Inorganic Chemistry

pubs.acs.org/IC

Hysteretic Spin Crossover with High Transition Temperatures in Two
Cobalt(ll) Complexes
Yu-Chen Sun, Feng-Li Chen, Kang-Jie Wang, Yue Zhao,* Hai-Yan Wei,* and Xin-Yi Wang*

I: I Read Online

Article Recommendations |

Cite This: Inorg. Chem. 2023, 62, 14863—14872

ACCESS |

[l Metrics & More | @ Supporting Information

ABSTRACT: Cooperative spin crossover transitions with thermal
hysteresis loops are rarely observed in cobalt(II) complexes. Herein,
two new mononuclear cobalt(II) complexes with hysteretic spin crossover
at relatively high temperatures (from 320 to 400 K), namely, [Co(terpy-
CH,0H),]-X, (terpy-CH,OH = 4'-(hydroxymethyl)-2,2;6’,2"-terpyr-
idine, X = SCN™(1) and SeCN~ (2)), have been synthesized and
characterized structurally and magnetically. Both compounds are
mononuclear Co" complexes with two chelating terpy-CH,OH ligands.
Magnetic measurements revealed the existence of the hysteretic SCO
transitions for both complexes. For compound 1, a one-step transition
with T)/,4= 334.5 K was observed upon heating, while a two-step 193 K 400 K
transition is observed upon cooling with T} ,;(1) = 329.3 K and T, ,(2)
= 324.1 K (at a temperature sweep rate of S K/min). As for compound 2,
a hysteresis loop with a width of S K (T, ,, = 391.6 K and T ,; = 396.6
K, at a sweep rate of S K/min) can be observed. Thanks to the absence of the crystallized lattice solvents, their single crystals are
stable enough at high temperatures for the structure determination at both spin states, which reveals that the hysteretic SCO
transitions in both complexes originate from the crystallographic phase transitions involving a thermally induced order—disorder
transition of the dangling —CH,OH groups in the ligand. This work shows that the modification of the terpy ligand has an important
effect on the magnetic properties of the resulting cobalt(II) complexes.
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[Co(terpy-CH,OH),| X, (X =SCN-, SeCN")

B INTRODUCTION stimuli. Hence, most of the Co" SCO compounds exhibit

As one of the most important molecular magnetic materials
with switchable magnetic properties, spin crossover (SCO)
materials have been attracting intense attention.”” The
rearrangement of the electrons within the nonbonding t,,
and antibonding e, orbitals of the SCO materials can not
only switch the spin state between the low spin (LS) and high
spin (HS) states but also lead to modifications of physical
properties through the application of external perturbations
(such as gpressure,‘ magnetic and electric field,* light
irradiation,” and guest molecules®) and applications in areas
such as display and memory, electrical, luminescent, and
mechanical actuators.” "'

Although the majority of the SCO materials are based on the
Fe'' and Fe' centers,'> SCO materials with other metal
centers, such as the Co", Mn', and Cr" ions, also exhibit
unique properties.13_16 For the Co" ion, since only one
electron is transferred between t,, and e, orbitals (3d’, Hs-
tye? < LS-tzgée 1), the variation of the coordination bond
lengths for the Co™ complexes during the SCO is smaller than
those for the Fe"" and Fe™ SCO complexes (about 0.10, 0.15,
and 0.20 A for Co", Fe''!, and Fe', respectively). This smaller
change in Co™ SCO materials usually leads to smaller enthalpy
and entropy changes (AH and AS), faster spin transition
dynamics, and high sensitivity of the SCO transition to various
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gradual and nonhysteretic SCO transitions, and it is difficult to
prepare hysteretic bistable Co™ SCO complexes and observe
the light-induced excited spin state trapping effect.'*~"°
Although the Co" SCO materials have been reported to
possess coordination numbers ranging from four to six, the
most widely reported Co™ SCO complexes are six-coordinated
with a Ng or N,O, coordination sphere. For the compounds
with an N,O, coordination sphere, the Co'-semiquinone
compounds showing valence tautomerism'®'’ and the
complexes constructed from the quadridentate salen-type
Schiff base ligands'**'® are probably the most studied. On
the other hand, for the ligands with an Ny donor set, the
tridentate triimine ligand 2,2';6,2"-terpyridine (terpy) and a
large number of its derivatives (Rterpy, R stands for a
substituent group) have been proven to be very effective for the
construction of Co™ SCO complexes. However, although it is
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easy to form an SCO active complex of a general formula of
[Co(terpy),]X,-solvent, the observed SCO properties of these
complexes are usually gradual and incomplete'*"” except for
several limited examples such as the dehydrated complex
[Co(terpy),](BF,),.*" Decoration of the 4'-position (and
recently also the $,5”-positions”') of the terpy ligand with
substituent groups, such as hydroxyl,”* alkyl and alkoxy
chains,"*** phenyl rings,”* pyridyl rings,”* and others,”® has
been proved to be very efficient to modify the ligand fields and
intermolecular interactions of the Co" SCO materials. Along
this line, a number of interesting Co! SCO materials with
strong cooperativity have been reported.??¥®>*?9026427
Representative examples are the series of compounds
containing long alkyl chains reported by Hayami et al,, with
rich SCO properties including order—disorder phase transition
induced inverse spin transitions with considerable hysteresis
widltil,zgleentrant SCO transitions at low temperatures, and so
on.

