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ABSTRACT. This study aims to elucidate the mechanism involved in the hydrolysis of the hexacyanoferrate(III) complex

ion (Fe(CN)6
3-) and the mechanism leading to the formation of Prussian blue (FeIII4[FeII(CN)6]3·xH2O, PB) in acidic aqueous

solutions at moderately elevated temperatures. Hydrolysis constitutes a crucial step in generating PB through the widely used

single-source or precursor method. Recent PB syntheses predominantly rely on the single-source method, where hexacyano-

ferrate(II/III) is the exclusive reactant, as opposed to the co-precipitation method employing bare metal ions and hexacyano-

metalate ions. Despite the widespread adoption of the single-source method, mechanistic exploration remains largely unexplored

and speculative. Utilizing UV-vis spectrophotometry, negative-ion mode liquid chromatography-electrospray ionization-mass

spectrometry (LC-ESI-MS), and a devised reaction, this study identifies crucial intermediates, including aqueous Fe2+/3+ ions

and hydrocyanic acid (HCN) in the solution. These two intermediates eventually combine to form thermodynamically stable PB.

The findings presented in this research significantly contribute to understanding the fundamental mechanism underlying the

acid-catalyzed hydrolysis of the hexacyanoferrate(III) complex ion and the subsequent formation of PB, as proposed in the

sequential mechanism introduced herein. This finding might contribute to the cost-effective synthesis of PB by incorporating

diverse metal ions and potassium cyanide.
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INTRODUCTION

Prussian blue (PB), the first coordination polymer, boasts

a historical legacy spanning over 300 years, primarily in

applications such as a pigment for painting and dyeing

clothes.1 PB and its analogs, commonly referred to as Prus-

sian blue analogs (PBAs), have garnered attention across

diverse fields, including electrochromic sensors,2 radioac-

tive metal removal,3 molecular magnets,4 CO2 and SO2

absorption,5 hydrogen storage,6 catalysts for H2O2 reduc-

tion,7 and as electrode materials in lithium-ion or sodium-

ion batteries (LIBs and SIBs) and supercapacitors.8 The

synthesis of PB and PBAs has traditionally involved two

main approaches.9 The first is the co-precipitation method,

which combines metal ions and hexacyanometalate com-

plex ions to form PBAs, enabling the synthesis of various

bimetallic or multimetallic PBAs.5b,10 The second method

is the single-source approach, utilizing a hexacyanome-

talate ion as the sole reactant for nanocrystalline PB and

PBAs in acidic aqueous solutions and elevated tempera-

tures, often under hydrothermal conditions.11 The single-

source method can be extended to domain-separated bimetal-

lic PBAs through the dual-source method.12

Focusing on the single-source method to obtain insol-

uble PB (Fe4[Fe(CN)6]3·xH2O), which is non-dispersible

in water, in contrast to soluble PB (KFe[Fe(CN)6]·xH2O),

it has been synthesized using either hexacyanoferrate(II)

or hexacyanoferrate(III) as the sole reactant. In the case of

hexacyanoferrate(II), the current understanding of the

reaction mechanism involves the acid-catalyzed hydroly-

sis of hexacyanoferrate(II), where the Fe3+ ions formed as

a result of hydrolysis, and the reaction of this ion with

intact hexacyanoferrate(II) complex ions, yielding insol-

uble PB.13 Notably, in the case of hexacyanoferrate(III),

understanding on the PB formation is largely limited.11,13,14a In

the report by Domingo et al., the hydrolysis of K3Fe(CN)6 in

perchloric acid (HClO4) aqueous solution produces sol-

uble PB (KFeIII[FeII(CN)6]), with the mechanism involv-

ing the reaction between Fe3+, generated by the hydrolysis

of hexacyanoferrate(III), and intact hexacyanoferrate(II)

reduced from hexacyanoferrate(III), resulting in PB.14a The

report highlighted challenges encountered in interpreting

the experimental data utilized to establish the paper's con-

clusions: Firstly, an inaccurate assumption was made regard-

ing the mechanism of hexacyanoferrate(III) reduction to

hexacyanoferrate(II) during acid-catalyzed hydrolysis. This
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assumption attributed the reduction to the generation of

cyanogen ((CN)2), which had been reported to be produced

via a solid-phase reaction unrelated to acid-catalyzed

hydrolysis.14b Secondly, the conclusion drawn regarding

the hydrolysis of hexacyanoferrate(III) to Fe3+ and sub-

sequent reaction with unreacted hexacyanoferrate to form

PB contradicts observations from UV-vis spectra, where a

broad band (500-1000 nm) corresponding to the forma-

tion of PB could not be observed until the hydrolysis pro-

cess was completed.

