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Abstract The spin-crossover temperatures of alkyl-

substituted Fe2?–triazole complexes with the counter ions

4-dodecylbenzenesulfonate (DBS-) and 2-naphthalene-

sulfonate (2ns-) are strongly influenced by water in the

dissolved state, whereby the low-spin state is stabilized by

water. This effect was found to be more pronounced in

complexes with the counter ion DBS- compared to 2ns-. It

appears that non-coordinating water molecules interact

with the counter ion and thus alter the ligand-field splitting.

Notably, the spin-crossover temperature depends only on

the Fe2?/H2O ratio and not on the concentration of the

complex in solution. As a consequence, the spin-crossover

temperature can be controlled by the Fe2?/H2O ratio (for

DBS- complexes within a temperature range of 7–47 �C),

and on the other hand small amounts of water (in the ppm

range) can be detected in apolar solvents. Furthermore,

fibers of blends of the complex [Fe(C18trz)3](DBS)2 with

ultra-high molecular weight polyethylene (UHMWPE)

could be prepared. In these fibers, spin-crossover is main-

tained leading to pronounced thermochromism as in the

bulk material, indicating essentially no interaction between

UHMWPE and Fe2?–triazole complex.

Introduction

Spin-crossover complexes of iron(II) have been intensively

studied due to their temperature- [1], light- [2] and pres-

sure- [3] switchable properties such as magnetic suscepti-

bility and color. Among those compounds, polynuclear

complexes of Fe2? with derivatives of 1,2,4-triazole (trz)

[4, 5] have found wide interest as the spin-crossover

properties can easily be adjusted by employing different

ligands and counter ions. Moreover, the transition can arise

around room temperature. However, the well-studied

complexes with rather small triazole substituents, e.g., 4-H-

1,2,4-triazole (Htrz) [6–8] or 4-amino-1,2,4-triazole

(NH2trz) [9–11] are in general insoluble in common sol-

vents with rare exceptions such as [Fe(NH2trz)3)](2ns)2

(2ns- = 2-naphthalenesulfonate) in N,N-dimethylform-

amide (DMF) [12]. In order to obtain Fe2?–triazole com-

plexes which are soluble in organic solvents, in particular

aprotic solvents, alkyl side chains are frequently attached

to the ligand [13–17]. Accordingly, complexes with various

alkyl side chains have been prepared (Table 1). Besides

linear aliphatic substituents also branched alkyl chains or

alkoxy groups were introduced in order to further enhance

the solubility. Similar to Fe2?–triazole complexes with

rather small substituents (e.g., NH2 or H) alkyl-substituted

complexes consist of a linear Fe2? backbone connected by

triple-triazole bridges (Fig. 1) [13]. They undergo spin-

crossover at temperatures between -110 and 107 �C [14–

25] accompanied by a color change from pink to white and

an increase of the Fe–N distance (dFe–N). For example, in

[Fe(C18trz)3](ptol)2 (ptol- = p-toluenesulfonate) the rela-

ted values are dFe–N,LS = 1.97 Å in the low-spin state and

dFe–N,HS = 2.09 Å in the high-spin state [26]. Of course, as

a consequence of the expansion of the Fe–N bond also the

distance of two neighboring Fe2? ions increases.
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Notably, alkyl-substituted complexes feature a number of

properties which have not been found in other Fe2?–triazole

complexes. For instance, they often form gels already at low

concentration [15, 16, 18], and in rare cases the spin transi-

tion was found to occur simultaneously with the sol–gel

transition [14]. Also, many of them are liquid crystalline in

the bulk [22, 25] and in solution [13] due to the rod-like shape

of the linear Fe2?–triazole backbone (Fig. 1), and Lang-

muir–Blodgett films could be prepared due to the amphi-

philic nature of such complexes [20, 21]. A recent

publication of Gaspar and Seredyuk comprehensively

reviews spin-crossover metallomesogens as well as related

Langmuir–Blodgett films [27]. However, most noteworthy,

the alkyl-substituted complexes are typically soluble in

aprotic solvents, such as toluene, dodecane, diethyl ether,

and chloroform. This allowed the fabrication of pure films by

solution casting [16] as well as the preparation of blends with

polymers, i.e., with poly(methyl methacrylate) [28], poly-

styrene [29], and with a polyoxetane-based liquid crystalline

polymer [30]. These blends were prepared with Fe2? com-

plex contents between 0.5 and 25 % m/m and in two cases

films of blends were obtained by casting of solutions [28, 29].