Recently, our group has also become interested in exgloring
Co" SCO materials built from terpy-type ligands.”* ™" A
bromophenyl substituted ligand L (L = 4’-4(4-bromophenyl)-
2,2:6',2"-terpyridine) has been designed, and new Co" SCO
compounds based on this ligand have been prepared.
Coexistance of SCO and single-ion magnet (SIM) behaviors
and reversible switching between SCO and SIM have been
observed in compound [Co''L,]Co™(NCS),)-2MeCN** and
[Co"(L),](DPAS),-DME-2H,0 (DPAS™ = 4-(phenylamino)-
benzenesulfonate),” respectively. Furthermore, in another
compound [Co"(L),][BDS]-2H,0 (BDS*™ = benzene-1,3-
disulfonate), a reversible switching from an LS state to an
abrupt and hysteretic SCO with broad hysteresis loops with
the loop width of 35 K was achieved upon dehydration.”

Inspired by the intriguing findings mentioned above, we
decided to expand our investigation of the Co'-terpy SCO
complexes. In order to do so, we selected a new ligand terpy-
CH,0OH (terpy-CH,0OH = 4'-(hydroxymethyl)-2,2";6",2"-
terpyridine, Scheme 1) for our study. By introducing a

Scheme 1. Ligands of Rterpy and terpy-CH,OH used in this

work
/ H-bonds donor
:
‘ A i X Rotation freedom
N/ X “ \
| N
I _N N~ NI P Ligand field tuning
R-terpy terpy-CH,OH

R = ph, py, OMe, OH, OEt, OChn... This work

—CH,OH group at the 4'-position of the terpy ligand, we
anticipated that it would have multiple effects on the SCO
performance. First, this modification would alter the ligand
field strength of the terpy ligand due to its electronic effect.
Second, the addition of the —OH group offers great potential
for enhancing intermolecular interactions, as these OH groups
can potentially form hydrogen bonds. Additionally, the
presence of the —CH,OH allows for rotation along the C—C
bond, providing more flexibility and additional properties of
this ligand. From this ligand, we prepared two new Co" SCO
complexes, [Co(terpy-CH,0OH),]-X, (X = SCN~ (1) and
SeCN~ (2)). Abrupt and hysteretic spin transitions at
temperatures of >320 K have been observed. For compound
1, a two-step SCO transition was observed upon cooling,

whereas compound 2 exhibits the hysteretic SCO at about 400
K. Due to the absence of the crystallized solvents, single
crystals of both complexes are remarkably stable enough for
the structure determination at multiple temperatures in both
spin states, which reveals that the order—disorder structural
phase transition involving the dangling —CH,OH group is
responsible for their hysteretic spin transitions.

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals, including the ligand
terpy-CH,OH, were purchased commercially and used without
further purification. Elemental analyses for C, H, and N were
measured on an Elementar Vario MICRO analyzer. IR data were
measured and recorded in Attenuated total reflection (ATR) mode on
a Bruker Vector 27 FT-IR spectrometer in the 4000—400 cm™" range.
Thermal Gravimetric Analysis (TGA) was measured in an Al,O,
crucible using a PerkinElmer TGA instrument in the temperature
range of 20—700 °C under a nitrogen flow at a heating rate of 20 °C-
min~". Variable-temperature (233—410 K) powder X-ray diffraction
data (PXRD) were recorded on a Bruker D8 Advance diffractometer
with a Cu Ka X-ray source (1 = 1.5405 A) operated at 40 kV and 40
mA. Differential scanning calorimetry (DSC) thermal analysis ranging
from 25 to 150 °C was performed on a Mettler Toledo DSC823e
instrument at atmospheric pressure under flowing of N,. Magnetic
measurements were performed under a dc (direct current) field of 1
kOe with a Quantum Design VSM magnetometer from 2 to 400 K.
The experimental data were corrected for the diamagnetic
contribution of the sample holders and that of the compounds
using Pascal’s constants.

