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Spin-Crossover Physical Gels: A Quick Thermoreversible Response Assisted
by Dynamic Self-Organization

Tsuyohiko Fujigaya,”! Dong-Lin Jiang,*"! and Takuzo Aida*"

Abstract: Iron(II) triazolate coordina-
tion polymers with lipophilic sulfonate
counterions with alkyl chains of differ-
ent lengths have been synthesized. In
hydrocarbon solvents, these polymers
formed a physical gel and showed a
thermoreversible spin transition upon

role in the spin-crossover event. The
spin-transition temperature was tuned
over a wide range by adding a small
amount of 1-octanol, a scavenger for
hydrogen-bonding interactions. This
additive was essential for the iron(II)
species to adopt a low-spin state. Com-

pared with nongelling references in ar-
omatic solvents, the spin-crossover
physical gels are characterized by their
quick thermal response, which is due to
a rapid restoration of the hydrogen-
bonding network, possibly because of a
dynamic structural ordering through an

the sol-gel phase transition. The for-
mation of a hydrogen-bonding network
between the triazolate moieties and
sulfonate ions, bridged by water mole-
cules, was found to play an important

self-assembly
triazoles

Introduction

The spin states of several complexes of first-row transition
metals are known to switch between low-spin and high-spin
states in response to external perturbations caused by
changes in temperature and pressure or photoexcitation.!!
This phenomenon, referred to as spin transition or spin
crossover, leads to changes in the magnetic and optical
properties of the materials and has great potential for
memory, display, and sensor applications.” One of the pri-
mary requisites for spin-crossover materials is an abrupt
spin transition, for which spin-active sites should be connect-
ed strongly with one another to create a high cooperativi-
ty.’! Solid or crystalline inorganic materials have been stud-
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enhanced lipophilic interaction of the
self-assembling components in hydro-
carbon solvents.

ied most extensively so far as potential spin-crossover mate-
rials,'! and some show an abrupt spin transition in a narrow
temperature range. On the other hand, recent attention has
been focused on soft materials with spin-crossover proper-
ties, as these materials can be processed easily by casting
and tuned by molecular design.! However, because of a
larger freedom of molecular ordering, one may anticipate a
possible loss of long-range cooperativity among the spin-
transition sites, with the result of non-abrupt spin crossover,
as often observed in solution.” Recently, we reported the
first example of self-organized dendritic spin-crossover ma-
terials, whose spin-transition properties are controlled by
the dimensions of the dendritic ligand.”! Notably, an abrupt
spin transition occurred in a narrow temperature range
upon the proper choice of a dendritic ligand that can dense-
ly fill the unit cell to form the spin-active site. In the course
of this study, we happened to notice that nondendritic refer-
ences 3b-d (Scheme 1), which have a sulfonate counterion
with a lipophilic long alkyl chain, form a physical gel in par-
affinic solvents such as hexane, octane, dodecane, and hexa-
decane.[*] Herein we report that these physical gels are ca-
pable of magneto—optical switching upon sol-gel phase tran-
sition. Unlike reported examples with inorganic crystalline
materials, the spin crossover can be repeated many times
without deterioration. Furthermore, it occurs in quick re-
sponse to a temperature change. We highlight that these in-
teresting features take great advantage of a dynamic self-as-
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Scheme 1. Synthesis of the iron(II) triazolate coordination polymers with sulfonate counterions 3a-d.

sembly event through hydrogen-bonding and lipophilic in-
teractions.

Results and Discussion

The iron(II) complexes 3a-d (Scheme 1) were synthesized
by mixing the triazole ligand 1 with the iron(Il) salts 2a—d
in MeOH containing a small amount of ascorbic acid and
were obtained as purple precipitates. Infrared spectroscopy
of 3a-d showed a red shift of the C=N stretching vibrational
band from 1552 to 1561 cm™', which is characteristic of
iron(II) triazolate complexes.’l Peaks in the X-ray absorp-
tion fine structure (EXAFS) spectra of the solid samples of
3a-d at 1.8, 3.5, and 7 A were assigned to Fe-N, Fe-Fe, and
linear Fe-Fe-Fe scatterings, respectively (Figure 1). There-
fore, it was concluded that 3a-d are coordination polymers
with multiple iron(II) sites.

