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Supramolecular Interactions Direct the Formation of Two
Structural Polymorphs from One Building Unit in a One-Pot

Synthesis
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/Abstract: Two polymorphs of supramolecular isomers, a dis-
crete dimer and a zig-zag chain, having the same chemical
composition, [Mn(Hbit)Cl,] (Hbit=1-methyl-2-(1H-1,2,3-tria-
zol-4-yl)-1H-benzo[d]imidazole), were obtained solvothermal-
ly in a one-pot synthesis. The isomers differ in a number of
ways: orange blocks versus pale-yellow needles, triclinic P1
versus orthorhombic Pbcn, double p,-Cl versus alternate
single and triple p,-Cl, coordination number 5 versus 6, and
antiparallel versus parallel near-neighbor orientation of Hbit.
The packing in each case is driven by the supramolecular in-
teractions, H-bonds (N—H--Cl, C—H--Cl) and -7 overlaps,
calculated to be in the range 20-36 kcalmol™'. Calculations
gave a difference of only 2 kcalmol™ in favor of the dimer,
which confirms with the observation of principally the dimer

at short reaction time. ESI-MS spectra of the dissolved crys-
tals reveal the same fragments with similar distributions. The
presence of two fragments at m/z 286.96 [Mn"(Hbit)Cl-2H]*
and 323.94 [Mn"(Hbit)Cl,] " indicates that [Mn(Hbit)Cl,] is the
building unit in both cases; thus, the different orientations
of the ligands lead to the two polymorphs stabilized by the
respective supramolecular interactions. Importantly, the
chain form represents the first example with alternate single
and triple p,-Cl bridges. The magnetic interactions are
weakly antiferromagnetic in both cases, with J in the range
0.07-0.34 cm™'; however, high-field EPR analysis reveals
moderate magneto-anisotropy with D=0.26(1) cm™', E=
0.06(1) cm™ and D=0.17(1) cm™', E=0.03(1) cm™, respec-

tively.
/

Introduction

Crystal engineering studies in coordination chemistry have
been undergoing an expansive development toward a promis-
ing future with designable structures of functional materials
having desired physical and chemical properties." The study
of their self-assembly and control of crystallization processes is
necessary and beneficial for the development of engineering
crystals with predictable structures."? Given the diversity and
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complexities of chemical reactions in solution and the uncer-
tainties that exist with respect to the process of crystal forma-
tion, control over the final crystal structures remains a chal-
lenge. It is even more so when different supramolecular iso-
mers and polymorphs are formed in a one-pot reaction. Mech-
anistic study has some difficulties because of the intricate bal-
ance of moderate coordination bond versus the weak
supramolecular interactions energies.

Among the studies of crystal engineering of coordination
complexes, genuine supramolecular isomers based on identical
chemical compositions but with structural difference provide
an invaluable opportunity to study how a balance of energies
between coordination bond, hydrogen bond, and mt--t interac-
tions can work in tandem in the self-assembly mechanism,
crystal growth process and stabilities of the phases.?”’ More-
over, genuine supramolecular isomerism derived from a one-
pot reaction of the reactants under certain conditions is such
a system, and it can be used to study the self-assembly and
crystal growth processes.

To understand the assembling process and the mechanism
involved, there is a real need to overcome certain challenges
with appropriate analytical methods and calculations.” In this
respect, mass spectrometry™ as well as theoretical studies®
have been successful in previous works.

In this work, we report a unique system in which two supra-
molecular isomers were obtained from a one-pot synthesis. We
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have studied their structural and magnetic properties and re-
vealed the importance of different supramolecular interactions
in directing the formation of the two polymorphs. The use of
mass spectrometry analysis helped enable a process of forma-
tion to be proposed. The two polymorphs, orange block crys-
tals (named dimer) and pale-yellow needles (named chain) of
[Mn(Hbit)Cl,], were obtained under solvothermal conditions
(Scheme 1). The observation of such different shapes and
colors for the two crystals encouraged us to study their crystal
structures and formation processes. Single-crystal X-ray diffrac-
tion and structure analyses of the dimer and chain forms reveal
that they are genuine supramolecular isomers without solvent
or counter ion.

One-Pot
Solvothermal Reaction

Scheme 1. Schematic presentation of the preparation of the dimer and chain
by one-pot solvothermal reaction (left); local view of the mixture (middle);
structure of the dimer and chain (right).