Synthesis of [Co(terpy-CH,0H),]-X, (X = SCN~ (1) and SeCN~
(2)). 70 mg portion of the terpy-CH,OH ligand (0.25 mmol) and 43
mg of CoCl,-6H,0 (0.25 mmol) were added to a 10 mL mixed
solvent of CH;CN/H,O (v/v = 1:1). After the solution was stirred for
several minutes, 0.25 mmol of KSCN (20 mg) or KSeCN (32 mg)
was added to the solution for compounds 1 and 2, respectively. The
resulting clear solution was stirred for about 10 min at room
temperature before it was filtered. Dark red single crystals suitable for
single crystal X-ray structure analysis were obtained after slow
evaporation of the solutions for several days. The crystals were filtered
off, washed with a small amount of the mixed solvent, and dried in air.
The yields are 69 and 65% for 1 and 2, respectively.

CAUTION! Thiocyanate and selenocyanate salts are potentially
hazardous, particularly when they come into contact with acid. They
should be handled with care.

Elemental analysis (%) Calcd for 1 (C3,H,4CoNg0O,S,): C, 58.20;
H, 3.73; N, 15.97. Found. C, 57.97; H, 3.72; N, 15.89; 2
(CaH,4CoNO,Se,): C, 51.34; H, 3.29; N, 14.09. Found. C, S1.18;
H, 3.28; N, 14.15. Selected FT-IR (ATR, cm™') for 1: 3192(s),
3097(s), 2053(s), 1599(s), 1552(s), 1470(s), 1431(s), 1248(s),
1070(s), 789(s), 746(s), 656(s); 2: 3261(s), 2063(s), 1599(s),
1470(s), 1430(s), 1365(s), 1245(s), 1070(s), 789(s), 746(s), 654(s).

TGA was measured for both complexes to check the thermal
stability of these crystals. As shown in Figures S1 and S2, since there
are no crystallized solvent molecules in both complexes, they are
stable up to at least 250 °C (523 K), which is higher than the highest
temperature (400 K) of the magnetic measurement and the single
crystal X-ray diffraction we have tried.

X-ray Crystallographic Study. Single crystal X-ray diffraction data
were collected on a Bruker D8 Venture diffractometer with a CCD
area detector (Mo-Ka radiation, A = 0.71073 A) at different
temperatures (193, 300, 320, 340, and 400 K for 1, 193, 300, 350,
390, and 400 K for 2). The Bruker APEX™ program was used to
determine the unit cell parameters and to collect data collection. The
data were integrated and corrected for Lorentz and polarization effects
using SAINT. ! The structures were solved with SHELXT, and the
full-matrix least-squares refinements on F* were carried out using
SHELXL-2014>* via the Olex2 interface.®® For the structures at 193,
300, and 320 K for 1 and structures at 193, 300, 350, and 390 K for 2,
all non-hydrogen atoms with occupancies over 0.5 were located from
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Table 1. Crystallographic Data and Structure Refinement Parameters for 1 and 2

1 2
Formula C3,H,4CoNgO,S, C;,H,cCoN;3O,Se,
Molecular mass [g mol™'] 701.68 795.48
T [K] 193 400 193 400
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group Ce Cc Cc P2,2,2,
a [A] 12.4683(6) 12.586(7) 12.5447(5) 40.994(9)
b [A] 12.4192(7) 12.683(7) 12.4907(5) 8.9596(18)
¢ [A] 20.7488(10) 20.928(16) 20.7431(9) 8.9596(18)
a[°] 90 90 90 90
B[] 106.087(2) 99.255(14) 105.571(2) 90
y [°] 90 90 90 90
s 3087.1(3) 3297.0(4) 3131.0(2) 3290.8(12)
V4 4 4 4 4
Pet [g cm®] 1.510 1.414 1.688 1.606
u(Mo-K,,) [mm™] 0.739 0.692 2.920 2.779
F (000) 1444.0 1444.0 1588.0 1588.0
T/ T 0.648/0.786 0.629/0.746 0.628/0.746 0.629/0.746
R 0.0500 0.0842 0.1123 0.0928
GOF on F* 1.019 1.047 1.003 1.070

RVwR,P [T > 26(1)]
R,/wR, (all data)
Max/min [e A73]

Flack parameter

0.0496/0.1217
0.0608/0.1301
1.26/—0.87
0.065(10)

0.1150/0.3076
0.1640/0.3464
0.84/—-0.56
0.08(5)

Ry = YNE - IEN/ TN, *wRy = {3, [(E,* - 2’1/ Y [J(E)HA

0.0627/0.1533
0.0733/0.1612
1.05/-1.34
—0.006(13)

0.1108/0.2995
0.1807/0.3351
0.96/—0.52
—0.16(2)

the electron density maps and refined anisotropically. Hydrogen
atoms bound to carbon, nitrogen, and oxygen were added in the ideal
positions and refined using a riding model. For the structures at 340 K
for 1 and 400 K for both complexes, although we have tried our best
to model the disorder of the —CH,OH groups and the SCN™ and
SeCN™ anions with some constraints, the final structural data are still
of low quality, which is due to the degradation of the single crystals
upon heating and the decrease of the diffraction intensity at 400 K.
Our attempts to collect data at 420 K for compound 2 were
unsuccessful due to poor data quality. Additional details of the data
collection and structural refinement parameters are provided in Table
1 (193 and 400 K) and Tables S1 and S2 (other temperatures). The
relevant coordination bond distances and angles are given in Tables 2
and S3—S5. The CIF files of both compounds have been deposited in
the Cambridge Crystallographic Data Center (CCDC: 2180261—
2180264, 2267837—2267842).

