBA the corresponding sizes are 420 + 55, 540+ 89 nm, and 553 + 96 nm
(Figures SI7-S112). At these long reaction times, particles have had opportunity to anneal and
undergo ripening processes and the particle size is determined by equilibration of the surface energies
under the conditions of the reaction media. Given the similar structures, it is likely that the generally
different particle sizes for the Ni?* series and Co?* series is a consequence of the different growth
mechanisms. The effect of the particle surface energy during a growth process involving the
adsorption of precursor ions should be very different than for a process whereby nanoscopic particles
or amorphous precursors aggregate.

Two other systems were studied under the same conditions and provide interesting comparisons.
Prussian blue and copper hexacyanoferrate, RoCuFe-PBA, are chemically distinct from the two previous
series. In Prussian blue, charge transfer results in Fe'-CN-Fe'" linkages in contrast to the M"-CN-M"
linkages in the other analogues, and in the RbCuFe-PBA, the Cu?* coordination will deviate from
octahedral, so the nucleation and growth processes are expected to show differences relative to the
Ni%* and Co?* series. Furthermore, both have lower solubility than any of the Ni?* or Co?* PBA series
(Supporting Information). Prussian blue is known to form nanometer scale colloidal particles and has
previously been shown to undergo aggregation and annealing when larger particles are formed.4” 4% 50
Prussian blue particles formed using the same conditions described for the other analogues in this
study are characterized in Figure 9. Rapid precipitation results in randomly shaped, sub-20 nm

particles. With time, these smaller particles aggregate and anneal. After 23 hours, slightly larger



cubic shapes can be seen. However, the annealing process is slow, presumably a consequence of the

very low solubility.



(a) 5 min 17+ 4 nm (a) 5 min 164 + 18 Nnm

278 + 40 nm

(c) 21 hours

it

Figure 10. TEM micrographs
monitoring the growth of RbCuFe-
PBA particles prepared using the
slow addition of precursors
synthetic method.

Figure 9. TEM micrographs
monitoring the growth of rubidium
Prussian blue particles prepared
using the slow addition of precursors
synthetic method.




The copper hexacyanoferrate also rapidly precipitates. The ionic concentration reaches steady
state essentially before the conductance measurement equilibrates (Figure SI17). In contrast to
Prussian blue, relatively large particles form immediately with well-defined faces and edges, Figure 10,
and there is no evidence for amorphous precursor particles. However, close inspection of the
particles at early stages of growth show hollow particles or incompletely formed cubes. Over time,
these incomplete particles ripen to fill in the cubes. After 24 hours the ongoing ripening process
results in a large particle size dispersion. For copper hexacyanoferrate, though, no precursor
particles are observed at any stage, suggesting its growth proceeds by a classical precipitation and

ripening process.

Conclusion

Despite the chemical and structural similarities among the 3D Prussian blue analogues, the growth
mechanisms of nanoscale and mesoscale crystalline particles can be quite different. On one hand,
rubidium copperhexacyanoferrate appears to follow a classical crystal nucleation and growth process
where following nucleation ions precipitate and extend the crystallite along well defined
crystallographic faces. Subsequent ripening fills in irregular or incomplete shapes which result from the
very rapid growth. On the other hand, the rubidium cobalthexacyanometallates grow by a“non-

II’

classical” mechanism of aggregation of initially formed precursor particles. Mesoscale particles form
by simultaneous addition of nanoscale precursors and annealing or ripening of the aggregates. The
rubidium nickelhexacyanometallates resemble more copperhexacyanoferrate in that mesoscale
particles grow by a classical heterogeneous precipitation process, although the slower precipitation
leads to more uniform particles at each stage of growth. The observations will help inform design and

growth strategies in the expanding fields of coordination polymer particles and coordination polymer

heterostructures.



Supporting Information.
TEM images and particle size histograms for all samples; time dependence of growth media

conductance; and time dependence of DLS response are included.
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Figure S1. TEM images monitoring the growth of RbNiFe-PBA using the slow-
addition synthesis method described in the text. Corresponding particle size
histograms are presented in Figure S2.
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Figure S2. Particle size histograms corresponding to the TEM images in Figure S1.
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Figure S3. TEM images monitoring the growth of RbNiCr-PBA using the slow-
addition synthesis method described in the text. Corresponding particle size
histograms are presented in Figure S4.
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Figure S4. Particle size histograms corresponding to the TEM images in Figure S3.
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Figure S5. TEM images monitoring the growth of RbNiCo-PBA using the slow-
addition synthesis method described in the text. Corresponding particle size
histograms are presented in Figure S6.
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Figure S6. Particle size histograms corresponding to the TEM images in Figure S5.
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Figure S7. TEM images monitoring the growth of RbCoFe-PBA using the slow-
addition synthesis method described in the text. Corresponding particle size
histograms are presented in Figure S8.
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Figure S8. Particle size histograms corresponding to the TEM images in Figure S7.
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Figure S9. TEM images monitoring the growth of RbCoCr-PBA using the slow-
addition synthesis method described in the text. Corresponding particle size
histograms are presented in Figure S10.
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Figure S10. Particle size histograms corresponding to the TEM images in Figure S9.
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Figure S11. TEM images monitoring the growth of RbCoCo-PBA using the slow-
addition synthesis method described in the text. Corresponding particle size
histograms are presented in Figure S12.
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Figure S12. Particle size histograms corresponding to the TEM images in Figure S11.
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Figure S13. TEM images monitoring the growth of Prussian blue, RoFeFe-PBA,
using the slow-addition synthesis method described in the text. Corresponding
particle size histograms are presented in Figure S14.
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Figure S14. Particle size histograms corresponding to the TEM images in Figure S13.
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Figure S15. TEM images monitoring the growth of RbCuFe-PBA, using the slow-
addition synthesis method described in the text. Corresponding particle size
histograms are presented in Figure S16.
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Figure S16. Particle size histograms corresponding to the TEM
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Figure S17. Conductance vs time data monitoring the synthesis of different
Prussian blue analogues. The abbreviations correspond to those defined in

the text.
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Figure S18. DLS data monitoring the growth of different Prussian blue

analogue particles. The abbreviations correspond to those used in the
text.
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