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The complex [Fe(tpa)(NCS)2] showed successive polymorphic
transformations (polymorphs II-IV) that produced crystals with
distinct changes in color, crystal structure, and spin-crossover
behavior.

Polymorphism arises when a complex is able to crystallize
inmore than one form (polymorph) possessing different con-
formations and/or arrangements of the molecules in the unit
cell.1 Though chemically identical, the physical and chemical
properties of polymorphs of the same substance may vary
significantly. Nowadays, polymorphism has been maintain-
ing its significance in crystal engineering based on the very
idea of the rational design and construction of functional
materials with predefined architectures and physical proper-
ties starting from the choice of the molecular components.2

Spin-crossover (SCO) complexes, whose intra-ionic electron
transfer between different spin states could occur upon
external stimuli, are a class of fundamentally interesting
materials.3 The effects of polymorphism on SCO have been
known since the first example was reported by K€onig and

co-workers,4 where differences in the abruptness and residual
high-spin (hs) molecules at temperatures below Tc are found
betweenpolymorphs arising fromdifferent preparativemeth-
ods. The importance of polymorphism in monomeric SCO is
that polymorphs show different intermolecular interactions
in long-range order, which, in turn, greatly influence the tran-
sition behavior of SCO complexes. In view of this, a number
of such SCO complexes with polymorphs were investigated,
and the correlation between the polymorph and the nature
of the spin transition was well studied.5 However, although
up to four polymorphs of one SCO complex have been
found,5d the obtainment of polymorphs of SCO complexes
is still a result of serendipity, such as the coexistence of
polymorphs in supersaturated solutions5a,f or crystallization
under different conditions.4,5c,5d To the best of our knowl-
edge, no polymorphs of the SCO complex have been found to
be generated from other polymorph(s) through polymorphic
transformation.
We have recently reported the crystal structure of a well-

studied SCO complex [Fe(tpa)(NCS)2],
6a,b here named as pI,

and its interesting methanol-vapor-induced single-crystal-
to-single-crystal transformation behavior.6c It is when we
attempted to synthesize other solvates of the same complex
and to investigate the possible solvent influence on their
SCO properties that we came across three new polymorphs

*To whom correspondence should be addressed. E-mail: taojun@xmu.
edu.cn (J.T.), zhiping@u.arizona.edu (Z.Z.).

(1) (a) Dunitz, J. D.; Bernstein, J. Acc. Chem. Res. 1995, 28, 193. (b)
Bernstein, J. Polymorphism in Molecular Crystals; Oxford University Press:
Oxford, U.K., 2002. (c) Mullin, J. W. Crystallization, 4th ed.; Elsevier: London,
2001. (d) Bernstein, J. Polymorphism in Molecular Crystals; Clarendon Press:
Oxford, U.K., 2002.

(2) (a) Braga, D.; Grepioni, F.; Desiraju, G. R.Chem. Rev. 1998, 98, 1375.
(b) Blake, A. J.; Champness, N. R.; Hubberstey, P.; Li, W. S.; Withersby, M. A.;
Schr€oder, M. Coord. Chem. Rev. 1999, 183, 117. (c) Moulton, B.; Zaworotko,
M. J.Chem. Rev. 2001, 101, 1629. (d) Desiraju, G. R.Cryst. Growth Des. 2008,
8, 3. (e) Aaker€oy, C. B.; Champness, N. R.; Janiak, C. CrystEngComm 2010,
12, 22.

(3) (a) Shultz, D. A. Magnetism: Molecules to Materials II; Miller, J. S.,
Drillon, M., Eds.; Wiley-VCH: Weinheim, Germany, 2001; p 281. (b) G€utlich, P.;
Goodwin, H. A. Top. Curr. Chem. 2004, 234, 1. (c) G€utlich, P.; Garcia, Y.;
Goodwin, H. A. Chem. Soc. Rev. 2000, 29, 419. (d) Bai, Y.-L.; Tao, J.; Huang,
R.-B.; Zheng, L.-S.; Zheng, S.-L.; Oshida, K.; Einaga, Y.Chem. Commun. 2008,
1753. (e) Tao, J.; Maruyama, H.; Sato, O. J. Am. Chem. Soc. 2006, 128, 1790.
(f) Li, B.; Tao, J.; Sun, H.-L.; Sato, O.; Huang, R.-B.; Zheng, L.-S. Chem.
Commun. 2008, 2269. (g) Li, B.; Yang, F.-L.; Tao, J.; Sato, O.; Huang, R.-B.;
Zheng, L.-S. Chem. Commun. 2008, 6019.

