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ABSTRACT: CO, and N, gas adsorption/desorption proper- Tuning of Interchain Interactions

ties of one-dimensional copper(II) polymers with paddle-wheel —T—TT—T—
units [Cu',(p-XBA),(pyrazine)],, were successfully controlled =~ P-CIBA p-BrBA p-IBA p-MeOBA .

through the tuning of interchain interactions by modification of
para-substituent X groups on the benzoate (BA) ligands (X =
Cl, Br, I, and OCHj;). Although none of the four crystals had

3

sufficient void space to integrate the crystallization solvents,
gate-opening gas adsorption and desorption behaviors coupled o R
with structural phase transitions were observed for CO, (T = “ ) ;

n,,,/ molecules per Cu, unit
)

195 K) and N, (T = 77 K), with differences depending on the 1 2 ‘3 a 0__2 04 06 08 f,lvo
precise substituent. van der Waals interchain interactions, P/P,
specifically 7---7, halogen---n, and C—H--z contacts, were Controls in Gas Adsorption Properties

dominant in forming the crystal lattice; their magnitude was

associated with gate-opening pressure and hysteresis behaviors. Both the type and magnitude of the interactions were evaluated
by Hirshfeld surface analysis, which indicated that structural flexibility decreased as larger halogen atoms were included. Overall,
weak interchain interaction and structural flexibility generated new void spaces to adsorb CO, and N, gases.

Bl INTRODUCTION complex [M",(BA),(pz)]s (where M, BA, and pz are Cu and
Rh, benzoate, and pyrazine, respectively).m_18 Although these
crystals have no void space in their structures, gate-opening
CO,, H,, O, N,, and Ar adsorption/desorption properties
resulting from structural phase transition have been observed
with the flipping motions of the BA ligands.

One-dimensional (1D) metal coordination polymers are a
particularly attractive research target given the potential to
modulate their electrical conductivity,' > magnetism,*”° and
optical properties,” " among other physical properties.'” A
great deal of research has tracked the correlation between the ) R
structural dimensionality and conduction properties of 1D MX Among tbe varous rr}etal coordn.latlon complexes, t.zxcellerllt
and MMX systems (where M and X are metals and halogens, gas adsorptlo'n/ desorption properties hla;ve' been‘ achieved in
respectively);' ' most notable is the MMX-type meta}l—or.ganlc‘ frameworks (M.O‘F‘s); in this case, . the
Pt,(CH,CS, ")l complex, which shows a high conductivity of re}atlonshlp \f\nth structural flexibility has been extensively
13 S cm™."" Furthermore, 1D quantum magnetic properties filscussed Wlth. respect tg_host—guest and host—host
have been reported in single-chain magnets,”>' while gigantic intermolecular interactions. Although the latter type
third-order nonlinear-optical responses have been observed in provides the essengal information to design new gas sorption
mixed-valence NiX chains.'? In these complexes, control of the molecular systems,”” almost all MOF crystals have intrinsic void
interchain interactions plays an important role in forming the space filled by compatible crystallized solvent molecules; this

necessary 1D electronic structures. In addition, achieving these makes evaluating host—host interactions difficult once the
properties in bulk magnets requires the complete suppression solvent has been removed, preventing sufficient examination. It
of intermolecular magnetic interactions, necessitating precise is important to evaluate the relationship between the gas
control.”

Interesting gas adsorption/desorption properties in single Received: May 27, 2015
crystals have been reported by Takamizawa et al. in the 1D Published: September 18, 2015
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adsorption/desorption properties and host—host interactions of
metal coordination polymer crystals that do not contain these
intrinsic void spaces.

We have already reported control of the interchain
interactions through the use of meta-substituted BA ligands
(m-XBA) in [Cu,(m-XBA),(pz)]s crystals (X = F, Cl, and
CH,).”® This species decreased the crystal symmetry and
allowed the void space to be filled by CH;CN. CO, was then
adsorbed through a gate- opening mechanism once the solvent
was removed. Alternatlvely, [Cu',(p-IBA),(pz)]o as reported
by Burrows et al,”* showed higher crystal symmetry with the
absence of crystalhzation solvents in the structure. We have
taken advantage of this feature and herein report the syntheses,
crystal structures, and CO, (T = 195 K) and N, (T = 77 K) gas
adsorption/desorption properties of four 1D copper(Il)
polymer crystals containing paddle-wheel units: [Cu",(p-
CIBA),(p2) o, (1), [Culy(p-BrBA)(pr)]sy (2), [Cull(p-
IBA),(pr) o, (3), and [Cully(p-MeOBAY, ()], (4) (p-CIBA
= p-chlorobenzoate, p-BrBA = p-bromobenzoate, p-IBA = p-
iodobenzoate, and p-MeOBA = p-methoxybenzoate). Corre-
sponding structures are provided in Chart 1. Changes in the

Chart 1. Molecular Structures of the Four p-XBA Ligands
and the pz Ligand Used in the Copper(II) Coordination
Polymers 1—4
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interchain interactions as a result of modification of the ligands
were tracked through monitoring the relationship between gas
sorption and structural flexibility using Hirshfeld surface
analysis.