B RESULTS AND DISCUSSION

Crystal Structures at 193 K. We first describe their
structures at 193 K and denote them as 1'T and 27, At 193 K,
both complexes are isostructural and crystallize in monoclinic

Table 2. Selected Bond Distances (A) Involving the Co**
Centers in 1 and 2 at 193 and 400 K

complex 1 complex 2

193 K 400 K 193 K 400 K
Co(1)-N(1) 2.068(3) 2.137(2) 2.064(4) 2.095(5)
Co(1)-N(3) 2.068(2) 2.131(2) 2.062(4) 2.134(5)
Co(1)-N(5) 2.084(2) 2.169(2) 2.089(4) 2.093(5)
Co(1)-N(6) 2.086(2) 2.137(2) 2.083(4) 2.079(5)
Co—Neguatoria 2.076 2.144 2.074 2.100
Co(1)-N(2) 1.886(3) 2.001(2) 1.883(4) 1.936(4)
Co(1)-N(4) 1.890(3) 1.985(2) 1.887(4) 1.974(4)
Co—N,yal 1.888 1.993 1.885 1.955
Co-N,, 2.014 2.093 2.011 2.052

space group Cc (Table 1). As expected, both complexes are
mononuclear compounds, where the Co™ ion is coordinated by
two chelating terpy-CH,OH ligands. The asymmetric unit
contains the cationic [Co(terpy-CH,OH),]** unit and two
SCN~ or SeCN~ counterions (Figure 1). The Co" ion lies in a

b
a) 01 HI ) o 188

Figure 1. Molecular structures of complexes 1 (a) and 2 (b) at 193 K.
The SCN™ and SeCN™ anions were hydrogen-bonded to the OH
groups of the ligands (dotted lines).

distorted octahedral coordination environment with a Ng
donor set from two terpy-CH,OH ligands in a bis-meridional
fashion. For both compounds at low temperatures, the axial
Co—N bonds (Col—N2 = 1.886 (3) A, Col—-N4 = 1.890 (3)
A with an average Co—N,;, = 1.888 A for 1'™; and Col-N2 =
1.883 (4) A, Col—N4 = 1.887 (4) A with an average Co—N,,;
= 1.885 A for 2T) are significantly shorter than the equatorial
Co—N bonds (2.068 (2) to 2.086 (2) A with an average Co—
N, quatorial = 2:076 A for 1'" and 2.062 (4) to 2.089 (4) A with
an average Co—N,guoriat = 2.074 A for 2, Table 2). These
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parameters are all consistent with the compressed octahedral
geometry of the Co" center and are similar to the reported
ones for the [Co(Rterpy),]X,-Solvent complexes in the LS
states, indicating the LS state for both complexes at 193 K. As
for the SCN™ and SeCN™ anions, they are both involved in the
hydrogen bond interactions between the OH groups of the
terpy-CH,OH ligands (Figure 1). The average O--N distances
are about 2.75 and 2.79 A for 1" and 2'7, respectively. Details
of the hydrogen bonds can be found in Table S6. These
hydrogen bonds are very important for their SCO properties
and will be further discussed later together with their high-
temperature structures.

Magnetic Properties. To check their SCO properties,
variable temperature dc susceptibility data from 2 to 400 K
(300 — 2 - 400 — 2 K) of both complexes 1 and 2 were
measured on the well-ground single crystal samples under a dc
field of 1 kOe at a temperature sweep rate of 5 K/min. These
results are displayed in Figure 2 as T vs T plots. In general,

a) 2.0
1.8
L6
1.4
1.2
1.0
0.8
0.6
0.4

——4 K/min
2 K/min
—— 1 K/min

ul /! em’mol'K

X
310 330 330
=gt Cooling 1 ==e==Warming 1
A= Cooling 2=w—Warming 2

N

0 50 100 150 200 250

T/K

300 350 400

b) 2075
1.8
1.6
1.41,.
1.2
1041
0.8
0.6
0.4

——4 K/min
2 K/min
—— 1 K/min

T/ em®mol'K

0 380 390 Ll
=8 Cooling 1 === Warming |
[==d==Cooling 2 ==w==Warming 2

Z)