However, blends with high fractions of complex ([25 %

m/m) have not been addressed yet, to our knowledge.

Moreover, further processing of such materials, e.g., into

fibers, has not been explored, as far as we are aware of.

Notably, the manufacture of fibers is somewhat more deli-

cate since the viscosity of the solution has to be adjusted in

order to enable fiber formation.

In this study, solutions of alkyl-substituted Fe2?–triazole

complexes are investigated. In particular, two different

issues are addressed: On the one hand, fundamental

investigations on the influence of traces of water on the

spin-crossover properties of Fe2?–triazole complexes and

on the other hand use of solutions for the preparation of

thermochromic fibers. So far, the influence of water has

only been considered indirectly in solutions of Fe2?–tria-

zole complexes by addition of hydrogen-bond scavengers

[13], but the water content was not controlled directly,

although non-coordinated water has been shown to influ-

ence spin-crossover of various compounds in the solid state

[18, 31–36]. While in the majority of cases, water acted as

a stabilizer of the low-spin state (i.e., the spin-crossover

temperature was increased) also the opposite was found in

rare cases [33]. The origin of this unusually strong water

dependence has been ascribed to the formation of hydrogen

bonds [31]. However, the precise mechanism is still

Table 1 Literature overview of alkyl-substituted Fe2?–triazole

complexes

Substituent on N4 of

1,2,4-triazole

Counter ion

C18H37 BF4
- [14, 18], ClO4

- [15, 18, 19],

CF3SO3
- [18, 19], NO3

- [20, 21], Cl-

[14, 19, 22], ptol- [14, 17–19, 22]

CnH2n?1, n = 13, 16 BF4
- [14, 18], ClO4

- [18], CF3SO3
-

[18], ptol- [14, 18, 22], Cl- [22]

C10H21 Cl-, ptol- [22]

CnH2n?1, n = 4–8 BF4
-, ClO4

-, CF3SO3
-, ptol- [18]

C3H7 BF4
-, CF3SO3

- [18]

CnH2n?1, n = 1, 2 BF4
-, ClO4

- [18]

CnH2n?1SO3
-, n = 1, 8, 12, 16 [13],

ClO4
- [23]

4-(3-Dodecyloxy)propyl- Cl- [16], 9,10-dimethoxyanthracene-2-

sulfonate [24], 1-pyrenesulfonate [24]

5-Decylheptadecyl- ClO4
- [25]

For a more detailed overview on such complexes see Ref. [4]

ptol-, p-toluenesulfonate

Fig. 1 Schematic

representation of the structure of

Fe2?-complexes with alkyl-

substituted triazole ligands

below (left) and above (right)

the spin-crossover temperature

with dFe–N,LS \ dFe–N,HS
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unknown and alternative reasonings were proposed, such

as a change in the crystal structure [33]. The latter, of

course, is not plausible in solution. Finally, on the other

hand preparation of fibers which show spin-crossover near

room temperature from such solutions was explored. Such

fibers might be useful in textile materials and caps for

esthetic and functional design or as temperature indicators

for non-destructive testing [37], or as filaments in security

protection applications such as document authentication.

For the investigations described in the following, we

chose Fe2? complexes containing triazole ligands with

alkyl chain lengths between C14 and C18 (C14trz: 4-tetra-

decyl-1,2,4-triazole, C16trz: 4-hexadecyl-1,2,4-triazole,

and C18trz: 4-octadecyl-1,2,4-triazole) and two different

counter ions, i.e., 2-naphthalenesulfonate (2ns-) and

4-dodecylbenzenesulfonate (DBS-). Both counter ions

lead to a spin-crossover near room temperature.

Experimental

General

L-Ascorbic acid was purchased from Hänseler AG (Heri-

sau, Switzerland), molecular sieve (3 Å) from ABCR

GmbH & Co. (Karlsruhe, Germany). Ultra-high molecular

weight polyethylene (GUR 4120) was received from Tic-

ona (Oberhausen, Germany).