While PB and PBAs through the single-source method

are commonly produced by the single-source or single-

precursor method, to our knowledge, an exploration of the

mechanistic details in this context has not been conducted.

Elucidating these insights could propel the chemistry of

PB forward and aid in developing a synthetic strategy for

functional multimetallic PB.

In this study, we offer a de novo investigation into the

mechanism and generation of reaction intermediates aris-

ing from the hydrolysis of the hexacyanoferrate(III) complex.

The research aims to clarify these reaction intermediates

through the utilization of UV-vis spectrophotometry, liquid

chromatography-electrospray ionization mass spectrometry

(LC-ESI-MS), and a specially designed hydrothermal reac-

tion. Hence, the utilization of hexacyanoferrate(II/III) as

the starting material for PB synthesis may not be imperative.

Alternatively, a more cost-effective approach could involve

employing potassium cyanide and iron ion species as the

starting materials for synthesis.

EXPERIMENTAL

General

All the reagents were purchased from commercial sources

and used without further purification. Deionized water was

purified on a new P.Nix UP 900 water purification system

(Human Corporation, South Korea). UV-vis spectra were

obtained using an Agilent 8453 spectrophotometer (Santa

Clara, CA, USA). Liquid chromatography-electrospray

ionization-mass (LC-ESI-MS) spectra were obtained using

an Agilent 6410B Triple Quad spectrometer (Santa Clara,

CA, USA) in the Center for University-Wide Research Facil-

ities, Jeonbuk National University. The diffraction patterns

were collected from 10° to 90° at a scan rate of 5°/min (Cu Kα

radiation (40 kV and 30 mA)) with a step size of 0.02° on a

Rigaku MiniFlex diffractometer (Rigaku Corporation, Japan).

Kinetic Study on Hydrolysis of Hexacyanoferrate (III)

To investigate the kinetics of the hydrolysis of potas-

sium hexacyanoferrate(III) in 1.0 M HCl solution at ele-

vated temperatures, fresh stock solutions (5.0 × 10-2 M)

were prepared in 1.0 M HCl aqueous solution before each

time of the experiment. The stock solution was diluted to

6.0 × 10-4 M in 1.0 M HCl solution, and the diluted solu-

tions were used to acquire time-based UV-vis spectra at

three temperatures (70, 60, and 50 ℃). The reaction tem-

peratures were limited within 50-70 ℃ because bubbles

were generated in the solution at 80 ℃ and the reaction at

40 ℃ is too slow to observe the progress of the reaction in

a practical time scale. The reaction concentration was

maintained at 6.0 × 10-4 M, as indicated by the UV-vis spec-

tra where the major peaks did not exceed an absorbance of 1.

The quartz cuvette (1.0 cm) was immersed in a tempera-

ture-controlled water bath and used intermittently for the

acquisition of UV-vis spectra.

The Devised Reaction

In a hydrothermal reaction conducted within a hydro-

thermal reactor (250 mL), vessel A containing (FeCl2·4H2O:

50 mM; FeCl3·6H2O: 50 mM) in 1.0 M HCl solution was

immersed in vessel B containing potassium hexacyano-

ferrate(III) (100 mM) in 1.0 M HCl aqueous solution. Nota-

bly, the two vessels were positioned to avoid direct contact

with each other, and vessel A remained open to facilitate

reaction with gaseous HCN. The reaction temperature was

controlled in an electric heating oven at 120 ℃ and main-

tained at the temperature for 2 days. After completion, two

separate solutions were isolated to confirm the reaction

products in each vessel. In vessel A, no PB was observed,

therefore, the solution was diluted to 6.0 × 10-4 M solution

to acquire a UV-vis spectrum. In vessel B, a deep blue pre-

cipitate was isolated from the solution and the precipitate

was washed with water and ethanol several times in a cen-

trifuge and dried in an oven overnight.