(4) (a) K€onig, E.; Madeja, K. Inorg. Chem. 1967, 6, 48. (b) K€onig, E.;
Madeja, K.; Watson, J. K. J. Am. Chem. Soc. 1968, 90, 1146.

(5) (a) Sheu, C.-F.; Chen, K.; Chen, S.-M.; Wen, Y.-S.; Lee, G.-H.; Chen,
J.-M.; Lee, J.-F.; Cheng, B.-M.; Sheu, H.-S.; Yasuda, N.; Ozawa, Y.;
Toriumi, K.; Wang, Y. Chem.;Eur. J. 2009, 15, 2384. (b) L�etard, J.-F.;
Chastanet, G.; Nguyen, O.; Marcen, S.; Marchivie, M.; Guionneau, P.; Chasseau,
D.; G€utlich, P.Monatsh. Chem. 2003, 134, 165. (c) Reger, D. L.; Gardinier, J. R.;
Smith, M. D.; Shahin, A. M.; Long, G. J.; Rebbouh, L.; Grandjean, F. Inorg.
Chem. 2005, 44, 1852. (d) Sheu, C.-F.; Chen, S.-M.;Wang, S.-C.; Lee, G.-H.; Liu,
Y.-H.; Wang, Y. Chem. Commun. 2009, 7512. (e) Ozarowski, A.; McGarvey,
B. R.; Sarkar, A. B.; Drake, J. E. Inorg. Chem. 1988, 27, 628. (f) Matouzenko,
G. S.; Bousseksou, A.; Lecocq, S.; van Koningsbruggen, P. J.; Perrin, M.; Kahn,
O.; Collet, A. Inorg. Chem. 1997, 36, 5869. (g) Moliner, N.; Mu~noz, M. C.;
L�etard, S.; L�etard, J.-F.; Solans, X.; Burriel, R.; Castro, M.; Kahn, O.; Real, J. A.
Inorg. Chim. Acta 1999, 291, 279. (h) Gaspar, A. B.; Mu~noz, M. C.; Moliner, N.;
Ksenofontov, V.; Levchenko, G.; G€utlich, P.; Real, J. A. Monatsh. Chem. 2003,
134, 285.

(6) (a) Højland, F.; Toftlund, H.; Yde-Andersen, S. Acta Chem. Scand.
1983, A37, 251. (b) Paulsen, H.; Gr€unsteudel, H.; Meyer-Klaucke, W.; Gerdan,
M.; Gr€unsteudel, H. F.; Chumakov, A. I.; R€uffer, R.; Winkler, H.; Toftlund, H.;
Trautwein, A. X. Eur. Phys. J. 2001, B23, 463. (c) Li, B.; Wei, R.-J.; Tao, J.;
Huang, R.-B.; Zheng, L.-S.; Zheng, Z. J. Am. Chem. Soc. 2010, 132, 1558.



Communication Inorganic Chemistry, Vol. 50, No. 4, 2011 1171

(pII-pIV), not by simultaneous crystallization from the same
solution but via successive polymorphic transformations.
The crystals of pII were obtained by layering a N,N-

dimethylformamide (DMF) solution of pI on top of water
(Supporting Information). By immersion of pII crystals in
a DMF/water (1:5) solution, dramatic color changes from
yellow to red and then to dark red occurred successivelywithin
1 month (Figure S1 in the Supporting Information). Crystal-
lographic studies (see below) clearly indicated that two new
polymorphs, III (red) and IV (dark red), were formed, and
the color changes suggest that the spin states of the FeII cen-
ters might have changed. This means that an unexpected
polymorphic transformation (II to IV) via an unambiguous
intermediate phase (III) is observed. It should be noted that
polymorphs III and IV could only be obtained through the
transformation of II.
Crystal data of pII, pIII, and pIVwere collected at various