B EXPERIMENTAL SECTION

Crystal Preparation. Commercially available chemical reagents
were employed for crystal growth without further purification. Single
crystals of 3 (yield 22%) were obtained according to a previously
developed method.”* Single crystals obtained from p-fluorobenzoate
ligands were of significantly lower quality, making it difficult to
evaluate the crystal structure and physical properties and precluding
their inclusion here.

Crystals of 1 were prepared as follows: A mixture of Cu(OAc),:
H,0 (4.2 X 10~* mol) and p-chlorobenzoic acid (1.8 X 107> mol) in
acetone (30 mL) and methanol (MeOH; 10 mL) was prepared and
afforded the crystalline [Cu,(p-CIBA),] dimer (91 mg) after several
days. These were then dissolved in benzyl alcohol (S mL), MeOH (S
mL), and acetone (2 mL), after which pz molecules were allowed to
diffuse into the solution, resulting in tiny, green, needle-shaped single
crystals of 1 (yield 36%).

Crystals of 2 were prepared as follows. First, CuCl, (3.8 x 107*
mol) and p-bromobenzoic acid (1.0 X 10~ mol) were dissolved in
MeOH (S mL) and diethyl ether (5 mL) in the presence of
trimethylamine (50 mg). The blue [Cu,(p-BrBA),] dimer rapidly
precipitated out of solution and was collected and washed with
MeOH. The obtained dimer (48 mg) was then dissolved in 2-(2-
ethoxyethoxy)ethyl acetate (10 mL) and kept under pz vapor,
resulting in tiny, green, needle-shaped single crystals of 2 (yield
15%). Crystals of 4 (yield 73%) were obtained by a method similar to
that of 2, this time using p-methoxybenzoic acid instead of p-
bromobenzoic acid.

Elem anal. Calcd for 1 (C3,H,i0N,CL,Cu,): C, 46.34; H, 2.43; N,
3.38. Found: C, 46.63; H, 2.60; N, 3.45. Calcd for 2
(C,H,,O04N,Br,Cu,): C, 38.16; H, 2.00; N, 2.78. Found: C, 38.32;
H, 2.17; N, 2.89; H, 1.69; N, 2.34. Found: C, 32.18; H, 1.90; N, 2.41.
Caled for 4 (CyHy,0,,N,Cu,): C, 53.27; H, 3.97; N, 3.45. Found: C,
53.00; H, 4.11; N, 3.53.

Single-Crystal X-ray Structural Analysis. High-quality single
crystals of 1 suitable for single-crystal X-ray structural analysis were
grown by mixing Cu(OAc),H,O (2.0 X 107* mol) and p-
chlorobenzoic acid (4.16 X 10™* mol) in hot MeOH (20 mL). The
resulting blue solution was filtered to remove any solid particles and
subjected to pz vapor, forming green single crystals of 1. Single crystals
of 4 were similarly obtained, this time by replacing p-chlorobenzoic

Table 1. Crystal Data, Data Collection, and Reduction Parameters

1 3 4
chemical formula C,H,(NO,CL,Cu C,6H,(NO,Br,Cu CsH,(NO,L,Cu C;6H3;,N,0,,Cu,
fw 414.71 503.61 597.61 811.75
space group C2/m (No. 12) 4 (No.82) I4,/a (No. 88) PT (No. 2)
a, A 16.4021(6) 18.4317(4) 18.7948(4) 10.1765(3)
b A 9.7641(3) 10.6471(3)
¢ A 12.2367(4) 19.5866(4) 19.6996(4) 16.9602(5)
a, deg 76.417(2)
B, deg 122.3890(17) 75.147(2)
7, deg 77.005(2)
v, A3 1655.15(10) 6654.1(3) 6958.8(3) 1699.83(9)
V4 4 16 16 2
T, K 110 112 100 110
Do g cm™ 1.664 2.011 2.282 1.586
H, cm™! 5.023 7.676 298.160 21416
reflns measured 5894 38255 29446 18054
indep reflns 1590 6102 3179 5998
reflns used 1590 6102 3179 5998
Ry 0.0779 0.0530 0.0844 0.0814
R/ 0.1038 0.0990 0.0683 0.0973
R, (F,)" 0.3324 0.2762 0.1756 0.1506
GOF 1.137 1.083 1.188 1.123