LC-ESI-MS Experiments

The liquid chromatography-electrospray ionization-mass

(LC-ESI-MS) spectra were obtained using an Agilent 6410B

Triple Quad spectrometer (Santa Clara, CA, USA), in either

positive-ion mode or negative-ion mode, by introducing

the sample in 1.0 M HCl aqueous solution obtained from

our experiments with a buffer consisting of two buffers

(A:B = 95:5 v/v(%), buffer A: 0.1% formic acid in deionized

water, buffer B: 0.1% formic acid in acetonitrile). The

samples were continuously injected into the spectrometer

by a syringe pump at a flow rate of 0.5 mL/min. Instru-

mental parameters include a sprayer voltage of 3.0 kV

optimized to enhance the signal-to-noise ratio of the spec-
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tra and a capillary temperature of 300 ℃ to facilitate the

evaporation of the solvent containing water and desolva-

tion of aquated iron ions without affecting the results. The

sample duration in the instrument was adjusted to 0.2 sec-

onds, a duration deemed sufficient to minimize alterations in

the oxidation states of metal ions.

RESULTS AND DISCUSSION

Hexacyanoferrate(III), characterized as a strong-field d5

and inert complex ion, exhibits high resistance to hydro-

lysis, with a stability constant (logKs) known to be 43.9.15

The successive pKas of H3Fe(CN)6 were determined as

pK1 = -6.25 ± 0.10, pK2 = -3.24 ± 0.03, and pK3 = -0.60 ± 0.02,14

indicating the presence of monoprotonated (HFe(CN)6
2-)

and fully deprotonated (Fe(CN)6
3-) forms in a 1.0 M aque-

ous HCl solution. Hereafter, the reactant will be referred

to as Fe(CN)6
3-.

Observing a series of absorption bands of Fe(CN)6
3- at

260, 285, 320, and 420 nm, corresponding to d-d transition

bands (2T1g→
2E1g, 

2T2u → 2T2g, 
2T2g → 2A1g, and 2T1g→

2T2g

transitions),16 the molar extinction coefficient (ε) was

determined to be 1045 ± 10 L·mol-1·cm-1 at 420 nm (Fig.

S1). UV-vis absorption spectrophotometric experiments

conducted at 70, 60, and 50℃ (reactions 1, 2, and 3) revealed

first-order kinetics at each temperature. Fig. 1 illustrates

the UV-vis spectra of hexacyanoferrate at 70 ℃ over time

(reaction 1), where the band at 420 nm diminishes, fol-

lowing first-order kinetics. The first-order kinetics means the

substitution reaction may undergo a dissociative mechanism

commonly found in 6-coordinate complexes. However,

the pseudo-first-order rate constant due to a large excess of

H3O
+ and Cl- compared to Fe(CN)6

3- could not disregarded.

Fig. S2 depicts a linear relationship in the graph of ln[A]t

vs. t, allowing the estimation of the observed rate constant

(kobs) as 1.21 × 10-4 (± 0.02 × 10-4) s-1. The experiments at

60 ℃ (reaction 2) and 50 ℃ (reaction 3) yield rate con-

stants of 3.77 × 10-5 (± 0.10 × 10-5) s-1 and 9.19 × 10-6 (± 0.49

× 10-6) s-1, respectively (Fig. S3 and S4). Utilizing these

rate constants, the preliminary activation energy (Ea) and

pre-exponential factor (A) were calculated as 119 kJ mol-1

and 2.15 × 1014 s-1, respectively, using the Arrhenius equa-

tion (Fig. S5).

Interestingly, the UV-vis spectrum in Fig. 1 reveals an

isosbestic point around 389 nm. An isosbestic point indi-

cates that only two species that vary in concentration con-

tribute to the absorption around the point. Therefore, one

species exhibiting decreasing absorbance corresponds to

hexacyanoferrate(III), while the other species could potentially

represent a single hydrolyzed product. We hypothesized

regarding the peak exhibiting growth and peak-shifting

(320 nm~332 nm), suggesting the presence of either par-

tially or fully hydrolyzed species. However, the observed

spectrum pattern diverges significantly from that of par-

tially hydrolyzed species, such as the Fe(CN)5(H2O)2- species

generated by the irradiation of 366 nm light.18 Instead, it

could be assigned as the aquated iron species because the

region is quite close to the absorption pattern of Fe3+ ions

(λmax = 335 nm), which are presumably composed of var-

ious aquatic forms such as Fe(H2O)6
3+, Fe(H2O)5(OH)2+,

Fe(H2O)4(OH)2
+, and chlorinated forms such as [Fe(H2O)5Cl]2+,

trans-[Fe(H2O)4Cl2]
+, [Fe(H2O)3Cl3] and [FeCl4]

− in the

solution containing complexing Cl- ion.18 Notably, the UV-vis

spectrum in Fig. 2 for reaction 2 after 540 min, which is

Figure 1. Time-based UV-vis spectra of potassium hexacyano-
ferrate(III) in 1.0 M HCl solution at 70 ℃ (reaction 1).