100 150 200 250 300 350 400
T/K

50

Figure 2. Temperature-dependent T plots for complexes 1 (a) and
2 (b) measured in the cooling and warming modes (5 K/min). The
inset graphs show the enlarged part of the hysteresis loops measured
at different temperature scan rates (4, 2, and 1 K/min).

both complexes show very gradual transitions below 300 K,
while abrupt SCO transitions with clear hysteretic loops occur
at higher temperatures above 320 K, up to around 400 K for
complex 2. During the first cooling process from 300 K, the

T curve of 1 decreases gradually from 0.562 to 0.436 cm® K
mol™" at 150 K and remains almost constant upon further
cooling to 2 K. The value at 2 K, 0.461 cm® K mol™, is close to
the value for the LS state for the spin-only Co" ion (S = 1/2,
amT = 0375 cm® K mol™" if g = 2.0). Upon heating to 300 K,
the curve overlaps with the cooling one, indicating a very
gradual SCO below 300 K. On further heating, the T curve
increases gradually to 0.774 cm® K mol™" at 330 K and then
increases abruptly to 1.505 cm® K mol™" at 340 K, followed by
a further gradual increase to 1.770 cm® K mol™" at 400 K. In
the second cooling process from 400 to 2 K, the y\T curve
exhibits a two-step transition in the temperature range of 330—
320 K and overlaps with the previous curves upon further
cooling. In addition, to check the effect of the temperature
sweep rates on the SCO transition, the magnetic susceptibility
data were also measured at different temperature scan rates (1,
2, and 4 K/min) between 310 and 340 K (inset of Figure 2).
As can be seen, two-step transitions were clearly observed in
the cooling mode for all of the curves at different scan rates. In
addition, only the warming curves show a small sweep rate
dependence where the transition temperature increases slightly
upon faster temperature sweeping. These results were further
confirmed by the DSC measurements (vide post). From these
results, it is clear that compound 1 shows an abrupt spin
transition with a hysteretic loop. The transition temperatures
obtained from the derivation of the yT curves are T, (1) =
3293 K, Ty),,(2) = 324.1 K, and T,),;= 334.5 K at a sweep
rate of 5 K/min, giving a hysteretic loop with a width of 10.4 K
(Figure 2a).

For complex 2, its magnetic property is very similar to that
of 1 with a higher transition temperature and a smaller
hysteresis loop (Figure 2b). The transition temperatures were
estimated to be T ,) = 391.6 K and T ,5y= 396.6 K at a sweep
rate of 5 K/min, giving a hysteresis loop with a width of 5 K
(inset of Figure 2b). In addition, the temperature sweep rate
dependence was observed only in the warming curves, where
the transition temperature increases slightly upon faster
temperature sweeping. The detailed transition temperatures
and widths of the loops at different scan rates for both
complexes are listed in Table S7. Also, from the shape of the
JumT curves, we noticed that although the SCO transition to
the LS state is complete at low temperatures, the transitions
from the LT to HT states for both complexes are incomplete.
The T values at 400 K in the HT state (1.770 and 1.924 cm®
K mol™") are low for a high spin Co" center. The yT value for
the fully HS [Co(terpy),]** compounds with S = 3/2 is about
2.5 ecm® K mol™" according to the literature."*>>* Therefore, at

a) —5 K/min b) —5 K/min
——4 K/min ——4 K/min
= coolin —2K/min| = ——2 K/min
E ng —— 1 K/min E cooling —— 1 K/min
; "\ — ;
2 2
R m— —\ 5
< 3
= heating = V
heating
—_—
310 320 330 340 350 388 390 392 394 396 398
T (K) T (K)

Figure 3. DSC curves of complexes 1 (a) and 2 (b) in the heating and cooling modes at different temperature sweep rates (5, 4, 2, and 1 K min™").
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Figure 4. Variable-temperature PXRD patterns for 1 (a) and 2 (b), together with the patterns calculated from the single-crystal structures measured
at 190 and 400 K. The diffraction data were recorded following the sequential heating—cooling—heating processes (233 — 403 — 303 K for 1 and

233 — 410 — 300 K for 2).

400 K, the yyT values indicate approximately 64 and 72% HS
state for compounds 1 and 2, respectively (yy T =y X 2.5 + (1
—7) X ymT(2K), y = %HS). In addition, the changes in the y
values during the hysteresis loops upon heating were estimated
to be 0.42 (from 320 to 340 K) and 0.30 (from 390 to 400 K)
for 1 and 2, respectively. The incompleteness of SCO
transition and the existence of the hysteresis loops indicate
that the SCO transitions in both complexes might have other
origins such as the structural phase transitions, as will be
discussed later.