= YIIF,| — IEJl/YIF, and R, = (Xw(IF,| — IEJ)2/ Y wF,2)"2.
9424 DOI: 10.1021/acs.inorgchem.5b01168
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acid with p-methoxybenzoic acid. The single crystals of 3 used for this
analysis were the same ones developed in the previously mentioned
procedure, while single crystals of 2 were grown in a similar manner,
although by using p-bromobenzoic acid instead of p-iodobenzoic acid
(Figures S2-54).*

Each single crystal was mounted on thin polyimide films (MiTeGen
MicroMounts) using oil (Hampton Research Parabar 10312).
Temperature-dependent crystallographic data (Table 1) were collected
using a Rigaku RAPID-II diffractometer equipped with a rotating
anode fitted with a multilayer confocal optic using Cu Ka (4 = 1.54187
A) radiation. Calculations were performed using Crystal Structure
software packages.zs_27 Parameters were refined using anisotropic
temperature factors except for hydrogen atoms; these were refined
using the riding model. The void space was calculated using the
SQUEEZE tool in PLATON.*®

Hirshfeld Surface Analysis. Two-dimensional (2D) fingerprint
plots were obtained through Hirshfeld surface analysis using Crystal
Explorer 3.17° Because the asymmetric structural units in crystal 4
were constructed from two unique pz molecules, the Hirshfeld surface
calculations of crystals 1—4 were performed for the [Cu,(p-
XBA),(pz),] unit. Because the 4-fold rotation axis of crystal 2 resulted
in the four crystallographically independent p-BrBA ligands of 2A, 2B,
2C, and 2D, four different Hirshfeld surfaces were analyzed. Likewise,
two crystallographically independent p-IBA ligands of 3A and 3B were
observed in crystal 3, with p-IBA (3B) showing an orientational
disorder of 3B and 3B’. This resulted in three distinct p-IBA
environments, each of which was evaluated.>®

Adsorption/Desorption Measurements. The N, and CO,
adsorption/desorption isotherms were measured with the automatic
volumetric adsorption apparatus BELSORP-max (BEL Japan) at 77
and 195 K, respectively. Before the measurements, the crystals were
maintained at 380 K under a pressure of less than 107> Pa for 18 h in
order to remove adsorbed molecules on the surface.

B RESULTS AND DISCUSSION

Overview of Crystal Structures. Figure 1 shows the unit
cell of crystal 1 viewed along the b axis, demonstrating that the

Figure 1. Packing structures of crystal 1 viewed along the b axis using
the (a) stick and (b) CPK models.

1D polymer chains were elongated along the b axis and the
crystallization solvents were not observed in the crystal lattice.
The same packing structures were observed in crystals 2—4
(Figure S10), suggesting that the introduction of para
substituents resulted in efficient polymer packing through van
der Waals interactions. The void spaces in crystals 3 and 4 were
not predicted in PLATON calculations, although small void
spaces of 44.1 and 22.5 A’ per [Cu,(p-XBA),] unit were
expected in crystals 1 and 2, respectively. These spaces are
insufficient to include crystallization solvents. Additionally,
residual electron densities in differential Fourier analysis were
consistent with structures lacking any kind of crystallization
solvent. Finally, the vibrational spectra, elemental analyses, and
thermogravimetry (TG) charts reinforce these observations
(Figures S1 and SS).
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Gas Adsorption/Desorption Isotherms. Figure 2a
summarizes the CO, adsorption/desorption isotherms of
a) b)
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Figure 2. Gas adsorption/desorption isotherms of crystals 1 (black
circle), 2 (blue square), 3 (green triangle), and 4 (red rhombus) for
(a) CO, at 195 K and (b) N, at 77 K. The adsorption and desorption
processes are represented by filled and empty symbols, respectively.