temperatures in order to correlate the structures with differ-
ent SCO phases identified by the magnetic studies (Figure 1).
Crystal data and structural parameters are given in Tables S1
and S2 in the Supporting Information. The asymmetric unit
of each of these polymorphs contains two crystallographi-
cally distinct complex units, herein denoted as [FeA(tpa)-
(NCS)2] (the FeA unit) and [FeB(tpa)(NCS)2] (the FeB unit),
respectively. Each distorted [FeN6] octahedron is formed by
four N atoms belonging to tpa and two provided by the cis-
disposed NCS- groups.
Strong correlations between the Fe-N bond lengths and

the spin states of theFeII centers at various temperatures have
been established. Specifically, pII crystallizes in the mono-
clinic space group P21/c. At 293 K, the Fe-N bond lengths
range from 2.016(3) to 2.258(3) Å with averages of 2.154 and
2.168 Å for the FeA and FeB units, respectively. Both values
are in the range expected for a hs FeII-N bond, and the spin
state is consistent with the results of the room-temperature
magnetic measurements (Figure 2). As a comparison, the
FeA-Nbond length has an average of 1.963 Å at 120K, typ-
ical of a low-spin (ls) FeII-N bond, whereas the average

FeB-Nbond length remains essentially unchanged (2.169 Å)
with respect to its counterpart at 293 K. A transition of pII
from hs FeA/hs FeB to ls FeA/hs FeB upon lowering of the
temperature is thus inferred.
pIII also crystallizes in the monoclinic space group P21/c.

At 293 K, the average Fe-N bond lengths are 2.135 and
2.167 Å for the FeA and FeB units, respectively, indicating
that both FeII centers are in the hs states. Upon cooling to
192K, the averageFeA-Nbond length showsa sizable decrease
to 1.990 Å, whereas the corresponding value associated with
the FeB site remains unchanged; a hs FeA/hs FeB to ls FeA/hs
FeB transition of pIII is thus suggested in this temperature
range. The longer bond (FeB-N)was shortened to 1.959 Å at
140 K, while the FeA-N bond length decreases only slightly,
from 1.990 to 1.956 Å, corresponding to a transition from the
ls FeA/hs FeB state to a state of ls FeA/ls FeB, and the com-
pletion of a two-step spin-transition process.
pIV crystallizes in the triclinic space group P1. Its crystal

data were collected at 350K, 250K (inflection point as deter-
mined by magnetic studies), and 150 K. The average Fe-N
bond lengths for the FeA and FeB units at these temperatures
(Table S2 in the Supporting Information) indicate that pIV
undergoes a complete two-step spin transition, from a hs
FeA/hs FeB state to a ls FeA/hs FeB state and then to a ls FeA/
ls FeB state. Such transitions are in good agreement with the
results obtained in the following magnetic studies.
Themain differences between these polymorphic structures

are in their crystal-packing patterns (Figure 1). The packing
of pII can be viewed as layerswith alternatewavelike FeA and
FeB chains, parallel to the ab plane, stacking along the c axis,
while that of pIII is formed by stacking along the c axis of
layers containing parallel wavelike chains with alternating
FeA and FeB units in the ab plane. For pIV, layers in the ab
plane containing mutually parallel chains of FeA and FeB
units, respectively, stack along the c axis. The three new struc-
tures, pII-pIV, are all stabilized by intermolecular π 3 3 3π
interactions between neighboring tpa pyridine groups and
S 3 3 3H-C hydrogen bonds (Table S2 in the Supporting
Information) deviating from each other and may be respon-
sible for the different SCO abruptness and transition tem-
perature. Especially for pIII, whose intermolecular interac-
tions are stronger than those of pII and pIV (Table S2 in the
Supporting Information), indicating stronger cooperativity
within the pIII crystals that results in an abrupt and coop-
erative (hysteresis) spin transition (see below).
The magnetic susceptibilities of pII, pIII, and pIV mea-

sured in an applied field of 5000 Oe are shown in the form of
χMT versus T plots (Figure 2). pII (two SCO centers) shows
a transition similar to that of pI (only one SCO center)6c but
without hysteresis. Between 250 and 300 K, the χMT value
remains essentially constant at 6.76 cm3 Kmol-1, suggesting

Figure 1. Crystal packing of pII-pIV (from left to right). FeA units are displayed in capped-stick form and FeB in ball-and-stick form.