DSC Measurements. The observed thermal SCO
transitions in both complexes were further confirmed by
DSC measurements with different temperature sweep rates,
and the results are depicted in Figure 3. For both complexes,
sharp exothermic and endothermic peaks were observed upon
cooling and heating (Figure 3). In general, these peak
temperatures closely match the peak temperatures in the
d(ymT)/dT curves, as discussed above. For complex 1, two
peaks were observed upon cooling, while one peak was present
on heating, confirming the observation of the two-step spin
transition of 1 only upon cooling. For complex 2, only one
peak is observed upon either cooling or heating. In addition,
sweep rate dependences were observed in the heating mode for
both complexes: the peaks appeared at lower temperatures
with lower scan rates (Figure 3). The temperatures of these
peaks at different sweep rates are listed in Table S8. These
observations are all consistent with the temperature-dependent
xmT(T) plots. Surprisingly, in the DSC curves, we noticed that
there is also some sweep-rate dependence in the cooling mode
for compound 2, which is not observed in the magnetic
measurement. For now, we do not know the reason for this
inconsistency considering the general agreement of the DSC
and magnetic results. From the DSC data, the enthalpy
changes (AH) and entropy changes (AS) associated with these
peaks for both complexes were calculated and are listed also in
Table S5. The AH values are around 14—16 kJ mol™', while
the AS values are about 40 J mol™" K. These obtained AH
and AS values are similar to those obtained for other Co" SCO
complexes with abrupt spin transitions.”**** For a pure SCO
from S = 1/2 to 3/2, the spin-only entropy change is AS,;,
RIn[(2S + 1)ys/(28+1)5] = RLn2 = 5.8 J-mol™! K In
addition, the order—disorder phase transition with a twofold
disorder in the high-temperature region (vide post) also leads
to an entropy change of ASy= RLn2 = 5.8 J-mol™" K.
The very large experimental entropy change compared with
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the sum of these two entropy contributions (11.6 J-mol™" K™")
reveals a considerable contribution from the lattice vibration
and also the orbital contribution for the high-spin Co" centers.

Variable Temperature X-ray Crystallography. Since
both the magnetic and DSC results suggest that the SCO
transitions observed in both complexes are accompanied by a
structural phase transition, variable-temperature X-ray crystal-
lography, both powder X-ray diffraction (PXRD) from 233 to
410 K and single-crystal X-ray diffraction at multiple
temperatures (see above) were performed for complexes 1
and 2.

As shown in Figure 4, the PXRD data were collected at 233
— 403 — 303 K for complex 1 and 233 — 410 — 300 K for
complex 2. At 233 K, the PXRD patterns for both complexes
closely match the simulated patterns from the single-crystal
structure data at 193 K, confirming their phase purity. Upon
heating from 233 to 323 K for 1 (233—393 K for 2), no clear
changes can be observed in the PXRD patterns. A further
change of the temperatures (333—403 K and down to 353 K
for 1; and 400—410 K for 2) of both compounds leads to clear
changes in the PXRD patterns. The PXRD spectra at the
elevated temperatures match well with the simulated ones from
the single-crystal data measured at 400 K for both complexes.
Finally, the decrease of the temperatures down to below 328 K
for 1 (390 K for 2) leads to the original LT PXRD patterns.
These results confirmed the existence and full reversibility of
the thermally induced phase transition for both complexes.
The transition temperatures (about 323—333 K for 1 and
393—400 K for 2) are consistent with the results obtained
above.

In addition, the single-crystal structures at different temper-
atures up to 400 K for both complexes have been successfully
determined, and the structures at 400 K are denoted as 1HT
and 277, respectively (Table 1 and Figure S3). We need to
point out that although there is no solvent loss for both
complexes, the quality of the single crystals of both complexes
degrades at 400 K and the diffraction intensity decreases,
which leads to the low quality of the single crystal data at 400
K compared to the LT data. However, these HT data are still
good enough for the structure determination, and most
importantly, for the magneto-structural relationship analyses.
Interestingly, although complexes 1 and 2 have the same space
group (Cc) at the LS state, their space groups are different for
the HT states. For compound 1, although the Cc space group
remains at 400 K, the S value of the unit cell changes
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remarkably from 106.087(2)° for 1 to 99.255(14)° for 117,
As for compound 2, the space group changes from a
monoclinic Cc for 2 to an orthorhombic P2,2,2, for 2HT
at 400 K. These changes clearly confirm the structural phase
transition for both complexes, consistent with the above
variable temperature PXRD results. In addition, we want to
point out that although the thermal-induced structural phase
transition glays critical roles in the hysteretic Co" SCO
complexes,”**°>3%35 direct confirmation of the phase
transition with single crystal structures at both spin states is
still quite rare for the Co! SCO complexes.”*™***%%7
Although they crystallize in different space groups at 400 K,
the HT phase structures of the two complexes are also very
similar. The main structure is still a mononuclear [Co(terpy-
CH,0OH),]*" cation linked to the anionic counterions with
hydrogen bonds involving the OH groups of the ligands
(Figures S and 6). Interestingly, and also most importantly, the
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Figure 5. (a) Asymmetric unit of compound 177 at 400 K; (b,c) two
—CH,OH groups of 1 and 1T showing the disorder of the
—CH,OH group and noncoplanar ligands at 400 K.
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Figure 6. (a) The asymmetric unit of compound 2%7 at 400 K; (b,c)
the two —CH,OH groups of 2T and 2" showing the disorder of the
—CH,OH group and noncoplanar ligands at 400 K.