crystals 1—4 at 195 K. The number of adsorption/desorption
molecules (n,4,) per [Cu",(p-XBA),(pz)] unit was plotted
against the relative pressure P/P, from 107 to 1.0 for
adsorption and from 1.0 to 107> for desorption. The CO,
adsorption of crystals 1 and 2 was observed at relatively low
CO, pressure of P/P, = 0.3 at ny, = 0.5 mol mol™ and P/P, =
0.7 at n,4, = 1.0 mol mol™", respectively. Further increasing P/
P, for crystals 1 and 2 significantly increased n,q, at P/Py = 0.3
and 0.7, respectively; overall adsorption behaviors were
different given the different X groups of Cl and Br. Finally,
crystals 1 and 2 could adsorb approximately #,4, = 3.0 mol
mol™! of CO, at P/P, = 1.0, which was consistent with the
formation of a new void space of about 180 A per [Cu',(p-
XBA),(pz)] unit between the polymers.31

The hysteresis behaviors of crystals 1 and 2 for CO,
adsorption/desorption processes were consistent with the
gate-opening mechanism coupled with the structural phase
transition.” > The intrinsic small void spaces were insuffi-
ciently large to adsorb three CO, molecules, meaning that the
added structural flexibility and resulting gate-opening mecha-
nism accounts for the increased CO, adsorption space at
relatively low gas pressures. However, although the lattice
parameter and packing structure of crystal 3 were similar to
those of crystal 2, it did not exhibit CO, adsorption/desorption
behavior. Meanwhile, crystal 4 did not exhibit adsorption at P/
Py < 0.7, although sudden activity was observed beyond this
point, accounting for a total of r,4; = 3.5 mol mol™" through the
formation of the new void space between polymer chains at P/
Py = 1.0. The absence of intrinsic void space in crystal 4 was
consistent with the lack of sorption behavior at lower pressures.
Overall, these differences in the sorption activity were
associated with differences in the interchain interactions and
structural flexibility. The p-MeOBA ligand resulted in distinct
activity due to the different kinds of van der Waals interactions
that it elicits.

These results were consistent with differential scanning
calorimetry (DSC) measurements (Figure S6). Upon cooling
the samples to 180 K, the exothermic peaks in crystals 1 and 4
correspond to the CO, adsorption process coupled with the
structural phase transition. However, thermal anomalies were
not observed for crystal 3, which was again consistent with the
CO, adsorption isotherm. Although the CO, sorption of crystal
2 was confirmed in the CO, adsorption/desorption isotherm,
there was no endothermic peak in the DSC measurements. The

DOI: 10.1021/acs.inorgchem.5b01168
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CO, sorption equilibrium for the gate-opening mechanism was
out of the measuring temperature range, which was consistent
with a relatively higher P/P, value of crystal 2 than the other
crystals.

Figure 2b shows the N, adsorption/desorption isotherms of
crystals 1—4 at 77 K. Only crystal 1 showed any activity that
was consistent with the hysteresis behavior of the gate-opening
mechanism. A gradual increase in n,4, was observed at P/P; <
0.5 during adsorption, an effect that accelerated somewhat at P/
P, > 0.55. The rapid increase around P/P, = 1.0 was due to
liquefaction of N, gas, where about 3.0 mol of N, gas per
[Cu",(p-CIBA),(pz)] unit was adsorbed into the interchain
space. Assuming a molecule volume of about 60 A3*® this
means that a new void space of approximately 180 A® per
[Cu",(p-CIBA),(pz)] unit was generated. This quantity of N,
was effectively retained in the desorption process until about P/
Py = 0.5, with discontinuous loss below that point.

1D Coordination Polymer Chains. Figure 3 shows the
molecular structures of crystals 1—4. Four p-XBA ligands were

Brd

{

Br3
2C |

e

—t ]

? chain II

chain I

pz2B
2A

Figure 3. Molecular structures of the 1D copper(II) polymer chains
and selected atomic numbering schemes for (a) 1, (b) 2, (c) 3, and
(d) 4. Hydrogen atoms were omitted for clarify.

coordinated to two copper(Il) ions to form the paddle-wheel
type copper(II) binuclear coordination structure, while each
paddle-wheel unit was linearly connected by axial pz ligands to
form the 1D copper(Il) polymer chains in crystals 1—4 along
the b, ¢, ¢, and —a — b + ¢ axes, respectively.