The triazole ligands were synthesized according to the Ba-

yer synthesis [38]. Fe2?–triazole complexes with the counter

ions 2ns- and DBS- were obtained by combination of the

corresponding iron salts with the various ligands in methanol,

similar to other complexes [9]. A detailed synthesis procedure

is provided in the Electronic Supporting Information.

Solubility

For solubility tests, 10 mg of the complex was exposed to

1 mL of the respective solvent (Table 2) and stirred for

2 h. Toluene, xylene, and water were thereby heated to

80 �C. Tests in other solvents were carried out at room

temperature.

Preparation of Fe2?–triazole solutions

The procedure to prepare solutions of the various com-

plexes with precise water content is described in the fol-

lowing for a 0.020 mol/L [Fe(C18trz)3](DBS)2 solution

with 1 equiv. of water relative to iron as an example.

[Fe(C18trz)3](DBS)2 (2.0058 g, 1.20 mmol) was dissolved

in the presence of ascorbic acid (0.24 mmol, 42.7 mg)

under nitrogen in degassed toluene (60 mL) at 65 �C for

30 min resulting in a 0.020 mol/L solution (3.7 % m/m).

Molecular sieve (3 Å) was added and the mixture was

again stirred for 30 min at 65 �C. 48.470 g of the solution

was thereafter transferred without molecular sieve to a dry

flask under nitrogen atmosphere. This yielded in a total

amount of iron of 1.1 mmol. Water (20 lL, 1.1 mmol) was

added with a microliter syringe. The solution was then

heated to 60 �C, put into an ultrasonic bath for 1 min and

vigorously stirred for 5 min at 60 �C. For UV/Vis mea-

surements, the solution was transferred into a sealed dry

quartz glass cuvette equipped with a septum.

All other solutions of complexes with the counter anion

DBS- were prepared analogously. Due to the reduced

solubility of [Fe(C14trz)3](2ns)2 in toluene, the complex

was dissolved at a higher temperature (110 �C) under

reflux and a lower concentration was employed

(0.005 mol/L).

Table 2 Solubility of Fe2? triazole complexes with different substituents R at the N4 position of 1,2,4-triazole and counter ions X- at room

temperature

X- R Xylenea Toluenea heptane CH2Cl2 CHCl3 Et2O THF H2Ob, EtOH, MeOH

2ns- C14H29 ~ 4 x x 4 x x x

C16H33 ~ * x x 4 x * x

C18H37 ~ * x x 4 x * x

DBS- C14H29 4 4 x 4 4 x 4 x

C16H33 4 4 * 4 4 4 4 x

C18H37 4 4 * 4 4 4 4 x

4 Soluble (10 mg of complex could be dissolved completely in 1 mL of solvent), ~ slightly soluble (10 mg of complex could be dissolved partly

in 1 mL of solvent), x insoluble. Solutions in non-chlorinated solvents were pink at room temperature whereas solutions in chlorinated solvents

were colorless. Solutions in non-chlorinated solvents were pink at room temperature whereas solutions in chlorinated solvents were colorless

Et2O diethyl ether, THF tetrahydrofuran, EtOH ethanol, MeOH methanol
a Treated at 80 �C (in case of solubility, the solution stayed clear upon subsequent cooling to room temperature)
b Insoluble also at 80 �C
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Preparation of fibers

A 16.7 % m/m blend of [Fe(C18trz)3](DBS)2 in polyeth-

ylene was obtained as follows. [Fe(C18trz)3](DBS)2

(43 mg, 0.026 mmol) was dissolved under nitrogen in

degassed xylene (mixture of isomers) and mixed with a

solution of 215 mg UHMWPE in 40 mL degassed xylene

at *80 �C. Blends with mass percentages of 50 and 80 %

m/m of [Fe(C18trz)3](DBS)2 were obtained analogously.

With a spatula fibers were drawn from the hot (*80 �C)

viscous solutions which were dried in air for 4 h.

Analysis

Infrared spectra were recorded with a Bruker Vertex 70

FTIR spectrometer. Midinfrared (MIR) spectra were

obtained in KBr with a DLaTGS detector in the range of

4000–370 cm-1 and far-infrared (FIR) spectra in CsI pel-

lets with a DTGS detector in the range of 600–60 cm-1.