We highlight a strategy for investigating the bottom-up for-
mation process of the supramolecular isomers using comple-
mentary techniques such as photography, ESI-MS, crystallogra-
phy and theoretical calculations. To our knowledge, this is the
first report concerning the process of formation of genuine
supramolecular isomers using a bottom-up approach employ-
ing ESI-MS and theoretical calculations of the various bonding
energies. Unusual alternative single and triple p,-Cl bridge
were observed in the chain form. The magnetic properties of
the dimer and chain are presented in addition to their high-
field electron paramagnetic resonance (HF-EPR) spectra.

Results and Discussion
Crystal structures

X-ray structural analyses reveal that the dimer and chain crys-
tallize in different space groups, P1 and Pbcn, respectively. The
asymmetric units of the dimer and chain consist of the same
components, [Mn(Hbit)Cl,]. In the structure of the dimer, the
Mn?* exhibits five-coordination (the degree of trigonality, 7=
0.45)" with one terminal Cl, two p,-Cl and two N atoms from
a chelating Hbit (Figure 1a). In the structure of the chain, Mn**
displays six-coordination with four p,-Cl and two N atoms from
a chelating Hbit (Figure 1b). In the dimer, the molecular unit
can be considered as a combination of two [Mn(Hbit)Cl,] frag-
ments bridged by two p,-Cl, with orientations of two Hbit li-
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gands being antiparallel (Figure 1c and e). Different from the
dimer, the structure of the chain can be regarded as incorpo-
rating [Mn(Hbit)] units bridged by alternate triple and single
-Cl in a one dimensional chain, with orientations of neigh-
boring Hbit ligands being parallel (Figure 1d and f).

Dimer Chain
ci2 Cldg -
a ¢ b e’

N1 ci1

emmm

Figure 1. Structures of the dimer (left) and chain (right). a,b) Coordination
mode of Mn?*; ¢,d) connection mode of CI~; e,f) orientation mode of Hbit;
g,h) hydrogen bond; i,j) - interaction.

In the structure of the dimer, there are two kinds of H-bond
interactions within the molecular units (Figure 1g and Fig-
ure S1a in the Supporting Information). The intermolecular H-
bonds, N—H--Cl (blue dotted line, dy.c=3.202(2) A; X NHCI=
167.02(6)°), connect the neighbor units to form an infinite
chain. The second H-bond originates from C—H--Cl (Figure 1g,
orange dotted line) with C-Cl distance of 3.638(2) A, and
X CHCl=168.44(7)°. Besides the H-bonds, there are two offset
st stacking interactions in the structure (Figure 1i and Fig-
ure S1b). One is between two benzimidazole (bim) rings with
a centroid-to-centroid distance of 3.743(2) A (Figure 1i, pink
dotted line), and an interplane distance of 3.483(2) A. The
second is between two triazole (C,N;) rings with a centroid-to-
centroid distance of 3.690(3) A (Figure 1i, black dotted line),
and an interplane separation of 3.397(1) A. These four intermo-
lecular interactions are important factors for the crystallization
process of the dimer. The C—H--mt distance from the C(Me)
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atom to the nearest aromatic ring is 4.514(2) A, indicating
there is no interaction. The four interactions in the structure of
the dimer are shown in Figure S2.

In the chain, there are three kinds of H-bond to link the one-
dimensional chains forming the 3D network structure (Fig-
ure 1h and Figure S1c in the Supporting Information). The first
is N—H-Cl (blue dotted line), in which N-Cl is 3.196(1) A
(X CHN=167.80(1)°). The second H-bond is C—H--N (Figure 1h,
red dotted line), with C-+N distance of 3.328(1) A, and X.CHN=
146.02(2)°. The last H-bond stems from C—H--Cl (pink dotted
line) with a C-Cl distance of 3.746(1) A, and X CHCl=
176.39(1)°. There are two m-m stacking interactions in the
structure of chain between pairs of triazole (C,N;) rings (Fig-
ure 1j and Figure S1d). One has a centroid-to-centroid distance
of 3.649(1) A (Figure 1j, black dotted line), and an interplane
separation of 3.533(1) A, and the second has 3.869(1) A (Fig-
ure 1i, yellow dotted line) and 3.255(1) A, respectively. There is
no st(bim)--mt(bim) interaction in the structure of the chain. For
C—H--;t interactions (Figure S3, cyan and green dotted lines),
the distances from C(Me) to the nearest benzene ring are
3.453(1) A and 3.633(1) A, indicating moderate interaction. The
H-bonding and m--m interactions for the dimer and chain are
listed in Table S1. It is noted that the H-bond and the inter-
plane mt--7t interactions in the structures of dimer and chain are
comparable to those reported previously.”!