The symmetrical space group of C2/m for crystal 1 afforded
two kinds of crystallographically independent p-CIBA ligands,
1A and 1B, including CI1 and CI2 substituents, respectively,
and one pz ligand (Figure 3a). Crystal 2 exhibited higher
symmetry, and the space group was I4, where two distinct
polymer chains, I and II, formed crystallographically
independent structural units. Among them, two kinds of
crystallographically independent p-BrBA ligands, 2A and 2B,
including Br1 and Br2 substituents, respectively, were observed
in chain I, whereas 2C and 2D, including Br3 and Br4
substituents, respectively, were observed in chain II (Figure
3b). Furthermore, two crystallographically independent pz
ligands, pz2A and pz2B, were coordinated to the paddle-wheel
units at axial positions in chains I and II, respectively.

The symmetry of crystal 3 (I4,/a) was even higher, with two
kinds of crystallographically independent p-IBA ligands, 3A and
3B/3B’; 3B and 3B’ describe the orientational disorder, with
occupancy factors of 0.3 and 0.7, respectively. The dihedral
angle between the aromatic C¢H, rings of the disordered 3B

9426

and 3B’ ligands (orange and yellow-green rings in Figure 3c,
respectively) was 72.5°. Finally, the lower crystal symmetry of
crystal 4, represented by the P1 space group, results from the
low symmetry of the p-MeOBA ligands. One [Cu",(p-
MeOBA),(pz),] paddle-wheel unit served as a crystallo-
graphically independent structural unit, while four kinds of p-
MeOBAs ligands, 4A, 4B, 4C, and 4D, were coordinated to the
Cul and Cu?2 sites. In addition, two pz ligands, pz4A and pz4B,
were axially coordinated to Cul and Cu2, respectively.
Intermolecular Interactions. Figure 4 shows the inter-
chain interactions in crystals 1—4, while Table 2 summarizes

Figure 4. Interchain interactions around p-XBA ligands in crystals 1—
4: (a) m-m stacking interaction of 1B--pzl in crystal 1; (b) Br-x
interactions (green lines) in crystal 2; (c) I--7 (green lines) and C—
H:-- (yellow lines) interactions in crystal 3; (d) C—H:-x interactions
between hydrogen atoms of the CH;O0— group in the p-MeOBA
ligands and the nearest-neighboring p-MeOBA ligands in crystal 4
(yellow line).

their type, distance, and angle. The 7---7 interaction is among
the most dominant ones in crystal 1. One such interaction was
observed, with pairs of 1B---pz1 with average 7---7 distances of
3.39 A. Another parallel arrangement between 77 planes was
observed with pairs of 1A--1A, but this was not regarded as a
77 interaction because of the unusually long distance (3.88
A) for this interaction. Another weak van der Waals interaction
of Cl1---C8, with a distance of 3.27 A, was assumed to be an
induced-dipole interaction and so was not assigned as a
halogen -7 interaction given the lack of aromatic character of
the C8 atom of the carboxylate moiety.

The 1D copper(II) polymer chains in crystal 2 were
elongated along the ¢ axis and formed a part of the 2D system
resulting from interchain Br---7 interactions within the ab plane
(Figure 4b). The dihedral angle between the two aromatic
CgH,Br rings of the nearest-neighboring p-BrBA ligands (¢;;
Chart 2) was 33.1—52.3° while the 7 plane of the pz2 ring
interacted with the Br group of p-BrBA in the absence of an
effective 77 interaction (Figure Sa). Meanwhile, the p-BrBA
ligands 2A and 2B in chain I interacted with the pz2B ligand in
chain II, whereas 2C and 2D in chain II interacted with pz2A in
chain 1 (Figure 4b). In addition, C—H-7 interactions were
observed between the 2D ligand and the 7 plane of the 2C one
(Figure Sb). Each of the four crystallographically independent
p-BrBA ligands in crystal 2 exhibited different types of
interchain interactions, including Br---7 and C—H:--7.

DOI: 10.1021/acs.inorgchem.5b01168
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Table 2. Type, Distance, and Dihedral Angles of Interchain Interactions in Crystals 1—4

C—-H:-z" X PR
1 1A - - -
1B -
2 2A
2B
2C
2D
3 3A
3B
3B’
4 4A
4B
4C
4D

crystal ligand

(ONONONONONONG]

[ONCNONONONONONONG)

« »