Figure 2. χMT versus T plots of pII, pIII, and pIV (per Fe2 unit).
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two hs FeII ions. The χMT value decreases upon cooling, and
a value of 3.60 cm3Kmol-1 was reached at 160K. Following
the wide plateau between 160 and 20 K, a sudden decrease of
the χMT value was observed, possibly because of the zero-
field effect of the residual hs FeII ions,7 that is, the FeB unit, as
revealed by crystallographic studies detailed above.
pIII displays a two-step spin-transition process, with the

transition temperature at 235 and 176 K, respectively, sepa-
rated by a narrow plateau between 200 and 180 K. The exis-
tence of three separate phases with distinct spin states is thus
suggested. At 360 K, the χMT value is 6.76 cm3 K mol-1,
corresponding to a hs FeA/hs FeB state. The χMT value
decreases upon temperature lowering, and a complete transi-
tion to a ls FeA/hsFeB state is reached at approximately 180K.
Interestingly, a hysteresis loop with a width of ca. 20 K was
observed in the lower-temperature transition step, indicating
a cooperative transition. pIV displays a complete two-step
transition with critical temperatures at 293 and 230 K,
respectively. The intermediate inflection point is located at
250 K with a χMT value of 3.34 cm3 K mol-1, suggesting an
authentic hs FeA/ls FeB state.
Thermodynamically, the polymorph representing the low-

est free-energy state is preferred for a given set of conditions.1

The nucleation of this particular form, however, may suffer
from a higher activation energy. If the common view that
nucleation defines crystallization holds, onewould expect the
metastable phase with the lowest energy barrier for nucle-
ation to crystallize out first, followed by its transformation to
the thermodynamicallymost stable formbyway of any inter-
mediates that may be energetically accessible.1,8 The present

successive polymorphic transformations thus provide a per-
fect crystallization paradigm that follows Ostwald’s Rule of
Stages.9 Accordingly, a generic depiction of the free energy
versus nucleation coordinate is shown in Figure 3, whereGSS

stands for the energy state of the supersaturated solution of
pI in DMF/H2O, whileGII,eq,GIII,eq, andGIV,eq stand for the
energy states at equilibria of pII, pIII, and pIV, respectively.
pII, kinetically favored because of its smaller activation
energy EII would nucleate at a faster rate than pIII or pIV.
Driven by the lower free energy of pIII, solution-mediated
polymorphic transformation ensued with the partial dissolu-
tion of pII and concomitant crystallization of pIII; the
nucleation of pIII was presumably facilitated by the sympa-
thetic surface of the continuously dissolving pII because the
nucleation barrierEIII(surface) is lower than the correspond-
ing activation energy if pIIInucleated directly from the super-
saturated solution. In other words, the preexisting polymorph
acts as a template that guides the nucleation of the nextmeta-
stable form with a pathway significantly different and with
much lower energy than the onewithout the preexisting poly-
morph. The subsequent transformation from pIII to pIV
followed a similar pathway but was much lengthier than the
one from pII to pIII.
In summary, we report herein the isolation and identifica-

tion of three new polymorphs of the SCO complex [Fe(tpa)-
(NCS)2] and their extraordinary successive transformations.
Such transformations are accompanied with dramatic color
changes, originating from their distinct, structurally depen-
dent electronic spin states, affording crystalline materials
with altered SCO properties, as indicated by the magnetic
measurements. This is the first example that shows successive
polymorphic transformation in the SCO system. The present
study contributes to the fundamental understanding of the
crystallization of polymorphs. Furthermore, the ability to
systematically investigate a material’s structure-property
relationship, as exemplified here for a SCO complex, por-
tends theopportunity to fine-tune andoptimize thematerial’s
properties and to realize even better materials.

Acknowledgment.Thisworkwas supportedby theNNSF
of China (Grants 90922012, 20971106, and 20721001), the
NSF of Fujian Province for Distinguished Young Scientists
(Grant 2009J06006), and the National Basic Research Pro-
gram of China (973 program, Grant 2007CB815301).

Supporting Information Available: Experimental details, fig-
ures, tables, and crystallographic data in CIF format. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Figure 3. Energy (G) versus reaction coordinate profile for the nucle-
ation of polymorphs of [Fe(tpa)(NCS)2].
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