In the structure of the dimer, the Mn1--Mn1’ distance is
3.650(2) A, and the Mn1-Cl1-Mn1" angle is 93.83(2)°. In the
chain, the Mn1--Mn1’ distance and Mn1-CI-Mn1’ angles con-
nected by triple p,-Cl are 3.340(1) A and 77.99(2) and 82.76(2)°
whereas those connected by single p,-Cl are 4.399(1) A and
123.43(3)°. One of the Mn—Cl bond lengths of the triple u,-Cl
bridge is 2.794(1) A, which is longer than common coordina-
tion bonds, but still reasonable and comparable to those of re-
ported compounds (Table S2 in the Supporting Information). In
different kinds of p,-Cl bridge mode, the Mn1--Mn1" distance
and the Mn1-CI-Mn1" angles increase in the order, triple
< double <single. This feature may relate to the stability of
the three different kinds of p,-Cl bridge mode, and help us to
understand the formation process. A survey of the literature
from the CCDC database reveals there is only one ring that
contains an alternative single and triple p,-Cl bridge (Fig-
ure 54).% It is notable that this is the first report of alternating
single and triple p,-Cl bridging modes present in a one-dimen-
sional chain. This new coordination mode for ,-Cl bridge is of
interest for comparing the magnetic properties of the dimer
and chain forms.

Moulton and Zaworotko have identified four types of supra-
molecular isomerism: structural, conformational, catenane, and
optical, and noted that in-depth analyses of the crystal packing
and intermolecular contacts are a prerequisite for a good un-
derstanding of supramolecular isomerism.”? These structural
analyses have been performed in our case by considering:
1) the coordination mode of the metal ion, 2) the orientation
mode of the ligand, 3) the connection mode of the anion,
4) the dimensionality, and 5) the space group. These aspects
have been discussed to compare the two genuine supramolec-
ular isomers. Of the papers with the key words ‘supramolecular
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isomer’, 60 report genuine structures (Table S3 in the Support-
ing Information) and 13 of them used a one-pot synthesis ap-
proach. The majority (39 of 60) are related to group IB and IIB
elements and only two are Mn-based (Table S4 and Fig-
ure 55).” Table S5 lists the differences for the above criteria for
compounds of these 13 reports. It is noted that dimer and
chain forms possess the most differences compared with the
other examples (Table S5). From a chemical synthesis point of
view, the majority of papers relating to superamolecular iso-
merism focus on the crystallization process by controlling reac-
tion conditions to isolate pure isomers."” However, few dis-
cussed or studied the mechanism of transformation process of
the individual isomers in the context of the design and control
of structures of coordination polymers.?> '

Time-dependent photography

Time-dependent photography is a convenient way to monitor
crystal growth and to help understand the crystallization pro-
cess. A series of control experiments were therefore designed.
The reactants (Hbitc, MnCl,-4H,0) were stirred at room tem-
perature in CH;CN for 10 min prior to solvothermal treatment
at 140°C for different periods, 1, 4, 12, 24, and 72 h. Photo-
graphs of the solids and the mother liquors were taken (Fig-
ure S6 in the Supporting Information). As shown in Figure S6,
Hbitc and MnCl,-4H,0, are slightly dissolved in CH;CN. After
12 h, the dimer is present but there is no chain, which appears
by 24 h. For longer periods up to 72 h, the amount of dimer
and chain as well as their crystal sizes increase. The constant
presence of undissolved Hbitc and MnCl,-4H,0 in the solvo-
thermal process suggests that the slow decarboxylation pro-
cess may be the limiting factor for the production of the two
compounds.

Electrospray ionization mass spectrometry

For a better understanding of the formation process, solutions
of the compounds were studied by ESI-MS. Selected crystals of
the dimer and chain were dissolved in dimethyl sulfoxide
(DMSO) and diluted with CH;CN (Figure 2, and Figures S7-S9
and Table S6 in the Supporting Information). As shown in
Figure 2, the spectra of dimer and chain forms suggest that
they possess similar fragments. The peaks at m/z 200.09 and
245.93 correspond to [(Hbit)+H]* and [Mn"Cl;(CH;OH)(H,0);]*,
respectively. They suggest that crystal formation proceeds fol-
lowing the decarboxylation of Hbitc to Hbit. The other peaks
(m/z 215.02, 222.50, 286.96, and 323.94) were assigned to Mn-
Hbit in which Mn" was oxidized to either Mn" or Mn" under
ESI-MS conditions."? No peak was observed in the range m/z
500 to 700, which suggested that the dimer unit [Mn,(Hbit),Cl,]
is not present (Figure S7). From the decomposition behavior of
the dimer and chain, with a top-down synthesis view, a hypothe-
sis of the process of formation was therefore proposed. From
the sparingly dissolved Hbitc and MnCl,-4H,O in CH,CN, the
former was decarboxylated to Hbit and coordinates to give the
monomer [Mn(Hbit)Cl,] followed by dimerization or polymeri-
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Figure 2. ESI-MS spectra of the solutions of dissolved crystals of the dimer
(top) and chain (bottom) in DMSO and diluted in CH;CN.

zation depending on the orientation of the approaching mono-
mer.