Intensities are described by w: weak, m: medium, and s:

strong.

Differential scanning calorimetry (DSC) was carried out

with a DSC 822 (Mettler Toledo) instrument under nitro-

gen atmosphere at a heating rate of 10 �C/min.

UV/Vis spectra at variable temperature were recorded

with a temperature-controlled JASCO V-670 spectrometer.

Spectra were taken between 70 and -5 �C in steps of 5 �C

in a wavelength region of 400–800 nm. The samples were

held for 3 min at the respective temperature before starting

the measurement. The solutions were filled under nitrogen

atmosphere into sealed quartz glass cuvettes equipped with

a septum.

Optical microscopy was performed with a Leica

DM400 M polarizing microscope.

Results

General

The solid [Fe(Cntrz)3](X)2 complexes (where X– is either

2ns- or DBS-, respectively) contained between 1 and 3

water molecules per coordination unit, obviously depend-

ing on the ambient moisture. In the solid state, the com-

plexes showed a color change from pink to white around,

or slightly above room temperature (between 25 and

60 �C). Accordingly, the three complexes with counter ion

DBS- showed an endothermal peak at around 60 �C during

the first heating whereas upon subsequent cooling and

heating, a reversible spin-crossover transition around

30–40 �C was found. During following heating and cooling

protocols, the transition temperatures remained stable for at

least four cycles. The length of the side chain did not have

a major influence on the spin-crossover temperature.

However, the peaks detected for compounds with the

counter ion 2ns- were very broad. In general, the spin-

crossover temperatures of the 2ns- complexes were lower

(around 10–20 �C) compared to the DBS- analogs.

Solubility

The solubility of the complexes [Fe(Cntrz)3](2ns)2 and

[Fe(Cntrz)3](DBS)2 (Cntrz = 4-tetradecyl-1,2,4-triazole,

4-hexadecyl-1,2,4-triazole, and 4-octadecyl-1,2,4-triazole,

2ns- = 2-naphthalenesulfonate, DBS- = 4-dodecylben-

zenesulfonate) in various solvents was analyzed (Table 2)

with a view to solution processing of these compounds. As

dissolution in toluene and xylene was sluggish at room

temperature, the related experiments were performed at

80 �C. Materials which dissolved at this temperature did

not precipitate when they were allowed to adopt room

temperature. Such solutions were liquid at elevated tem-

peratures (around 80 �C) while gels formed at room tem-

perature in the concentrations used in our experiments

(0.020–0.032 mol/L). As already mentioned in ‘‘Introduc-

tion,’’ gel-formation of such compounds is not uncommon

[15, 16, 18]. Formation of gels indicates the presence of

extended polynuclear chains [14]. Against expectations, for

2ns- complexes with C16 and C18 side chains solely

chloroform was a good solvent whereas only slight solu-

bility was found in xylene, toluene, and THF and no sol-

ubility at all in heptane, diethyl ether, and alcohols. The

related complex with shorter alkyl groups, [Fe(C14

trz)3](2ns)2, showed similar solubility in most of these

solvents, except for toluene which provided significantly

higher solubility for this complex, while the contrary was

found in THF where the complex with C14trz was com-

pletely insoluble. Complexes with the counter ion DBS-

and C16 and C18 side chains were better soluble than the

2ns- complexes. Thus, the former dissolved in xylene,

toluene, chlorinated solvents, diethyl ether, and THF, and

slightly in heptane; only in alcohols and water no solubility

was found. With the shorter side chain C14, the solubility of

the DBS- complex was markedly decreased in diethyl

ether and heptane. Notably, while solutions in ethers and

apolar solvents were pink at room temperature, chloroform

solutions were colorless. When the latter were cooled with

liquid nitrogen (-196 �C) they adopted a pink color in the

frozen state. This indicates that the Fe2? ions are in high-

spin state at room temperature and can adopt the low-spin

state only at very low temperature in chloroform unlike in

other solvents. A similar observation was described for the

complex [Fe(doxptrz)3](Cl)2 (doxptrz = 4-(3-dodecyl-

oxy)propyl-1,2,4-triazole) [39]. Solutions in dichloro-

methane were also colorless at room temperature but did
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not change their color when they were cooled to -196 �C

into the frozen state.