The solid samples of 3a—-d were purple at 23°C, as is typi-
cal of low-spin iron(I) species. Compounds 3b-d were
highly soluble in aromatic solvents such as benzene, toluene,
and m-xylene, and the resulting purple solutions at 23°C all
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Figure 1. EXAFS profile of a solid sample of 3c¢.

0.6 wt %, whereas no gelation occurred with 3a with the
nonlipophilic counterion CH;SO;™. For example, electronic
absorption spectroscopy of a dodecane gel of 3¢ (0.6 wt%)
showed a characteristic band at 537 nm due to the d-d tran-
sition of the low-spin state (Figure?2). Upon heating to
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Figure 2. Change in the electronic absorption spectrum of a gel of 3¢ in
dodecane (0.6 wt %) upon heating from 15 to 80°C.
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80°C, the purple gel collapsed to give a pale-yellow clear so-
lution. Variable-temperature absorption spectroscopy on
heating from 15 to 80°C showed the appearance of a broad
band centered at 850 nm as a result of a *T,—'E, d—d transi-
tion of the high-spin state, at the expense of the low-spin ab-
sorption band at 537 nm (Figure 2). On cooling to 15°C, the
hot solution immediately turned into a purple transparent
gel, recovered the low-spin absorption band at 537 nm, and
lost the broad high-spin absorption band at 850 nm. Such a
thermally induced discoloration—coloration cycle could be
repeated many times without any sign of deterioration. Plots
of the absorbance at 537 nm versus temperature for heating
and cooling events (e, Figure 3a) indicate that the spectral
change is centered at 55°C (7,) in a narrow temperature
range (AT) of 45-65°C. A virtually identical temperature-
dependent color change was observed over a wide range of
concentrations of 3¢, from 0.6 to 40 wt%. The observed
thermochromic behavior is clearly due to the spin transition.
In fact, when a dodecane gel of 3¢ (40 wt% ) was heated
from 250 K, its magnetic moment (M) increased abruptly at
330K (57°C) from —3.4x107° to 3.8x10°emug !, in the
narrow temperature range of 320-340 K (Figure 3b).!
Upon cooling from 360 K, an abrupt drop in the magnetic
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Figure 3. Changes in a) the absorbance at 537 nm of 3a (o), 3b (4), 3¢
(@), and 3d (m) in dodecane (0.6 wt %) and b) the magnetic susceptibility
of 3¢ (40 wt %) upon heating (o) and cooling (e).
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moment occurred at 330 K (57°C) from 3.8x107° to —2.5x
102 emug™. We found that compounds 3b (4, Figure 3a)
and 3d (m, Figure 3a) display very similar thermal spin-tran-
sition behavior upon gelation in paraffinic solvents to that
of 3¢ (e, Figure 3a). In sharp contrast, nongelling 3a in do-
decane remained in a high-spin state and a pale-yellow color
over a wide temperature range (o, Figure 3a).

Polarized optical microscopy of the dodecane gel of 3¢
(40 wt %) showed the characteristic texture of a liquid-crys-
talline mesophase (Figure 4). Upon heating to induce the

Figure 4. Polarized optical micrograph of a gel of 3¢ in dodecane
(40 wt %) at 25°C.

gel-to-sol phase transition, the liquid-crystalline texture dis-
appeared completely at 62°C. A rheological study at 25°C
showed that the dynamic storage (G’) and loss (G”) curves
both contain a plateau region with no sign of relaxation
over a wide range of angular frequencies from 0.1 to
100 rads™ (Figure 5). These observations suggest that the
system consists of a long-range alignment of cylindrical 3ec.
Figure 6 shows temperature-dependent rheological proper-
ties of the gel at a fixed angular frequency (w) of 10 rads'.
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Figure 5. Rheological properties of a gel of 3¢ in dodecane (20 wt % ): an-
gular frequency (w) dependencies of storage (G'; m) and loss moduli (G”;
) at 25°C.
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Figure 6. Rheological properties of a gel of 3¢ (20 wt%) in dodecane:
temperature dependencies of storage (G'; m) and loss moduli (G”; o).