To support this hypothesis, an experiment was designed in
which the reactants were stirred at room temperature prior to
solvothermal treatment at 140 °C for different periods followed
by filtration of the products from the mother liquors, and sub-
sequent analysis by ESI-MS (Figure 3, and Figures S10, S11 and
Table S7 in the Supporting Information). In the preparation of
the mixture for solvothermal reaction (0 h), the peaks at m/z
244.08 (b) and 245.93 (c) corresponding to [(Hbitc)+H]* and
[Mn"Cly(CH;0H)(H,0),]" indicates that Hbitc and MnCl,-4H,0
partially dissolve in CH;CN. Moreover, peaks at m/z 364.98 (f),
372.81 (g), 401.96 (h), 413.83 (i), and 448.82 (j), were all as-
signed to inorganic species, which confirms the dissolution of
MnCl,-4H,0 in CH;CN under the reaction conditions (Fig-
ure S10). Those at m/z 286.96 (d) and 323.94 (e), corresponding
to [Mn"(Hbit)CI-2H]* and [Mn"(Hbit)Cl,]*, indicate that Mn**
ion is easy to coordinate to Hbit to form the building unit
[Mn(Hbit)CL,]. It should be noted that, in the first 24 h, the Hbit
related peaks (a, d, e) increase in intensity and Mn-related
peaks (c, f, g, h, i, j) decrease in intensity, and the changes are
correlated. This result indicates that dissolution of reactants
and formation of products is essentially complete after 72 h.
The reactant-related peaks are present, even after 24 h, when
the chain appeared. This result suggests that [Mn(Hbit)Cl,] is
the basic building unit for both the dimer and chain structures.

Two pivotal questions can be asked: Why can two markedly
different compounds form under the same reaction conditions
and why is crystallization of the dimer quicker than that of the
chain? To address these two questions, complexation energies
of the coordination bond, H-bond and -7 interaction in the
structures were computed.

Theoretical calculations

The calculations based on optimized asymmetric units reveal
that the dimer is about 2 kcalmol™ (for each Mn,(Hbit),Cl,
dimer) more stable than the chain. This result corresponds well
with the experimental finding that the dimer crystallizes out
more easily and quickly than the chain. This is also in line with
the previous conclusion that energy difference between supra-
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Figure 3. ESI-MS of the reaction solutions at different times.

molecular isomerism is generally very small, a matter of a few
kcal mol """

Intermolecular interactions play an important role in the
crystallization process. Computed complexation energies for
interaction models within crystals of the dimer and chain are
listed in Table 1 (Table S8 and Figure S12 in the Supporting In-
formation). It is found that in the dimer crystal, Mn—Cl coordi-
nation bonds, it interaction between triazole rings, - in-
teraction between benzimidazole rings, and N—H--Cl hydrogen
bond have very similar complexation energies, lying in the
range of 32-36 kcal mol™". The results also indicate that forma-
tion of the dimer is most likely the fusion of two [Mn(Hbit)Cl,]
monomers, which are crystallized with the help of hydrogen-
bonding and m--; interactions. This is in line with the MS re-
sults of solution of dissolved crystals in which the [Mn(Hbit)Cl,]
fragment is the only prominent building unit (Figure 2 and
Figure 3). However, as shown in Table 1, in the chain crystal,
despite the fact that the complexation energy for forming
triple p,-Cl bridges, with the value of 53 kcalmol™, is much
larger than the interactions in dimer, the complexation energy
for single w,-Cl bridge, N—H--Cl hydrogen bond, and triazole
(GN3) ring M. > - interaction, in the range of 20-30 kcal
mol™', are much weaker in the chain than in the dimer. No
st(bim)--mt(bim) interaction is found in the chain crystal. When
considering the difference between the monomer/segment of
the dimer and chain, those of the two monomers in the dimer
are the same with the two N and two Cl forming a tetrahedron
configuration, whereas in the chain the two Mn—Cl bonds are
rotated and one Mn—Cl bond is almost co-planar with the two
N atoms. The deformation of [Mn(Hbit)Cl,] in the chain makes
crystallization more difficult than in the dimer. Despite these
differences between dimer and chain, it is expected that the
formation of both crystals are the combined effect of Mn—Cl
coordination bond and different weak interactions.