“The existence of effective C—H---7 interactions. “Q” an

Pvd A ¢, deg ¢2rf deg dy_cf A dCH—ﬂrh A

3.88 0 - - -

3.39 - 3.39 327 -

- 33.1 9.14 3.47 -

- 33.1 - 3.32 -

- 52.3 8.13 3.30 2.575

- 523 - 3.36 Acceptor
- 60.2 7.99 3.30 Acceptor
- 60.2 - 345§ 2411

- 48.5 - 345 2.739
3.88 0 - - 2.864

- 62.5 - 2.801
343 0 - 2.827

- 62.5 - - 2.611

L . . b .
are the presence and absence of corresponding interchain interactions. “The existence

of effective halogen---7 interactions. “The existence of 77 interactions in 77 stacking planes, where the dihedral angles (¢;) and distances
between neighboring 7---7 planes were evaluated. “p, was the nearest C---C distance between two neighboring p-XBA---p-XBA and/or p-XBA---pz
ligands. ¢ | was the interplanar angle of two neighboring p-XBA ligands. 7 ¢, was the interplanar angle of two neighboring p-XBA and pz ligands.
8dy_c was the X(halogen)--C distance for the nearest-neighboring atoms in X(halogen)--7 interactions. thH_,, was the C—H--C(x plane) distance
for the nearest-neighboring atoms in C—H---7 interactions. Acceptor corresponds to the accepting character in the C—H:--7 interaction at the 7 plane.

Chart 2. Schematic View of p;, ¢ |, ¢ ,, and dx_¢ Structural Parameters

sescsee
) .

PCLLLLL
*e e

RYTYYYYS
. .

Figure 5. Two potential types of p-BrBA---p-BrBA interactions
between neighboring p-BrBA ligands in crystal 2: (a) 2A--2B; (b)
2C--2D.

Intermolecular interactions between iodine atoms and the 7
plane in p-IBA ligands were observed in crystal 3 (Figure 4c).
Notably, the magnitude of the I---7 interaction in crystal 3 was
greater than that of the Br---7 interaction in crystal 2. Likewise,
the packing structure of 3 was denser than that of 2 based on
D (Table 1) and void space calculation. The C—H:x
interaction also apparently played an important role in
determining the packing structure because the C---H distances
between carbon atoms in the 7 plane of the 3A ligand and the
hydrogen atom of the 3B/3B’ plane were shorter than the sum
of the van der Waals atomic radii. Crystal 4 showed different
interaction modes, where partial 7-plane overlap between 4C
ligands revealed 77 interaction with a stacking structural
parameter of dcyo_cp; = 343 A and ¢ | = 0°.

The effective C—H---7 interactions between the hydrogen
atoms of the CH3;0— group and the 7 plane of the p-MeOBA
and/or pz ligands were confirmed by analyzing the 2D network
(Figure 4d), with C—H--O interactions observed at the
hydrogen and oxygen atoms of the CH;0— and/or —COO~

9427

groups. Because the types of interchain interactions at the four
independent p-MeOBA ligands were different from each other,
the magnitudes exhibited an anisotropic character. The sizes of
the halogen atoms in crystals 1—3 were also different from each
other, leading to changes in the magnitudes of the interactions.
Because the interchain interaction in crystal 4 was completely
different from the others, the anisotropic structural flexibility
directly impacted the CO, gas adsorption/desorption proper-
ties in a different manner.

The energies of 77 and C—H---7m interactions have
previously been found to be in the ranges 8.4—42 and
2.1-8.4 kJ mol™!, respectively.’® Although there was
insufficient information about the magnitude of the halogen---7
interactions, the complex formation energy between benzene
(and/or toluene) and bromine (and/or iodine) in halogen:-z
interactions was estimated by Monte Carlo,* density functional
theory, and Moeller—Plesset second-order perturbation theory
calculations using the crystal structures of halogenated trityl
alcohol.’®” The energy of halogen-7 interactions was
approximately 5.93—21.7 k] mol™!, with Iz interactions
stronger than Br--z ones. This energy difference has been
discussed theoretically.”® The diameter of the o hole
corresponds to electrostatically positive potential region, for
the iodine atom is larger than that of bromine, which accounted
for the stronger interaction and played a significant role in
forming effective and rigid interchain interactions. The
structural flexibility decreased from 1 to 2 to 3, which is in
line with the observed gas adsorption/desorption properties.

Hirshfeld Surface Analysis. Hirshfeld surface analysis was
applied to evaluate the structural flexibility and magnitude of

DOI: 10.1021/acs.inorgchem.5b01168
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each interchain interaction in crystals 1—4. d,,, in the
Hirshfeld surface map is defined in eq 1*°

d = [(di - rinW)/r1VdW] + [(de - r:dw)/r:dw] (1)

norm

where d, d,, 7#™", and r'®V are the distance from the surface to
the nearest-neighboring atom interior, the distance from the
surface to the nearest-neighboring atom exterior, the van der
Waals radii of the nearest-neighboring atom interior to the
surface, and the van der Waals radii of the nearest-neighboring
atom exterior to the surface, respectively. This analysis is useful
for evaluating the closest intermolecular atomic contacts, even
in complex crystal structures.>® In such an analysis, the color
scheme corresponds to the magnitude of intermolecular
interactions, ranging from strong (red) to middle (white) to
weak (blue). For example, this means that short intermolecular
contacts of less than the sum of the van der Waals radii are
represented in red.