When the temperature was lower than 60°C, the G' and G”
curves both had a plateau region in which the G’ value re-
mained larger than the G” value as an indication that the
physical gel is elastic. When the temperature exceeded
60°C, the G’ and G” values both tended to drop. Plots of
the G’ value allowed the determination of the cross-point
(G'=G") temperature of 62°C. After this cross point, the
G’ value became smaller than the G” value, which indicates
the occurrence of a gel-to-sol phase transition. As the cross-
point temperature of 62°C agrees well with the spin-cross-
over temperature (7,=57°C), we can conclude that the
iron(II) species in the gel and sol states prefer to adopt low-
spin and high-spin states, respectively.

A hydrogen-bonding network plays an important role in
the spin-crossover event.®l Infrared spectra of the dodecane
gel of 3¢ (40 wt%) at 25°C showed vibrational bands at
1213 and 1104 cm ™' due to RSO;~ and the C—H bond of the
triazolate,”) respectively (Figure 7). A broad band at
3500 cm™! can be assigned to water molecules involved in
the hydrogen-bonding network with RSO;™ and the triazo-
late  species  (Scheme 2).1""
Upon heating, the vibrational
bands due to RSO;™ and the
C—H bond of the triazolate
were red-shifted at 45-50°C
toward 1207 and 1080 cm™', re-
spectively, whereas that as-
signed to the hydrogen-bonded
water molecules disappeared
completely (Figure 7). In con-
trast, a nongelling dodecane so-
lution of compound 3a did not
display such an infrared spec-
tral profile characteristic of hy-
drogen-bonded species
(Figure 8).

Alcohols are known to scav-
enge hydrogen bonds. When a

0~ Triazolate
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Figure 7. Changes in the infrared spectrum in the regions a)3800-
2950 cm ™! and b) 1300-1000 cm ™' of a gel of 3¢ in dodecane (40 wt%)
upon heating.

small amount of 1-octanol was added to the system, the gel
collapsed immediately to form a solution (Figure 9, inset).
Infrared spectroscopy of the resulting solution showed red
shifts of the vibrational bands assigned to the hydrogen-
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Scheme 2. Proposed schematic structures of spin-crossover species 3b—d.
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Figure 8. Infrared spectrum in the regions a)3800-2950 and b) 1300-
1000 cm ™' of a solution of 3a in dodecane (40 wt %) at 25°C.
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Figure 9. Changes in the absorbance at 537 nm of a gel of 3¢ in dodecane
(0.6 wt%) in the presence of l-octanol at [l-octanol]/[Fe]=0 (red), 2
(orange), 6 (pink), 18 (green), 30 (black), 42 (blue), and 60 (purple) on
cooling (open triangles) and heating (filled triangles). The inset shows
pictures of the sample before and after the addition of 1-octanol ([1-octa-
nol]/[Fe] =30).

bonded species (Figure 10). These red shifts suggest a break-

down of the hydrogen-bonding network by 1-octanol. The
pale-yellow color of the solution indicates that the iron(II)
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Figure 10. Changes in the infrared spectrum in the regions a) 38002950
and b) 13001000 cm ™' of a gel of 3¢ in dodecane (40 wt%) at 25°C
upon the addition of 1-octanol at [1-octanol]/[Fe]=0, 6, 18, 24, and 30.