Figure 2. UV-vis spectrum of the hydrolysis of potassium hexa-
cyanoferrate(III) in 1.0 M HCl aqueous solution at 60 ℃ after
540 min (reaction 2). Inset: A magnified view of the spectrum.
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sufficient time to complete the hydrolysis, reveals a broad

band from 500-1000 nm, indicative of PB suspension dis-

persed in the solution.19 This observation signifies the

complete hydrolysis of hexacyanoferrate(III) preceding

the formation of PB.

To probe the reaction intermediates further, liquid chro-

matography-electrospray ionization-mass spectrometric (LC-

ESI-MS) experiments were conducted following reaction

1 after 2 h. Initially, a positive-ion mode LC-ESI-MS

experiment was performed, but Fig. S6 demonstrates that

a spectrum with a sufficiently high signal-to-noise ratio

for accurate species assignment could not be acquired.

Consequently, negative-ion mode LC-ESI-MS experiments

were undertaken to detect metal ion species. The resulting

spectrum distinctly reveals the predominant presence of

FeIICl3
- (m/z = 162.7) and FeIIICl4

- (m/z = 197.5) species, with

an intensity ratio of 0.74:1, as depicted in Fig. 3. Notably,

chlorinated anions and the reduced chlorinated species

FeIICl3
- are observed. In a negative-ion mode LC-ESI-MS

environment, Fe3+ ions are deemed prone to reduction to

Fe2+.20 As a control experiment, the negative-ion mode

LC-ESI-MS spectrum of FeCl3·6H2O (6.0 × 10-4 M) dis-

solved in 1.0 M HCl aqueous solution was examined. In

this control, FeIICl3
- is detected with significantly lower

intensity compared to FeIIICl4
-, with an intensity ratio of

0.06:1 (Fig. S7). This observation leads to the conclusion

that the FeIICl3
- species likely stems from the hydrolysis of

hexacyanoferrate(III) during the reaction with high prob-

ability. Intriguingly, no peaks corresponding to hexacy-

anoferrate(III) and other partially decyanated iron species

were detected, aligning with the UV-vis kinetic study, wherein

hexacyanoferrate(III) is solely converted to aqueous iron

species (Fig. 3). Moreover, the LC-ESI-MS spectrum obtained

from a freshly prepared 1.0 M HCl solution of K3Fe(CN)6

(6.0 × 10-4 M) to monitor the metallic species appearing at

the early stage of the reaction, illustrates the presence of

K2FeIII(CN)6
- (m/z = 289.9), K2FeII(CN)5

- (m/z = 263.9),

KH2FeII(CN)6
- (m/z = 252.9), KFeII(CN)4

- (m/z = 198.6),

and FeII(CN)3
- (m/z = 133.9) in Fig. 4. This observation

underscores that the LC-ESI-MS spectrum of a freshly

prepared Fe(CN)6
3- solution not only markedly differs from

that of the spectra subsequent to reaction 1, which exclu-

sively generated chlorinated iron species, but also eluci-

dates the non-innocent nature of the cyano ligand, which is

aligning with the formation of Fe(II) species as the product

of hydrolysis during the reaction (Fig. 4).21 The detection of

reduced decynated species using hexacyanoferrate(III) is

commonly observed even in a neutral pH solution.22 Con-

sequently, the commonly conjectured mechanism of the

single-source method, involving the combination of Fe3+

ions generated by the hydrolysis of hexacyanoferrate(III),

and intact hexacyanoferrate(II) reduced from hexacyano-

ferrate(III) to produce PB (Fe4[Fe(CN)6]3·xH2O), may need

reconsideration.

The following experiment focuses on the detection of

hydrocyanic acid (HCN) as an intermediate species. The

presence of HCN is attributed to the fact that the cyanide

ion (CN-) is the conjugate base of HCN with a pKa of 9.2.

HCN can either be dissolved in the reaction medium or be

in a gaseous state outside the medium due to its lower den-

sity than air and limited solubility, dictated by a low Henry’s

law constant (kH) at elevated temperatures, even though

Figure 3. (a) A negative-ion mode LC-ESI-MS spectrum after
reaction 1 at 70 ℃, and (b) the calculated mass spectrum of
FeCl3

- and FeCl4
-.