When the crystal structures are similar to each other, the
differences in the intermolecular interactions can be discussed

on the basis of color. Figure 6 provides the d,,., surfaces for

Figure 6. Visualization of intermolecular interactions using Hirshfeld
surface analysis, with Hirshfeld surfaces (upper figures) and molecular
structures (lower figures) for (a) 1, (b) 2, (c) 3, and (d) 4. The surface
is defined using the parameter d,,,, and was rescaled from —0.3 (red)
to 0.8 (blue).

crystals 1—4. Overall, the percentage of red area around
halogen substituents increased from crystal 1 to 2 and 3.
Meanwhile, the red sections of the d,,, surface in crystal 4
were observed around aromatic rings and CH;O— groups as a
result of C—H--z interactions. Hirshfeld surface analysis
enables us to evaluate the nearest-neighboring atomic contacts
for each intermolecular interaction based on the 2D fingerprint
plots, which included several types of intermolecular inter-
actions.

From the 2D fingerprint plots, the percentages of each kind
of interatomic interaction present in the species can be
represented in the form of a histogram. When the histograms
of different crystals were similar to each other, the
intermolecular interactions for these crystals resemble each
other. Figure 7 provides histograms summarizing the types of
atomic contacts in each crystal. Because the histograms from
each paddle-wheel unit were similar (Figure S13), the average
percentage was represented in crystals 2 and 3. Although the
percentage of van der Waals type H:--H interactions between
nearest-neighboring hydrogen atoms accounts for a significant
portion of the overall interactions, the stabilization they provide
is quite small in magnitude because these interactions are
between the same species.39 Halogen---z, 7+--7, and C—H:--x
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Figure 7. Histograms summarizing the types of atomic contacts
between the nearest-neighboring species, based on 2D fingerprint
plots. The average percentages in crystals 2 and 3 were utilized
because of the existence of multiple crystallographically independent
coordination polymer chains.

interactions contributed much more substantially, with the
percentage of interatomic interactions including halogen
species at about 35%. The distribution of the types of
intermolecular interactions in crystal 4 was notably different
from those in crystals 1-3.

In general, the strength of noncovalent dispersion-type
intermolecular interactions was proportional to d7° where d is
the distance between the two atoms. Upon analysis of the 2D
fingerprint plot, it is therefore important to discuss the d; + d,
distance less than the sum of the van der Waals radii of the two
atoms that are closest to each other. When this value is short,
the intermolecular interactions should be strong. Figure 8
summarizes the 2D fingerprint plots for C---H interatomic
contacts in crystals 1—4. The red line corresponds to a d; + d,
distance that is equivalent to the sum of the van der Waals radii
of carbon (1.70 A) and hydrogen (1.20 A), while the red area
therefore corresponds to the section that would contain
effective C---H contacts. Gray sections indicate all non-C---H
interactions, while blue sections indicate C---H contacts; the
percentage of interactions that fall in the latter category is
summarized at the bottom of each plot. Because the blue areas
for crystals 2 and 3 extended into the red area (Figure 8b,c),
many of the C.-H contacts effected positive interatomic
interaction. On the contrary, there were no effective
interatomic C---H contacts in crystal 1. Two of the four
independent [Cu,(p-BrBA),(pz),] units in crystal 2 had
effective C—H:--7 contacts between the hydrogen atom of the
2C ligand and the 7 plane of the 2D one (Figure Sb), whereas
C—H---x interactions were not observed for 2A and 2B (Figure
5a). Different interatomic interactions were also observed in the
2D fingerprint plots for other chains in crystal 2 (Figure S16).
Overall, C---H intermolecular interactions were stronger in
crystal 3 than in crystal 2, while both the type and magnitude of
interchain interactions in crystal 4 were different.