species was in a high-spin state. Upon titration of a dodec-
ane gel of 3¢ (0.6 wt %) with 1-octanol at 25°C, a broad ab-
sorption band centered at 850 nm due to the high-spin
iron(II) species appeared again at the expense of the low-
spin absorption band at 540 nm (Figure 11). As shown by
variable-temperature absorption spectra of the titrated sam-
ples (Figure 9), an increase in the concentration of 1-octanol
resulted in the lowering of the spin-transition temperature
from 55 to 15°C. It is most likely that the hydrogen-bonding
network around the spin-active sites locks the Fe—N bond
length at a distance that favors the low-spin iron(II) state.
Upon heating to induce the gel-to-sol phase transition, a
thermal breakdown of this hydrogen-bonding network takes
place, thereby permitting the elongation of the Fe—N bond
as required for the transition to the high-spin state.

The spin-crossover physical gels are characterized by their
quick thermal response. For example, when a dodecane gel
of low-spin 3¢ (0.6 wt %) was heated from 40 to 80°C, and
the resulting solution of high-spin 3¢ was cooled to 40°C,
the spectral change at 540 nm due to the recovery of the
low-spin state was completed within only 2min (o,
Figure 12). As good references, we found that nongelling

Chem. Asian J. 2007, 2, 106 -113
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Figure 11. Change in the electronic absorption spectrum of a gel of 3¢ in

dodecane (0.6 wt%) at 25°C upon the addition of 1-octanol at [1-octa-
nol]/[Fe] = 0-60.

solutions of 3b—d in aromatic solvents display a thermore-
versible spin transition at 30°C (Figure 13). The changes in
their absorption spectra for the high-to-low-spin transition
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Figure 12. Time-dependent changes in the absorbance of 3¢ in m-xylene
(@) and dodecane (o) upon rapid heating and cooling, monitored at 540
and 537 nm, respectively.

were extremely sluggish. For example, when a solution of
low-spin 3¢ (0.6 wt%) in m-xylene at 20°C was heated to
50°C and then cooled rapidly to 20°C, the spectral change
at 540 nm did not subside even in 300 min (e, Figure 12). In-
frared spectroscopy allowed us to confirm the presence of a
hydrogen-bonding network in the solution of low-spin 3¢ in
m-xylene (Figure 14). For the quick thermal response of the
spin-crossover gels, we assume that the restoration of the
hydrogen-bonded network after its thermal breakdown may
be facilitated by a lipophilic interaction of the spin-active

Chem. Asian J. 2007, 2, 106-113
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Figure 13. a) Change in the electronic absorption spectrum of 3¢ as a so-
lution in m-xylene (0.6 wt %) on heating from —5 to 50°C. b) Changes in
the absorbance at 540 nm of 3¢ as a solution in m-xylene (0.6 wt%) on
heating (0) and cooling (e).

coordination polymers. This lipophilic interaction is possibly
enhanced in hydrocarbons.

As already described, 3a with a CH;SO;™ counterion does
not form a gel. The lipophilic long alkyl chains in the sulfo-
nate counterions of 3b—d therefore seem to have an impor-
tant role in the gelation. In hydrocarbon solvents, the
iron(II) triazolate coordination polymer within a paraffinic
coat probably co-assembles through a lipophilic interaction
with sulfonate counterions with a Cg, C;,, or Ci4 alkyl chain
to form a cylindrical core—shell architecture, in which water
molecules are incorporated into the core and form the hy-
drogen-bonding network between the RSO;™ triazolate
units. The latter units take part in hydrogen bonding
through their acidic C—H bonds (Scheme 2). For the gela-
tion, such paraffinic cylinders co-assemble, again through
lipophilic interactions, to grow into a macroscopic network
structure. Therefore, although the hydrogen-bonding net-
work is broken thermally to allow a low-to-high-spin transi-
tion, a molecular ordering triggered by such a lipophilic
force could facilitate restoration of the hydrogen-bonding
network, which would lead to the quick recovery of the low-
spin state. Overall, the spin crossover appears to be coupled
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Figure 14. Infrared spectrum in the regions a)3800-2950 and b) 1300-
1000 cm ™" of 3¢ as a solution in m-xylene (40 wt %) at 25°C.

with the sol-gel phase transition. Roubeau et al. reported a
spin-crossover physical gel with an iron(II) triazolate coordi-
nation polymer that contained tolylsulfonate ions.* In this
case, the spin transition and phase transition do not appear
to be coupled with one another, as their transition tempera-
tures are as far apart as 20-100°C depending on the concen-
tration. It is interesting to note that the very different ther-
mal behavior of their spin-crossover system is caused by a
rather small structural difference in the self-assembling com-
ponents.