Hirshfeld surface analyses were also performed (Tables S9-
S12 in the Supporting Information). Examination of decom-
posed 2D fingerprint plots shows that the dominant interac-
tion in the packing of the dimer is Cl(inside Hirshfeld
surface)--H(outside Hirshfeld surface) followed by H--H and
H--Cl interactions, whereas the dominant interactions in the
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Table 1. Calculated complexation energies of coordination-bond, hydro-

gen-bond and -7 interaction in the dimer and chain.

Structure Bond Energy®

Coordination bond

dimer Mn-+(uy-Cl)p+-Mn 36!

chain Mn-+(uy-Cl)gMn 301
Mn-+(uy-Cl)pMn 53

Hydrogen bond

dimer N—H--Cl 33
C—H--Cl 18

chain N—H--Cl 20
C—H--Cl 9

qt-7 interaction

dimer bim--bim 34
CoNyCoN, 32

chain C,N3+CoN; 24
CoN;+CoN; 22
CH--Ph 15

[a] Calculated complexation energy (kcalmol™). [b] Calculated complexa-

tion energy of double ,-Cl bridge. [c] Calculated complexation energy of

single u,-Cl bridge. [d] Calculated complexation energy of triple w,-Cl

bridge. [e] Calculated energy of two CH--Ph.

chain are H--H interactions followed by Cl--H. This corresponds
well with the observation that Cl--H hydrogen bonds of the
dimer have larger complexation energy than in the chain,
whereas more -7 interactions are found in the chain than in
the dimer.

Taken together, a plausible procedure is proposed for the
process of formation of the dimer and chain (Figure S13 in the
Supporting Information). There are two steps. The first step in-
volves slow decarboxylation of Hbitc in the solution and for-
mation of the [Mn(Hbit)Cl,] building unit. There are two possi-
ble ways to generate [Mn(Hbit)Cl,], first decarboxylation of
Hbitc then coordination of Mn-N (Path A); inversely, coordina-
tion of Mn-N first then decarboxylation of Hbitc (Path B). The
second step involved combination of [Mn(Hbit)Cl,] fragments.
One possible way is that the [Mn(Hbit)Cl,] fragments quickly
dimerize producing Mn,(Hbit),Cl, in which the orientation of
the Hbit ligand are antiparallel with recognition through inter-
molecular interactions. The other possible way is slow poly-
merization producing a triple p,-Cl bridge mode with Hbit ori-
ented parallel while bridged by a single p,-Cl mode and pack-
ing through hydrogen-bonding and -1t interactions. A simple
way of rationalizing the formation is to assume that the mono-
mer adopts a tetrahedral coordination with two N and two Cl
atoms. Given that the two N atoms form a chelate, only the Cl
atoms can be moved to change the geometry. Thus, it is easier
to distort the tetrahedron to a five-coordination to form the
edge-sharing polyhedra of the dimer than it is to move the Cl
to unfavorable positions to share faces of an octahedra in the
chain. If the approach of the monomer to it neighbor has its
Hbit ligand antiparallel (i.e., related by inversion symmetry)
then the dimer is obtained because the polymerization is ham-
pered by steric bulk. On the other hand if the approach is par-
allel (i.e., related by mirror symmetry) then the chain is favored
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because the free chlorine atoms are able to bond to more
monomers leading to polymerization.

Magnetic properties

Magnetic susceptibilities for powdered samples of dimer and
chain were measured in the temperature range of 2-300 K as
shown in Figure 4. At 300 K, the dimer has a y,T value of
9.14 cm®*mol 'K, which is slightly higher than the spin-only
value of 8.75 cm®mol 'K for two noninteracting S=5/2 Mn"
centers, whereas that of the chain at 300K is 7.79 cm®*mol 'K,
a value much lower than the spin-only value, indicating con-
siderable antiferromagnetic interactions between neighboring
Mn" ions, which is further confirmed by the fast decreasing of
xmT Upon lowering temperature. The y,,T value for the dimer is
almost constant before exhibiting a rapid decrease around
20 K.

©
S
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(cm3mol'1)

2T (cm®Kmol™)
s
e

N
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0 1 2 _3 4 5
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Figure 4. a) Temperature dependence of y,, and T for the dimer (100 Oe)
and the chain (1000 Oe). Solid lines represent the theoretical fits using the
parameters listed in the text. b) Isothermal magnetizations for the dimer and
chain at 2 K. Inset: pulsed-field magnetization curve for the chain.