Figures 9 and 10 summarize the 2D fingerprint plots for
halogen--C and halogen---H interatomic contacts in crystals 1—
3. Although the amount of the blue area that extends into the
red area is similar between 1 and 2, the overall effects are not
comparable. Although the effective interatomic interaction
between the chlorine atom and the carbon atom of the
carboxylate unit was observed in crystal 1, there was an induced
dipole CI---C one. The intermolecular interactions related to
the chlorine atom in crystal 1 resulted in weaker effects than
those related to the bromine atom in crystal 2 because of the
absence of the character of the halogen---7 interaction between
the chlorine and carbon atoms. Meanwhile, crystal 3 shows far
more blue area located within the red region (Figures 9c and
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Figure 8. 2D fingerprint plots of C---H contacts (blue area) along with the other kinds (gray area) for (a) 1, (b) 2, (c) 3, and (d) 4. Red areas
correspond to interatomic contacts of less than the sum of the van der Waals radii for the carbon and hydrogen atoms.
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Figure 9. 2D fingerprint plots of halogen---C contacts (blue area) in addition to all other kinds of interatomic contacts (gray area) for (a) 1, (b) 2,
and (c) 3. Red areas correspond to interatomic contacts of less than the sum of the van der Waals radii for the halogen and carbon atoms.

10c), suggesting that the iodine atom provides stronger

interaction overall.

Hirshfeld surface analysis demonstrates the magnitude and

type of intermolecular interactions and structural flexibilities for

similar molecular structures in a qualitative manner. Results
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indicate that crystal 3 showed the least structural flexibility,
followed by crystal 2 and finally crystal 1. However, crystal 4
showed a completely different structure because the primary
effective interatomic interaction was C—H:--z. Overall, the

Hirshfeld surface of crystal 4 indicated much greater flexibility
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Figure 10. 2D fingerprint plots of halogen---H contacts (blue area) in addition to all other kinds of interatomic contacts (gray area) for (a) 1, (b) 2,
and (c) 3. Red areas correspond to interatomic contacts of less than the sum of the van der Waals radii for the halogen and hydrogen atoms.

than that of crystal 3. The gate-opening pressure and hysteresis
behavior of crystal 4 were also different from those in crystals 1
and 2. Apparently, the introduction of the bulky and flexible
CH;O group into crystal 4 resulted in anisotropic interchain
interactions and unusual gate-opening CO, adsorption/
desorption properties. However, because N, adsorption was
not observed in crystal 4, its crystal structure was likely more
rigid than that of crystal 1.

Flexible MOFs exhibited the gate-opening CO, adsorption/
desorption behavior in the absence of N, behavior, the
difference of which was associated with the polarizability and
quadrupole moment of the CO, molecule. The high magnitude
of polarizability and quadrupole moment of the CO, molecule
can interact and open the crystal lattice for its adsorption.*>*'
On the contrary, N, adsorption/desorption behavior was
observed on the crystal surface area in the absence of the
formation of void space’' and/or in the interchain space
formed by the gate-opening mechanism.”’ Because the
interchain interactions in crystal 1 were weaker than those of
the other crystals, both the N, and CO, adsorption/desorption
behaviors were only observed in crystal 1. Much stronger
interchain interactions in crystals 2 and 4 than those of crystal 1
showed only the CO, adsorption/desorption behavior in the
absence of N, sorption behavior.

B CONCLUSIONS

CO, and N, gas adsorption/desorption isotherms, single-crystal
X-ray crystal structure analyses, and Hirshfeld surface analyses
of 1D copper(Il) polymers with paddle-wheel units bearing
bulky substituents on the p-XBA ligands were examined for X =
Cl, Br, I, and CH;0. Although effective void space was not
found in all crystal structures, the CO, gas adsorption/
desorption isotherms at 195 K of crystals 1, 2, and 4 showed
gate-opening sorption coupled with structural phase transition.
Although crystal 3 had a similar lattice parameter and packing
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structure compared to crystal 2, crystal 3 did not show CO,
adsorption. Meanwhile, the gate-opening N, gas adsorption/
desorption properties in crystal 1 were dominated by #--m
interactions, even while Br---7 and I---7 interchain interactions
played an important role in stabilizing the packing structures of
crystals 2 and 3, respectively. At the same time, weak 7---7 and
C—H---7 interactions were anisotropically observed in crystal 4.
The generated 2D fingerprint plots based on Hirshfeld surface
analyses were consistent with the structural flexibility and gas
adsorption properties. Overall, this suggests that favored
adsorption gases and the gate-opening pressure can be modified
by altering interchain interactions through chemical modifica-
tions of the ligand structure. Intermolecular host—host
interactions were directly associated with gas adsorption/
desorption properties, enabling us to design new gas adsorption
materials by tuning the bulkiness of the ligand structure
through chemical modification.
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