Conclusions

In summary, we have reported novel spin-crossover physical
gels that undergo a thermoreversible spin transition upon
sol-gel phase transition in hydrocarbon solvents. A paraffin-
ic iron(II) triazolate coordination polymer hydrogen-bonded
with lipophilic sulfonate counterions was used for these
studies. The spin crossover can be repeated many times
without deterioration, as a volume change of the spin-active
sites upon spin transition would not lead to an irreversible
structural deformation as typically observed for crystalline
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solid materials. Furthermore, because of an enhanced lipo-
philic interaction in hydrocarbons, the spin crossover occurs
in quick response to a temperature change. The introduction
of stimuli-responsive functionalities may allow the fabrica-
tion of novel spin-crossover soft materials, for example, for
sensory applications.

Experimental Section

Measurements

DSC measurements were performed on the Mettler model DSC 822°.
Temperature and enthalpy were calibrated with standard samples of
indium (430 K, 3.3 Jmol ') and Zn (692.7 K, 12 Jmol ') by using sealed
sample pans. Cooling and heating profiles were recorded and analyzed
with a Mettler model STAR® system. Magnetic susceptibility measure-
ments were performed on a Quantum Design DSM-8 susceptometer
equipped with a Quantum Design MPMS-5S SQUID magnetometer at
2000 Oe in the temperature range of 200-360 K. Magnetic data were cor-
rected for magnetization of the sample holder and diamagnetic contribu-
tions, which were evaluated from the Pascal constants. Extended EXAFS
spectra were recorded in the transmission mode at Beamline 15C of the
Photon Factory. A water-cooled Si (311) channel-cut crystal was em-
ployed as a monochromator. The intensities of the incident and transmit-
ted X-rays were recorded by using ionization chambers filled with air.
The Fe K-edge jump was found to be approximately 1.0, and the total ab-
sorption coefficient was estimated to be less than 4.0. Spectra were re-
corded for a homogeneous pellet sample embedded between two X-ray-
transparent polymer films in the range of 7051-7643 eV at every 0.6 eV.
The program REX2000 was used for data processing. Rheological meas-
urements were performed on a TA ARES rheometer. Electronic absorp-
tion spectra were recorded on a JASCO V-570 spectrometer. Infrared
spectra were recorded on a JASCO FTIR-660 plus spectrometer. Varia-
ble-temperature infrared spectra were recorded on a JEOL JIR-6000
spectrometer equipped with a JEOL JIR micro 6000 FTIR spectrometer.

Materials

THF was heated at reflux over sodium and benzophenone ketyl under
Ar and distilled just before use. The ether 18-crown-6 was recrystallized
from acetonitrile, dried overnight under reduced pressure, and then
stored under dry N,. 4-Amino-1,2,4-triazole was recrystallized from THF
and stored under N,. K,CO; was dried at 150°C under reduced pressure
before use. Other reagents were used as received.