—CH,O0H groups of the terpy-CH,OH ligands in the HT
structures are found to be disordered over two positions. For
complex 1, the disorder can be found in one of the two
—CH,0OH groups in the [Co(terpy-CH,OH),]*" cation
(Figure Sa), while both of the two —CH,OH groups in the
two terpy-CH,OH ligands in complex 2 are disordered (Figure

6a). Interestingly, we noticed that for both complexes, the
oxygen atoms of the —CH,OH groups are almost coplanar
with the carbon atoms of the terpy-CH,OH ligand at 193 K
(Figures Sc and 6¢), while they are disordered and rotate
significantly away from the plain of the rest of the terpy-
CH,OH ligand at 400 K (Figures Sb and 6b). In addition, the
terpy-CH,OH ligands show significant bending at 400 K while
they are coplanar at 193 K. Accompanied by this rotation, the
positions of the SCN™ and SeCN™ anions were found to
change slightly upon changing to the HT phase (Figure S3).
Note that since the crystal data at 400 K are not as good as
those at 193 K, the modeling of the disordered dangling
—CH,O0H groups and the SCN™ and SeCN™ anions is rather
difficult. This means that the structural parameters of the O—
H--N hydrogen bonds might not be very accurate, and these
parameters should be taken as reasonable estimates. However,
the thermally induced order—disorder structural phase
transitions for both complexes have been undoubtedly
confirmed from the structures at 400 K. In general, at high
temperatures, there is enough thermal energy available for the
components of the system to move freely and randomly,
leading to disorder of the system. When the temperature is
lowered, the thermal energy decreases and the components
start to interact and attract each other more strongly (via H-
bonds involving the OH groups in complexes 1 and 2). This
leads to the formation of localized order, resulting in the
transition from a disordered phase at a high temperature to an
ordered phase at a low temperature. The order—disorder
structural phase transition has been proven to be very valuable
for the SCO transitions as many interesting SCO properties,
such as the hysteretic SCO, reverse SCO, multiple SCO, and
so on, have been found to be caused by the order—disorder
structural phase transition,'**3"%

Along with the order—disorder structural phase transition
that occurred in both complexes, changes in some important
structural parameters involving the cobalt centers were
observed, which agree well with their SCO transitions. As
listed in Tables 2, 3 and S3, important geometric parameters in
both spin states at different temperatures, including the average
Co—N bond length (Co—N,,), the distortion parameter X
(defined as the sum of the deviation from 90° of the 12 cis N—
Co—N angles of the CoNg octahedron), ¢ (defined as the
interligand angles for trans-N—Co—N), © (defined as the sum
of the deviation from 60° of the 24 trigonal angles of the
projection of the CoNy octahedron onto its trigonal faces), and
CShMs (continuous shape measure values of the CoNg
octahedron calculated by SHAPE2.0,>° Table S9), were
calculated. As observed, for both complexes, the Co—N,,, Z,
©, and CShMs parameters all display a noticeable increase
when the temperature increases, while parameter ¢ demon-
strates a contrary trend. The increase of the Co—N,, indicates
the increase of the volume of the CoNg core from the LT to
HT state, while the increases of X, ®, and CShMs and
decreases of @ are all consistent with the increased distortion
of the octahedral geometry in the HS state. Therefore, changes
in all these parameters clearly indicate the occurrence of the
SCO transition in both complexes and are consistent with the
reported examples. The changes of these parameters before the
hysteretic phase transitions are more gradual, while they
undergo drastic changes during the hysteretic phase transition.
For instance, the ACo—N,, values are both 0.012 A from 193
to 320 K for complex 1 and from 193 to 350 K for complex 2,
while they are 0.035 A from 320 to 340 K for 1 and 0.020 A
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Table 3. Structural Parameters of Complexes 1-2 at Different Temperatures

complex 1 complex 2
193 K 300 K 320 K 340 K 400 K 193 K 300 K 350 K 390 K 400 K
Co-N,, [A] 2.014 2.023 2.026 2.061 2.093 2.011 2.018 2.023 2.032 2.052
2 [°] 85.53 88.60 89.40 104.8 107.58 85.10 87.40 90.20 95.20 106.06
0 [°] 291.19 298.64 301.29 346.57 35326 289.40 295.92 304.78 318.28 348.67
@ [°] 179.40 179.63 179.55 176.60 176.28 179.53 179.67 179.54 179.44 178.23
CShM 2227 2.325 2.362 3.072 3.196 2.204 2.293 2415 2.602 3.097