Influence of water in toluene solutions

For experiments on the potential influence of trace amounts

of water on the spin-crossover in solution, toluene was

selected as it was over all the best solvent for the com-

plexes in the low-spin state at ambient temperature. Dis-

solving of the complexes with DBS- as counter ion in

toluene resulted in pink solutions (characteristic for the

low-spin state [40]). Remarkably, when the solutions were

dried with molecular sieve (3 Å) they turned to colorless

independent on the length of the alkyl group, indicating

that the Fe2? ions were mainly in the high-spin state [40]

(Fig. 2 on the example of [Fe(C16trz)3](DBS)2). When the

dried solutions were exposed to ambient humidity (relative

humidity: *45 %) for a few minutes they turned pink at

the air–liquid interface and after agitation they became

homogenously pink (Fig. 3). Similarly, when the solvent of

a dry, colorless toluene solution of [Fe(C18trz)3](DBS)2

was removed under vacuum, a colorless solid was obtained

which turned pink upon exposure to ambient humidity

within a few seconds. Applying reduced pressure

(0.1 mbar) for several hours to the pink (hydrated) solid the

color did not turn to white again. Thus, the status of the

toluene-dried sample was not restored by this procedure.

The influence of water in toluene solutions on the spin

state was studied in detail by optical absorption spectros-

copy of solutions with defined water content. For this

purpose, solutions were first dried with molecular sieve

(3 Å) and subsequently a known quantity of water was

added (up to 2 equiv. of water, nH2O, relative to Fe2?). The

resulting solutions were transferred under nitrogen into

sealed quartz glass cuvettes. Spectra were recorded at

different temperatures between 400 and 800 nm, which

took approximately 1 min per scan. In order to establish

constant temperature in the course of each scan, the tem-

perature was changed stepwise (i.e., not continuously).

Spectra were recorded upon cooling from 70 to -5 �C

(preliminary experiments revealed that the reproducibility

during cooling was higher compared to heating) in steps of

5 �C and the temperature was held for 3 min before

recording of the spectra. During the temperature adjust-

ment of the sample, fluctuations of ±3 �C below and above

the target temperature occurred. Therefore, with this

method a potential hysteresis in the order of a few degree

Celsius cannot be detected.

First, a 0.020 mol/L solution of [Fe(C18trz)3](DBS)2 in

toluene with 1 equiv. of water was analyzed (Fig. 4). At

70 �C, no significant absorption band was observed in the

visible wavelength range. N.B. a weak broad absorption

band between 700 and 1000 nm was observed which is

characteristic for the high-spin state. Accordingly, a

pseudo-isosbestic point was also found at 685 nm upon the

spin-crossover conversion from high-spin to low-spin.

When the temperature was decreased to 45 �C, an

absorption band with a maximum at 536 nm started to

emerge pronouncedly which increased fast down to a

temperature of *15 �C. Below this temperature only a

slight increase of the absorption was found, down to

-5 �C.

The measurements were repeated for solutions with

varying water content. In the presence of 2 equiv. of water

per Fe2? ion, the absorbance at 536 nm started to increase

significantly upon cooling already at *55 �C, whereas at

lower water contents the absorption band started to emerge

only at lower temperatures (*25 �C in the case of

nH2O ¼ 0). Hence, while the completely dried solution

showed negligible absorbance at 536 nm at room temper-

ature and thus appeared virtually colorless, the solution

Fig. 2 Photographs of [Fe(C16trz)3](DBS)2 solutions (0.020 mol/L in

toluene) with 1 equiv. of H2O relative to Fe2? (left) and dry (right) at

room temperature (Color figure online)

Fig. 3 Photographs of [Fe(C18trz)3](DBS)2 solutions (0.016 mol/L in

toluene). Left dry, middle exposed to ambient humidity (relative

humidity: *45 %) for a few minutes featuring a purple top layer,

right agitated at ambient humidity (Color figure online)
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containing 2 equiv. of water had reached already a high

absorbance value at room temperature and appeared pink.