Syntheses

1: A mixture of 3,5-bis(dodecan-1-yloxy)benzoic acid, triethylamine
(1.3 equiv), and diphenyl (2,3-dihydro-2-thioxo-3-benzoxazolyl)phospho-
nate (DBOP; 1.3 equiv) in THF was stirred at room temperature for
30 min, and 4-amino-1,2,4-triazole (2.0 equiv) was added to the resulting
solution. The reaction mixture was heated at reflux for 30 min, then al-
lowed to cool to room temperature. The resulting suspension was filtered
to remove the insoluble 4-amino-1,2,4-triazole, and the filtrate was
evaporated to dryness under reduced pressure at room temperature. The
residue was purified by chromatography on silica gel (CHCl/MeOH,
100:0-97:3 v/v); the second fraction was collected and evaporated to dry-
ness, and the residue was recrystallized from MeOH to give 1 (95%) as a
white powder. FTIR (KBr): #=3115 (v(NH)), 2920 (V,n(CH,)), 2850
(Vym(CHy)), 1670 (v(C=0)), 1605 (v(C=C)), 1552 (v(N=C-N)), 1515 (v-
(CONH)), 1468 (6(CH,)), 1169 (v(C-0)), 713 (6(CH,)), 631 cm™ (y-
(triazole)); "H NMR (500 MHz, CDCl;): 6=0.86 (t, J=7.0 Hz, 6H, CH,),
1.19-1.30 (m, 32H, (CH,)y), 1.37-1.43 (m, 4H, OCH,CH,CH,), 1.73-1.79
(m, 4H, OCH,CH,), 3.92 (t, J=7.0 Hz, 4H, OCH,), 6.66 (t, J=2.0 Hz,
1H, ArH), 7.17 (d, J=2.0 Hz, 2H, ArH), 8.20 ppm (s, 2H, triazole H);
BCNMR (125 MHz, CDCly): §=14.2, 22.6, 26.1, 29.2, 29.4, 29.5, 29.7,
32.0, 68.5, 106.0, 106.7, 131.8, 143.4, 160.5, 166.0 ppm; MS (MALDI-
TOF): m/z caled for C3HyN,O5: 557.8 [M+H]*; found: 557.6.
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2a: Iron powder and methanesulfonic acid were mixed together in water
containing a small amount of ascorbic acid. The reaction mixture was
evaporated under reduced pressure to give 2a as a bluish-white precipi-
tate. FTIR (KBr): 7=3400 (v(OH)), 1650 (6(OH)), 1200 (v,4,,,(0=S=0)),
1100 (V4ym(0=8=0)), 775 (0,5ym(0=S=0)), 550 cm ' (0n(0=S=0)); ele-
mental analysis: calcd (%) for C,H,,,0,;S,Fe: C 7.95, H 4.04; found: C
7.94, H 4.00.

2b: Iron(II) chloride hexahydrate and sodium octanesulfonate were
mixed together in water containing a small amount of ascorbic acid. The
resulting suspension was filtered, and the white powdery substance isolat-
ed was dried over P,Os under reduced pressure to give 2b. FTIR (KBr):
7=3356 (v(OH)), 2920 (V,ym(CH,)), 2847 (v4u(CH,)), 1660 (6(OH)),
1196 (V4ym(S=0)), 1055 cm ™" (v,,,n(S=0)); elemental analysis: calcd (%)
for C,¢H3,0O¢S,Fe: C 40.2, H 7.5, S 13.3, Fe 11.6; found: C 39.9, H 7.7, S
13.6, Fe 11.6.

2¢: Compound 2¢ was obtained by a method similar to that described
for 2b. FTIR (KBr): #=3356 (¥(OH)), 2920 (Vyn(CH,)), 2847 (Vg
(CH,)), 1660 (6(OH)), 1196 (V,4yn(5=0)), 1055 cm ™" (vy(S=0)); elemen-
tal analysis: caled (%) for C,,Hs,O4S,Fe: C 50.4, H 9.1, S 10.8, Fe 10.8;
found: C 49.1, H 9.3, S 10.8, Fe 10.8.

2d: Compound 2d was obtained by a method similar to that described
for 2b. FTIR (KBr): #=3356 (v(OH)), 2920 (v,ym(CH,)), 2847 (Vyu-
(CH,)), 1660 (6(OH)), 1196 (v,ym(S=0)), 1055 cm™" (v, (S=0)); elemen-
tal analysis: caled (%) for C;,H;(OsS,Fe: C 54.7, H 9.9, S 9.1, Fe 7.9;
found: C 54.4, H 10.1, S 9.1, Fe 7.9.