from 390 to 400 K for 2. In addition, the Co—N,, for
compound 1 continues to increase after the phase transition
from 340 to 400 K. This observation suggests that SCO was
not fully completed after the phase transition at 340 K,
consistent with the magnetic results. We also noticed that the
Co—N,, value (2.052 A) for complex 2 at 400 K is significantly
lower than that (2.093 A) of complex 1 at 400 K, while the
other structural parameters of these two complexes are close to
each other. We speculated that this difference might be
because the temperature for 287 (400 K) is very close to its
phase transition temperature (390 K). From the analysis of the
single crystal data obtained at various temperatures and
examination of the magnetic data, it can be deduced that the
observed hysteresis in both complexes arises from a phase
transition associated with an order—disorder transformation.
Nonetheless, it should be noted that following this phase
transition neither of the complexes attains a pure high-spin
state due to the fact that the temperature does not reach a
sufficiently elevated level.

SCO behaviors in the solid state are not only determined by
the first coordination sphere of the metal center but also
affected by more subtle crystal packing effects. Careful
examination of the intermolecular interactions could reveal
more insights into the structure—function relationship. As
illustrated in Figure 7, both complexes 1 and 2 exhibit

Figure 7. “Terpyridine embrace” packing motifs of complexes 1 and 2
at 193 (left) and 400 K (right), showing the intermolecular 77 (red
dotted lines) and C—H--x (green dotted lines) interactions. The
counterions were not shown for clarity.

characteristic “terpyridine embrace” packing motifs for their
cations, where the 7w contacts and edge-to-face C—H--7w
contacts between adjacent ligands efficiently link these cations
to form a 4-fold aryl embrace (P4AE) structure.”” These
efficient interactions involving the 7 electrons and hydrogen
bonds between the OH groups and the anions should be
responsible for the intermolecular cooperativity of the SCO
transitions. The z---n7, C—H---z (Table S10), and also the O—
H--N bond distances (Table S6) are slightly longer in the HT
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phases compared to the ones in the LT phases, which means
that the packing of the cations is slightly looser in the HT
phases. This might be due to thermal expansion at HT phases.
In addition, in these 2D layers, we can also notice that the
disordered OH groups point to two different orientations at
the HT phase while they are ordered at the LT phase as shown
in Figure 7. In addition, in the packing diagram, we can see
that the positions of the anions change significantly upon the
phase transition from the HT phase to the LT phase for both
complexes (Figure S3), which should also be due to the
diorder of the —CH,OH groups.

Finally, we noticed that the transition temperatures of
complex 2 with the SeCN™ counterion are slightly higher than
those of complex 1 with the SCN™ anion. Since the SCO
transitions of both complexes are associated with the thermally
induced phase transitions, we believed that the differences in
the size and mass of the SCN™ and SeCN™ anions might be
responsible for their different transition temperatures. As we
can see in the former analysis, the thermally induced structural
phase transition involves the order—disorder of the —CH,OH
groups, which leads to the movement of the SCN™/SeCN~
anions that are H-bonded to the OH groups. Therefore, we
speculate that the change in the positions of the heavier
SeCN™ anions will occur at higher temperatures, which is
consistent with the higher transition temperatures of complex
2. Furthermore, we also want to point out that the transition
temperatures for both complexes are among the highest in the
reported Co" SCO complexes (Table S11). Of course, as many
Co-Rterpy complexes are still in the LS state at room
temperature, the possible transition temperatures of these
complexes might be very high.

B CONCLUSIONS

In summary, by using a new terpy-type ligand with a —CH,OH
substitution in the 4’-position, two new cobalt(II) complexes
with interesting SCO behaviors have been synthesized and
characterized structurally and magnetically. These two
compounds show abrupt hysteretic SCO transitions at high
temperatures compared with those of the reported cobalt(II)
complexes. Detailed variable temperature studies including the
variable temperature X-ray powder diffraction, DSC measure-
ments, and single-crystal X-ray diffraction at both spin states
have confirmed that the thermally induced order—disorder
phase transitions involving the dangling —CH,OH groups are
responsible for the spin transitions of both complexes. In
addition, the SCO transition temperatures are dependent on
the anionic counterions, and the compound with the SeCN™
anion has quite a high spin transition temperature (near 400
K) with clear structures at both spin states. The results
reported here indicate that the decoration of the terpy-type
ligand is very promising for the preparation of new cobalt(II)
SCO complexes. Further attempts for new cobalt(I) SCO
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complexes using this new ligand and other related ligands with
different anions are currently being performed in our lab.
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