For convenience, the absorbance at the absorption maxi-

mum (536 nm) of solutions with different water content is

plotted versus the temperature and shown in Fig. 4. It is

evident that the transition temperature from the low-spin

state to the high-spin state strongly depends on the water

content and is shifted continuously toward significantly

higher temperatures when the amount of water per Fe2? ion

is increased. Thus, small amounts of water stabilize the

low-spin state. Notably, in the case of hydrolysis of the

complexes the high-spin state would be stabilized [41]. The

latter was observed in the compound [Fe(NH2trz)3]Br2,

where dissociation of the complex occurs by addition of

water at concomitant formation of the high-spin state [41].

Analogous measurements were carried out for [Fe(C18

trz)3](DBS)2 solutions at higher concentrations (0.026 and

0.032 mol/L). The corresponding absorbance values at

536 nm as function of temperature are shown in Fig. 4. At

given Fe2?/H2O ratios, the increase in intensity was

essentially proportional to the increase in concentration

according to the law of Bouguer–Lambert–Beer [42–44].

The inflection points of the temperature-dependent absor-

bances at 536 nm, in the following denoted as spin-cross-

over temperatures, are listed in Table 3 (the inflection point

has been selected as it is mathematically well defined; the

number of high-spin and low-spin states can differ at his

point). Obviously, the spin-crossover temperature

increased over a range of 40 �C with increasing Fe2?/H2O

ratio but was virtually independent on the Fe2? concen-

tration at a given Fe2?/H2O ratio.

For the related complexes [Fe(C16trz)3](DBS)2 and

[Fe(C14trz)3](DBS)2 optical absorption spectra were

recorded of dry solutions and solutions containing 1 equiv.

of water per Fe2? ion at a concentration of 0.020 mol/L.

No significant difference in the spectra could be found

compared to those obtained for [Fe(C18trz)3](DBS)2], nei-

ther in the maximum absorbance wavelength nor in the

intensity. The respective values of the spin-crossover

temperatures are listed in Table 4 together with the cor-

responding values of [Fe(C18trz)3](DBS)2 for comparison.

Evidently, a change in the length of the alkyl chain in the

investigated range of tetradecyl–octadecyl did not
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Fig. 4 Temperature-dependent

UV/Vis measurements of

[Fe(C18trz)3](DBS)2 in toluene

(0.020 mol/L). a Spectra of a

solution with 1 equiv. of H2O

per Fe2? upon cooling from 70

to -5 �C (from bottom to top)

in steps of 5 �C. b–

d Absorbance at 536 nm of

solutions with different water

content at different

temperatures. Black dots dry

solution, red dots 0.5 equiv. of

H2O per Fe2?, green dots

0.75 equiv. of H2O per Fe2?,

blue dots 1 equiv. of H2O per

Fe2?, and pink dots 2 eq H2O

per Fe2? at different Fe2?

concentrations (0.020, 0.026,

and 0.032 mol/L) (Color figure

online)

Table 3 Spin-crossover temperatures (in �C) determined by the

inflection point of temperature-dependent optical absorbances at the

maximum absorption wavelength of [Fe(C18trz)3](DBS)2 solutions in

toluene with different Fe2? concentrations ðcFe2þ Þ and equivalents of

H2O ðnH2OÞ per Fe2?

nH2O (–) cFe2þ (mol/L)

0.020 0.026 0.032

0 7 9 9

0.5 27 29 26

0.75 39 – –

1 42 45 45

2 47 – –
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influence the spin-crossover temperature significantly, in

absence as well as in presence of water.

Since the solubility of the 2ns- complexes was con-

siderably lower compared to DBS- complexes, similar

measurements with water could be carried out only for

[Fe(C14trz)3](2ns)2, which showed higher solubility in

toluene than the 2ns- complexes with C16trz and C18trz.

Thus, investigations were performed at a Fe2? concentra-

tion of 0.005 mol/L (as a side note, even at this concen-

tration only a small fraction of complexes with C16 and C18

side chains dissolved in boiling toluene). Still, since the

spin-crossover temperature of the DBS- complexes only

depended on the Fe2?/H2O ratio but not on the concen-

tration at given ratios, the values obtained with lower

concentrated 2ns- solutions can be compared with the

higher concentrated solutions of DBS- complexes.