Figure 4. A negative-ion mode LC-ESI-MS spectrum of a freshly
prepared aqueous 1.0 M HCl solution of hexacyanoferrate(III)
(6.0 × 10-4 M).
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the constant measured in buffered water at pH 9.0.23 The

latter implies that the solubility of HCN gas in water decreases

with increasing water temperature, consistent with com-

mon gases. On a contrasting note, the high gas-phase pro-

ton affinity (PA) of HCN (712 kJ/mol) suggests slightly

higher basicity compared to water (691.1 kJ/mol).24 A direct

correlation with solution-phase basicity may not be evi-

dent in gas-phase basicity. However, the potential of HCN

to act as a base in acidic conditions cannot be disregarded.

Should the formation of HCNH+ take place, it would per-

sist as an ion within the aqueous phase. To investigate the

presence of HCN in the aqueous phase, we devised an

experiment utilizing a hydrothermal reactor, as shown in

Scheme 1. In this setup, a test tube (vessel A) containing

dissolved Fe2+ and Fe3+ (50 mM and 50 mM each) in 1.0

M HCl solution is immersed into another vessel (vessel B)

containing potassium hexacyanoferrate(III) (100 mM)

solution in a hydrothermal reactor and the reaction was

conducted at 120 ℃ for 2 d. In this experimental scenario,

if HCN were to escape from the solution in vessel B, it would

react with the solution in vessel A, leading to the forma-

tion of PB. However, upon completion of the reaction, no

PB was observed in vessel A, as depicted in the UV-vis

spectrum of the solution in Fig. 5a, in contrast to the evi-

dent PB formation in vessel B. The powder XRD pattern

of the solid product isolated from vessel B, as shown in

Fig. 5b, aligns with the reported PB pattern (JCPDS No.:

01-073-0689).25 Our interpretation suggests that HCN

resides in the aqueous phase rather than escaping to the

gas phase. Therefore, Fe2+/3+ ions are anticipated to react

with HCN, leading to the formation of PB through the fol-

lowing overall reactions:

Fe(CN)6
3-(aq) + 6 H3O

+(aq) → 

  Fe(H2O)6
2+/3+(aq) + 6 HCN(aq)  (1)

HCN(aq) → H+(aq) + CN−(aq) pKa = 9.2 (2)

7 Fe(H2O)6
2+/3+(aq) + 18 CN−(aq) →

  Fe4[Fe(CN)6]3·xH2O(aq)  (3)

In conjunction with the acidic conditions, the acid dis-

sociation constant (Ka) of HCN suggests that the signifi-

cantly lower concentration of CN- compared to HCN may

retard PB formation. Therefore, CN- acts as the limiting

reagent for the product, which helps form PB with a Fe2+/

3+:CN- molar ratio of 1:2.57 rather than Fe(CN)6
3-/4- with

the molar ratio of 1:6. Considering the high lattice energy,

a more thermodynamically stable PB is ultimately gen-

erated.26 Therefore, we propose a sequential mechanism

in that the Fe(CN)6
3- is hydrolyzed to yield aquated or

chlorinated Fe2+/3+ ions and HCN, which subsequently

engage with each other, leading to the formation of PB.

Scheme 1. Schematic diagram of the devise experiment.

Figure 5. (a) UV-vis spectrum of a diluted solution (6 × 10-4 M)
of vessel A, and (b) powder X-ray diffraction (XRD) pattern of
the product in vessel B (JCPDS No. 01-073-0689), after the
devised reaction, as shown in Scheme 1.
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CONCLUSION

Collectively, our discoveries indicate that the acid-cat-

alyzed hydrolysis of Fe(CN)6
3- adheres to a “sequential

mechanism”, which is supported by the identification of

an isosbestic point in the UV-vis spectra, the negative-ion

mode LC-ESI-MS, and the devised experiment. Despite

the necessity for further exploration into the generation of

the reduced iron form, Fe2+, after the hydrolysis of hex-

acyanoferrate(III), and the detailed formation mechanism

of PB from iron species and HCN, it is crucial to note that

this mechanism deviates from the conventional assump-

tions associated with the single-source method employ-

ing hexacyanoferrate(II/III). This investigation not only

enriches our understanding of PB formation in the single-

source method but also contributes to the abandonment

of single-source or single-precursor methods that utilize

hexacyanoferrate(II/III) as the single starting material for

PB synthesis. Alternatively, a more cost-effective approach

could involve employing potassium cyanide and iron ion

species as the starting materials for the synthesis. Moreover,

the facile synthesis of multi-metallic PB could be achieved

by incorporating diverse metal ions alongside potassium

cyanide. However, further investigation is needed to

understand the formation of Fe2+ ions during hydrolysis. An

alternative synthetic approach for nanocrystalline PB

synthesis also requires consideration. Our current efforts

are focused on exploring the potential in this area.
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