Not considering single-ion zero-field splitting of Mn", the
magnetic susceptibility data of the dimer and chain could be
described by spin Hamiltonian (1) and (2) (see the Supporting
Information), respectively, assuming all Mn" ions have identical
environments (see Figure 5 and Equation S1 in the Supporting
Information). The best fit using the program PHI" resulted in
J=—-0.07(1)cm™" and ¢g=205() for the dimer and J, =
—4,03(1)em™", J,;=-034(1)cm™', and ¢ =2.05(2) for the
chain. The very weak interaction for the dimer is consistent
with the Goodenough-Kanamori rule™ assuming a shift in
angle associated with chlorine bridges compared to oxygen
bridges. For the chain, if we only consider the Mn-Mn dis-
tance, the value of J," is quite consistent with the rule, but if
we only consider the Mn-CI-Mn angle, the large J, value is
somehow debatable.
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Figure 5. Definition of exchange couplings for the dimer and chain (distance,
A; angle, °).

Figure 4b shows the isothermal magnetization curves of the
dimer and the chain measured at 2 K. The magnetization of the
dimer reaches 10.33 yg at 5T, consistent with the calculated
value of 10.25 pg for Mn" (S=5/2, g=2.05 derived from sus-
ceptibility measurements). In contrast, the magnetization of
the chain increases almost linearly, and there is no hint of satu-
ration even at 28 T (see inset of Figure 4b), which is in agree-
ment with the large J as pointed out above. We note that the
g and g” values are larger than 2, which is probably due to the
severe distortion of the local environments around Mn ions
and their mixed coordination atoms (Figure 1a and b). The
magneto-structural parameters of the reported compound
containing the Mn-(u,-Cl)-Mn unit are listed in Table S13 in the
Supporting Information.

The J, J;/, and J;’ values are comparable to those reported
for Mn" compounds (Table S13 in the Supporting Information);
with a double u,-Cl bridge a change from ferromagnetic to an-
tiferromagnetic behavior was observed, which was correlated
with the Mn-CI-Mn angle being less or more than 96° and Mn-
Mn distance of ca. 3.7 A. For a single u,-Cl bridge, there is no
other compound similar to those reported here. There is only
one of Mn-based compound with a triple u,-Cl bridge reported
to date that has been magnetically characterized."® To our
knowledge, the chain form is the first manganese magnetic
material with alternate single and triple u,-Cl bridges in
a chain.

High-field electron paramagnetic resonance

High-field electron paramagnetic resonance (HF-EPR) is a pow-
erful method to characterize the Hamiltonian for molecular
nanomagnets. To characterize the magneto-anisotropy param-
eters (D and E), originating from the unusual coordination geo-
metries, the dimer and chain were subjected to HF-EPR (354 +
1GHz and 16T (Figure 6). Both complexes exhibited very
strong temperature dependence of EPR spectra in which the
fine structure collapsed to a single resonance as the tempera-
ture was increased. This observation differs from those of the
reported antiferromagnetically coupled {Mn,} (J=-3.35(10),
—15.5(5) cm )" and {Cry} J=—13.7(1) cm™ )" in which well-
resolved EPR peaks are maintained up to 80 K. This difference
is a direct consequence of the magnitude of exchange cou-
pling that splits the levels, as illustrated in Figure S14.

For the dimer, two antiferromagnetically coupled Mn** (S=
5/2) result in spin states of 0, 1, 2, 3, 4, 5, with S=0 as ground
state at zero field and 0 K, whereas at high field S=5 becomes
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Figure 6. Experimental and simulated EPR spectra of the dimer (a, a’) and
chain (b, b').

the ground state with other spin states lying between the
Zeeman levels of mg= £ 5 for S=5. At the lowest temperature
(2K) used in EPR measurements (12.5 T/350 GHz), more than
99% of unpaired electrons are polarized on mg=—5 level (S=
5), so the EPR spectrum at 2 K is mainly from the S=5 state.
As temperature increases, higher Zeeman levels are populated,
and the EPR transitions from other spin states (i.e., S=4, 3...)
will contribute to the overall EPR spectra. Considering the high
degeneracy of excited spin states (S=4, 3, 2, 1) compared with
that of the ground state (§=5), it is not surprising that EPR
peaks collapse to center field if excited spin states have smaller
zero-field splitting parameters. For the chain, the situation is
more complicated because this 1D chain complex has two ex-
change coupling pathways. However, in the limit of J,/>J,,
the energy levels could still be understood as six groups for six
spin states of 0, 1, 2, 3, 4, 5, similar to the dimer.