Admittedly, however, the precision of the water content in

2ns- solutions is lower as smaller amounts of water were

added. Nevertheless, it is evident that [Fe(C14trz)3](2ns)2

exhibits a smaller difference of the spin-crossover tem-

peratures of solutions with nH2O ¼ 0 and nH2O ¼ 1, i.e.,

only *15 �C compared to *35 �C in [Fe(C14trz)3](DBS)2

(see Table 4). Thus, the effect of water on the spin-cross-

over temperature of the 2ns- complex also existed but was

less pronounced than for DBS- complexes.

Fibers of [Fe(C18trz)3](DBS)2-polyethylene blends

Fibers of [Fe(C18trz)3](DBS)2 itself could not be prepared

as we were not able to obtain solutions with suitable vis-

cosity for fiber drawing. Thus, blends of this complex with

ultra-high molecular weight polyethylene (UHMWPE) as

supporting matrix were prepared. UHMWPE was chosen

since first, no adverse effects related to interactions

between the complex and the matrix (such as coordination)

are expected and second, in solution viscosity can be

enhanced already at very low concentrations of this organic

polymer. The complex [Fe(C18trz)3](DBS)2 was selected

on the one hand due to its counter ion DBS- which leads to

a good solubility, and on the other hand because it contains

the longest alkyl chain among the investigated complexes

and thus was expected to be best compatible with poly-

ethylene. Blends were prepared at three different [Fe(C18

trz)3](DBS)2 contents (fraction of complex: 16.7, 50, and

80 % m/m). For the preparation of the blends, xylene (a

good solvent for UHMWPE) solutions of the two compo-

nents were mixed at elevated temperature (80 �C; fraction

of the total mass of polyethylene and complex in xylene:

0.6 % m/m). The resulting viscous solutions were used to

draw fibers of thicknesses between 50 and 200 lm after

drying in air. A microscope image of a fiber with 50 %

m/m of [Fe(C18trz)3](DBS)2 is shown in Fig. 5. As a

consequence of the poor interaction between [Fe(C18

trz)3](DBS)2 and UHMWPE thermochromism of the blend

was found to occur at a similar temperature (between 40

and 50 �C) as in the neat complex, indicative of preser-

vation of the spin-crossover properties to a large extent. To

visualize the thermochromism, a fiber with 80 % [Fe(C18

trz)3](DBS)2 was aligned on a Kofler bench featuring a

temperature gradient between room temperature and

*70 �C (Fig. 6).

Table 4 Comparison of the spin-crossover temperatures (in �C)

determined by the inflection point of temperature-dependent optical

absorbances at the maximum absorption wavelength (536 nm) of

Fe2?–triazole solutions in toluene (at a Fe2? concentration of

0.020 mol/L for DBS- complexes and 0.005 mol/L for the 2ns-

complex)

Complex nH2O (–)

0 1

[Fe(C14trz)3](DBS)2 5 40

[Fe(C16trz)3](DBS)2 6 41

[Fe(C18trz)3](DBS)2 7 42

[Fe(C14trz)3](2ns)2 14 29

Fig. 5 Optical microscope image of two fibers of a 50 % m/m blend

of [Fe(C18trz)3](DBS)2 and UHMWPE, connected with a knot

Fig. 6 Photograph of a fiber consisting of a blend of [Fe(C18trz)3]

(DBS)2 (80 % m/m) and UHMWPE exposed to a temperature

gradient from *25 to *70 �C. A tape with defined emissivity (beige-

colored rectangles) allowed determination of the temperature with an

IR-thermometer (Color figure online)
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Discussion and conclusions

While 2ns- complexes were poorly soluble in organic

solvents, their DBS- analogs showed a high solubility in

various organic solvents which is beneficial for processing,

e.g., into films, fibers, etc. Thus, the solubility of such

complexes depends on the counter ions and it appears that a

counter ion with alkyl groups tends to promote solubility in

organic solvents. Entropy is expected to support solubility

of alkyl units as their degrees of freedom are much higher

in the dissolved than in the solid state. Whereas solutions

of such complexes in non-chlorinated solvents were pink at

room temperature, solutions in chloroform and dichloro-

methane were colorless. In the literature, the color change

from pink to white upon dissolution of a similar complex in

chloroform was ascribed to the solvation of alkyl chains

and concomitant lengthening of the Fe–N bonds leading to

a lower spin-crossover temperature [39]. However, also

other effects, such as interactions between the solvent and

counter ions accounting for a change in the ligand field or

the presence of significant amounts of water in the solvent

might play a major role.