3a-d (general procedure): A solution of 2 (5 equiv) in MeOH/THF (5:1)
containing a small amount of ascorbic acid was added to a solution of 1
in MeOH/THF (5:1) at 60°C, and the reaction mixture was stirred for
5 min, then allowed to cool to room temperature. The resulting purple
precipitate was collected by filtration, washed with MeOH, and dried
under reduced pressure at room temperature to leave 3 as a purple pow-
dery substance in quantitative yield.

3a: FTIR (KBr): 7=3446 (v(OH)), 3100 (¥(NH)), 2923 (Vyym(CH,)),
2853 (vym(CH,)), 1696 (v(C=0)), 1604 (»(C=C)), 1561 (v(N=C—-N)), 1519
(»(CONH)), 1465 (6(CH,)), 1167 (v(C=0)), 1206 (v,5ym(O=S=0)), 1046
(Vym(0=8=0)), 776 (0,yn(0=S=0)), 721 (6(CH,)), 622 (y(triazole)),
554 cm™" (0,n(0=S=0)); elemental analysis: caled (%) for 3a-3H,0
(CipiHigN,S,Fe): C 61.9, H 8.95, N 8.54, S 3.99, Fe 2.98; found: C 61.1,
H 9.07, N 8.05, S 3.0, Fe 2.94.

3b: FTIR (KBr): #=3477 (v(OH)), 3095 (v(NH)), 2924 (v,yn(CH,)),
2854 (vym(CH,)), 1697 (v(C=0)), 1602 (v(C=C)), 1565 (v(N=C)), 1521
(v(CONH)), 1466 (6(CH,)), 1217 (v,4m(S=0)), 1165 (»(C-0)), 1105
(d(triazole C—H)), 1040 (v,,,(S=0)), 860 (y(triazole)), 603 (y(triazole)),
545cm™ (0ym(S=0)); elemental analysis: caled (%) for 3b-3H,0
(Cy1sHa1oN S, Fe): C 63.7, H 9.32, N 7.75, S 2.95, Fe 2.57; found: C 63.7,
H9.93, N 7.8, S 3.0, Fe 2.55.

3c: FTIR (KBr): 7=3477 (v(OH)), 3093 (v(NH)), 2923 (V,ym(CH,)),
2853 (vym(CH,)), 1697 (v(C=0)), 1602 (v(C=C)), 1561 (v(N=C)), 1523
(v(CONH)), 1466 (6(CH,)), 1217 (v,4m(S=0)), 1165 (»(C-0)), 1105
(d(triazole C—H)), 1039 (v,,,,(S=0)), 860 (y(triazole)), 603 (y(triazole)),
526 cm™ (8ym(S=0)); elemental analysis: caled (%) for 3¢6.6H,0
(C1p3Hy31 5N S Fe): C 64.5, H 10.1, N 7.34, S 2.79, Fe 2.43; found: C 65.5,
H10.1,N 7.2, S 2.9, Fe 2.38.

3d: FTIR (KBr): #=3445 (v(OH)), 3093 (v(NH)), 2922 (v,ym(CH,)),
2853 (v4ym(CH,)), 1695 (v(C=0)), 1603 (v(C=C)), 1563 (»(N=C)), 1524
(v(CONH)), 1466 (6(CH,)), 1213 (v,4n(S=0)), 1166 (v(C-0)), 1105
(d(triazole C—H)), 1039 (v,,,(S=0)), 860 (y(triazole)), 603 (y(triazole)),
526 cm™' (8,,m(S=0)); elemental analysis: caled (%) for 3d7.5H,0
(Ci31Hy9NpS,Fe): C 65.05, H 9.65, N 6.95, S 2.6, Fe 2.3; found: C 65.05,
H 10.2, N 6.6, S 2.9, Fe 2.6.
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