The EPR spectra of the dimer and chain could be described
by using the spin Hamiltonian (3) and (4), respectively (see
Equation S2). These two equations are expressed in terms of
the spin operators of the individual ions. The S levels are not
“pure” because the exchange couplings are not sufficiently
large; therefore, the Zeeman levels cannot be handled by
using the coupled-spin representation (“giant-spin” approxima-
tion), in which a separate spin Hamiltonian is used for each of
the spin states. The exchange coupling constants (J, J;', J;) and
g-values (g, g') obtained from magnetization measurements
were used in the EPR simulations. As shown in Figure 6, EPR
spectra of both the dimer and chain could be simulated for
various temperatures. The slight mismatch of experimental
and simulated spectra for the chain might be due to the over-
look of exchange coupling between the next nearest neigh-
bors. The resulting zero-field splitting parameters are: D=
0.26(1) cm™', E=0.06(1) cm™" for the dimer; D'=0.17(1) cm™’,
F'=0.03(1) cm™" for the chain. The magnitudes of these values
are close to the reported values for Mn dimers (D=0.312 cm™,
E=0.005 cm™")."*! We also tried to use the obtained D and E
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values to refine the fitting of susceptibility data, and found
that the addition of D and E values to the fitting processes
does not significantly change the fitting results as expected.
HF-EPR studies not only proved that the model used in the
analysis of magnetization is valid, but also provided important
information of the single ion anisotropies. Further studies of
the correlations between crystal field and magnetic anisotropy
need theoretical calculations, which is beyond the scope of the
current work.

Conclusions

Two polymorphs, obtained from the same reagents in a one-
pot synthesis, consist of the same chemical compositions and
can be described as genuine supramolecular isomers, have
been characterized. A combination of complementary tech-
niques and calculations revealed how the subtle balance of en-
ergies of the different bonding interactions, dative and supra-
molecular, can direct the different arrangements. Whereas
mass spectrometry identified the building unit to be the same,
a complete study of the structure backed by estimation of the
energies reveals the way the two polymorphs are generated.
Thus, the results provide evidence for the formation of the
polymorphs through decarboxylation of ligand, complexation
to the monomer, and its combination to dimer and chain by
the two energetically similar fusion steps. The control of the
balance in energies may be a strategy that can be extended to
investigate the design of multifunctional materials through
crystal structure prediction and crystal engineering.

Experimental Section
Materials and measurements

All the reagents were obtained from commercial sources and used
without further purification. Hbitc was synthesized according a re-
ported procedure (see the Supporting Information). Elemental
analyses were carried out with a Vario EL Cube. Thermogravimetric
analysis (TGA) was performed in a flow of nitrogen at a heating
rate of 5°Cmin~" with a NETZSCH TG 209 F3. Infrared spectra were
collected by transmission through KBr pellets with a PE Spectrum
FTIR spectrometer (400-4000 cm™'). The X-ray powder diffraction
(PXRD) patterns were recorded at 293 K with a Rigaku D/max-lllA
diffractometer (Cuy, 4=1.54056 A). Magnetization of polycrystal-
line samples was measured in the temperature range of 2.0-300 K
and field range +50kOe with a Quantum Design MPMS XL-5
SQUID magnetometer. Magnetization and electron paramagnetic
resonance (HF-EPR) were measured with locally developed instru-
ments with pulsed-magnetic fields up to 30 Tesla."

Syntheses of dimer and chain

MnCl,-4H,0 (99 mg, 0.5 mm), Hbitc (65 mg, 0.25 mm), and acetoni-
trile (18 mL) were stirred for 10 min, then transferred in a 25 mL
Teflon-lined stainless steel reactor and sealed, followed by heating
at 140°C for 3 days, then cooled to RT. Both orange block (dimer)
and pale-yellow needles (chain) crystals were obtained, which were
separated manually under an optical microscope. The Hbit ligand
was generated in situ from Hbitc by decarboxylation under solvo-
thermal conditions (Figure S15 in the Supporting Information).
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Phase purity of the dimer and chain were checked by PXRD (Figur-
es S16 and S17). The vyield varied slightly for each batch even
under similar conditions. There was no solvent in the structures of
either dimer or chain, which was confirmed by thermogravimetric
analyses (TGA, Figures S18 and S19) and by elemental analyses
(EA).

Dimer Mn,(Hbit),(u,-Cl),Cl,: Yield: 51.2 mg (63 % based on Hbitc);
elemental analyses calcd. (%) for Mn,CyoH,sN,,Cl, C, 36.95; H, 2.79;
N, 21.55; found: C, 36.72; H, 2.91; N, 21.44. IR (KBr): 3092 (s), 2923
(s), 1509 (m), 1462 (m), 801 (m), 750 (m) cm™".