Remarkably, the spin state of DBS- complexes dis-

solved in toluene was found to depend on the relative water

content. The spin-crossover temperature increased with

increasing water content which reveals that water mole-

cules stabilize the low-spin state. The influence of water in

organic solvents has not been described so far to our

knowledge (while aqueous solutions of iron(II)-aminotria-

zole complexes have been studied in a concentration range

of 0.5–3 % w/w) [41]. In the solid state, possible expla-

nations involve an impact of hydrogen-bonds [13, 31] or of

the crystal structure [31, 33]. In solution, however, a

potential impact of the crystal structure on the spin-cross-

over properties can be excluded whereas hydrogen-bonds

might still play a major role. For comparison, 1-octanol

decreased the spin-crossover temperature of [Fe(dox-

ptrz)3]Cl2 (doxp = 4-(3-dodecyloxy)propyl) in solution by

acting as a hydrogen-bond scavenger [13]. Thus, hydrogen-

bond formation in such complexes can reasonably explain

the stabilization of the low-spin state by water in solution.

In principle, there are three possible sites for interactions of

the dissolved [Fe(Cntrz)3]X2 complexes with water: the

Fe2? ions, the ligands, and the counter ions. Since alkyl-

substituted triazole molecules can hardly contribute to

hydrogen-bonding and direct bonding of water to Fe2? is

rather improbable (in this case the high-spin state would

expected to be favored [45]), the counter ions probably

play a major role. Therefore, it is conceivable that water

molecules interact with the counter ions by forming

hydrogen bonds [13], thus modifying the ligand-field

strength.

A dependence of the color on the water content was also

found for [Fe(C14trz)3](2ns)2 solutions, albeit less pro-

nounced than in solutions of DBS- complexes.

Notably, no influence of the concentration of complex

was found on its spin-crossover properties which implies

that there is hardly any significant dissociation equilibrium

involved, unlike described for [Fe(NH2trz)3](2ns)2 solu-

tions in DMF [12]. Hence, the findings reported here are of

particular interest because the spin-crossover temperature

can be tuned around room temperature by the water-to-

complex ratio—independent of the concentration of the

complex. It means in effect that small amounts of water (in

the range of parts per million) can be detected in organic

solvents with these complexes. Such measurements can be

helpful for water determination in, e.g., insulating fluids

where small amounts of water can be detrimental. For such

applications, compounds with the counter ion DBS- are

better suited compared to those containing 2ns- as the

former show a higher solubility and a stronger influence of

water compared to the investigated 2ns- complex.

The observation that a colorless solid was obtained upon

solvent removal of a dry toluene solution of [Fe(C18

trz)3](DBS)2 (which turned pink at ambient humidity)

suggests that the spin-crossover depends on the water

content also in the solid state. However, the hydrated (pink)

form could not be converted to its dehydrated (colorless)

form simply upon applying reduced pressure (0.1 mbar).

Thus, the water molecules seem to be rather strongly bound

to the complex, such that they only could be removed by

molecular sieve in solution in toluene.

Owing to the aforementioned high solubility of

[Fe(C18trz)3](DBS)2, it was possible to manufacture fibers

from blends with UHMWPE by simple drawing from

solution. Strikingly, the spin-crossover properties were

preserved in fibers and the thermochromism was found to

occur at a similar temperature as in the pure complex

which indicates that the hydrophobic environment of the

matrix had virtually no influence on the amount of non-

coordinated water in the complex.
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ñoz J, Muñoz-Lara FJ, Seredyuk M, Real JA (2014) The effect of

pressure on the cooperative spin transition in the 2D coordination

polymer {Fe(phpy)2[Ni(CN)4]}. Eur J Inorg Chem 3:429–433

4. Roubeau O (2012) Triazole-based one-dimensional spin-cross-

over coordination polymers. Chem Eur J 18:15230–15244

5. Kahn O, Codjovi E (1996) Iron(II)-1,2,4-triazole spin transition

molecular materials. Philos Trans R Soc Lond A 354:359–379
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(2010) Multifunctional gels from polymeric spin-crossover me-

tallo-gelators. Langmuir 26:5184–5195
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