Chain [Mn,(Hbit),(n,-Cl),1,: Yield: 5.4 mg (6.6% based on Hbitc);
elemental analyses calcd. (%) for Mn,C,oH;gN;,Cl,: C, 36.95; H, 2.79;
N, 21.55; found: C, 36.69; H, 3.01; N, 22.02; IR (KBr): 3099 (s), 2924
(s), 1516 (m), 1465 (m), 820 (m), 763 (m) cm™".

Crystallographic studies

Single-crystal X-ray diffraction data for dimer and chain were col-
lected with a Bruker Smart Apex CCD and an Agilent Supernova
CCD diffractometer, respectively. Both employed graphite-mono-
chromated Moy, radiation. The structures were solved by direct
methods and refined by least-squares. The F,—F. maps identified
all the hydrogen atoms with electron densities higher than 20
level. In the structure of the chain, CI1 and CI3 atoms located at
special positions; their site occupation factors were 0.5. Selected
bond lengths and angles for the dimer and chain are listed in
Table S14 in the Supporting Information. The supplementary crys-
tallographic data can be found in the Supporting Information.
CCDC 1472804 (dimer) and 1472803 (chain) contain the supple-
mentary crystallographic data for this paper. These data are provid-
ed free of charge by The Cambridge Crystallographic Data Centre.

Crystal data for CyH,4Cl,Mn,N,, (dimer) (650.12 gmol™): triclinic;
space group P1 (no. 2); a=7.5356)A, b=8556(7)A, c=
10.541(9) A, a=81.462(1)°, B=74.65(1)°, y =73.24°; V=625.6(9) A>;
Z=1; T=296(2) K; u(Moy,)=1469 mm"; D,=1726gcm>;
7010 reflections measured (4.020° <26 <52.692°), 2522 (Ry,=
0.017) which were used in all calculations. The final R, was
0.0223(/ > 20(l)) and wR, was 0.0667(all data).

Crystal data for CyH,sCl,Mn,N,o (chain) (650.12 gmol™"): ortho-
rhombic; space group Pbcn (no. 60); a=6.9594(2) A, b=
21.3694(6) A, c=16.2348(5) A; V=2414.4(1) A*; Z=4; T=293(2) K;
u(Moy,) =1.522 mm™"; D ,.q=1.789 gcm3; 25177 reflections mea-
sured (6.650° <26 <57.778°), 3061 (R,,,=0.036) which were used
in all calculations. The final R, was 0.0297(/>20(/)) and wR, was
0.0714(all data).

Computational methodology

The geometries of both dimer and chain unit cell were optimized
by using generalized gradient approximation functionals-BE with
Grimme's G06 dispersion correction and effective core potential for
Mn, and DNP basis set for other elements. Complexation energies
between [Mn(Hbit)Cl,] segments in the dimer and chain and their
possible direct-contact neighbors (with shortest distance less than
5 A) were calculated by using the B3LYP functional adding the D3
version of Grimme’s dispersion with Becke-Johnson damping and
SDD ECP for Mn and 6-311G(d) basis sets for other elements using
Gaussian 09 software.”” These results make it possible to separate
each interaction among the complex set of interaction energies
within the crystal structures. In all the calculations, high spin of 5/2
was used for the system containing one Mn atom, whereas spin-
polarized singlet (neighbor Mn atoms have spin of 5/2 and —5/2)
and a total spin of 0 was used for systems with more than one Mn
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atom. Basis set superposition error (BSSE) was corrected by coun-
terpoise method, in which both Mn atoms have high spin of 5/2.
The superposition error is very small and negligible, as a result,
only the complexation energy without BSSE are used during the
discussion. Hirshfeld surface analysis is performed by using Crysta-
IExplorer.2"
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Crystal clear: Two genuine supramolec-
ular isomers, dimer and chain, possess-
ing identical chemical components,
[Mn(Hbit)(Cl),], form from the same
building unit. Formation of the struc-
tures are driven by competition of ener-
getically similar coordination bonds
with the H-bond and 7t supramolec-
ular interactions, leading to different co-
ordination numbers and distortions of
Mn?* centers, orientation modes of che-
lating Hbit and different distributions of
w,-Cl bridges.

[Mn(Hbit)Cl,]
m/z : 323.94

Double y,-Cl bridge

Single and triple p,-Cl bridge

[Mn,(Hbit),Cl,]
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