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Dipole Fluctuation and Structural Phase Transition in Hydrogen-
Bonding Molecular Assemblies of Mononuclear CuII Complexes 
with Polar Fluorobenzoate Ligands 

Kiyonori Takahashi,*a Yuji Miyazaki,b Shin-ichiro Noro,c Motohiro Nakano,b Takayoshi Nakamura,a 
and Tomoyuki Akutagawad* 

A series of mononuclear CuII complexes, [CuII(4-FBA)2(py)2(H2O)] (1), [CuII(3-FBA)2(py)2(H2O)] (2), and [CuII(3,4-

F2BA)2(py)2(H2O)] (3), where 4-FBA = 4-fluorobenzoate, 3-FBA = 3-fluorobenzoate, 3,4-F2BA = 3,4-difluorobenzoate, and py 

= pyridine, respectively, was synthesized and the complexes crystallographically identified. All the CuII complex crystals 

share a one-dimensional O–H•••O hydrogen-bonding chain substructure, although the mutual alignment of fluorinated 

benzoate (FxBA) ligands exhibits subtle differences among the various compounds, i.e., FxBA ligands align in an antiparallel 

fashion in crystals 1 and 3, while 3-FBA ligands in crystal 2 are interdigitated with a tilt along the a axis. Reversible phase 

transitions were found upon heating at 170.7, 171.3, and 267.5 K for crystals 1, 2, and 3, respectively; all crystals showed 

approximately 3% expansion and shrinkage of the intermolecular O–H•••O hydrogen bond distances associated with the 

thermally activated orientational fluctuations of the FxBA ligands in crystals 1 and 3. The increase in dielectric constant 

with increasing temperature, at 240 K, activated molecular fluctuation in the 3,4-F2BA ligands in crystal 3. Heat capacity 

measurements indicated that both the expansion and shrinkage of hydrogen bonds, and the molecular fluctuation in 3,4-

F2BA ligands, contributed to phase transition, and the latter caused dipole fluctuation, resulting in a dielectric anomaly in 

crystal 3. 

Introduction 

Crystal engineering utilizes various types of intermolecular 

interactions, such as electrostatic, charge-transfer, hydrogen-

bonding, and dipole–dipole interactions, to design and control 

the molecular assembly structures and their physical 

functions,1–7 and it is a promising technology for fabricating 

semiconducting,2 metallic,3 superconducting,4 magnetic,5 

ferroelectric,6 and nonlinear optical molecular materials.7 

Dynamic functional molecular materials exhibiting thermally 

activated structural motion have attracted much attention 

because of potential abilities to switch physical functions 

through molecular motions in the solid state.8–10 Molecular 

motions within a crystal particularly affect the dielectric 

response through dipole inversion and fluctuation. The 

ferroelectric transition due to the flip-flop motion of the 

supramolecular cation has been observed in the (3-

FAni+)(DB[18]crown-6)[Ni(dmit)2]– crystal (where 3-FAni+ and 

DB[18]crown-6 are 3-fluoroanilinium and dibenzo-18-crown-6, 

respectively).11 The cooperative dipole inversion of the polar 3-

FAni+ cations along the C–NH3
+ axis caused the ferroelectric–

paraelectric phase transition around 350 K. In efforts to realize 

molecular motion in crystals, metal–organic frameworks 

(MOFs) are considered to be suitable materials, where 

functional responses are readily designed by replacing the 

metal ions and ligands. The two-fold motion of the phenylene 

ring in the three-dimensional (3D) robust network of 

[Zn4O(BDC)3] (well-known as MOF-5, where BDC2− = 1,4-

benzodicarboxylate2–) was observed with an energy barrier of 

~ 11.3 ± 2 kcal mol–1.12 To enhance dielectric response, a 

motional unit should interact with another within moderate 

distances in a close-packed crystal in such a way that the unit 

can accommodate for the motion. We focused on the 

directional intermolecular interactions between ligands in 

metal complexes. The highly directional intermolecular 

interaction can form an assembly structure, which has the 

possibility of retaining the motional space through weak 

interactions. Among the variety of directional intermolecular 

interactions, we have focused on the combination between 

hydrogen bonding and dipole-dipole interaction.13–15 In the 
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present study, we utilized [Cu–H2O•••(−OOC)2–Cu]-type 

hydrogen bonding interaction to synthesize [CuII(4-

FBA)2(py)2(H2O)] (1), [CuII(3-FBA)2(py)2(H2O)] (2), and [CuII(3,4-

F2BA)2(py)2(H2O)] (3), where 4-FBA = 4-fluorobenzoate, 3-FBA = 

3-fluorobenzoate, 3,4-F2BA = 3,4-difluorobenzoate, and py = 

pyridine. Although crystal structure of 1 at room temperature 

was reported,15 dynamic behavior of 1 has not been 

investigated. CuII complexes of 2 and 3 were newly synthesized 

with expectation that complexes of 2 and 3 should be aligned 

one-dimensionally by hydrogen bonding. To realize dipole–

dipole interaction between one-dimensional (1D) chain, we 

introduced three fluorinated benzoates (FxBAs) as ligand. 

Because fluorine (F) atoms induce a strong dipole moment, 

anisotropic arrangement of ligands through dipole–dipole 

interactions is expected to modulate the molecular assembly 

structures and different position of F atom in FxBA ligands 

should induce different dipolar interaction between the 

ligands. Furthermore, the relatively small size of the F atom 

may be advantageous for molecular motion.11 Herein, we 

report the dynamic structure and dielectric properties of 

crystals 1–3, associated with the phase transition behavior. We 

have found that the F atom at 4-position of 3,4-F2BA ligand in 

crystal 3 has an important role in making a suitable alignment 

for the fluctuation of 3,4-F2BA ligand, inducing dielectric 

anomaly by the dipole fluctuation of F atom at 3-position of 

3,4-F2BA ligand. These characteristics in crystal 3 have been 

clarified based on the comparison with the structures and 

physical properties of the crystals 1 and 2.  

Experimental 

 Preparation of complexes. 

 Commercially available chemical reagents were used, without 

further purification, for the syntheses and crystal growth. 

CuII(acetate)2•(H2O) (1.1 × 10–3 mol) and corresponding 

fluorinated benzoic acids (2.7 × 10–3 mol) were refluxed in a 

mixed solvent system: H2O (10 mL)/py (2 mL). A further 

quantity of py was slowly added until the respective mixtures 

were fully dissolved. The reaction mixtures were held at 283 K 

for one week, whereafter crystalline samples were obtained. 

The formulae of complexes 1, 2, and 3 were determined to be 

as follows, based on results of elemental analysis and single-

crystal X-ray analysis: [Cu(4-FBA)2(py)2(H2O)], [Cu(3-

FBA)2(py)2(H2O)], and [Cu(3,4-F2BA)2(py)2(H2O)], respectively. 

Elemental analysis results: 1: Calcd. for C24H20O5N2CuF2: C, 

55.65%; H, 3.89%; N, 5.41%. Found: C: 55.59%, H: 3.98%, N: 

5.47%, 2: Calcd. for C24H20O5N2CuF2: C, 55.65%; H, 3.89%; N, 

5.41%. Found: C: 55.33%, H: 4.02%, N: 5.45%, and 3: Calcd. for 

C24H18O5N2CuF4: C, 52.04%; H, 3.28%; N, 5.06%. Found: C: 

51.91%, H: 3.40%, N: 5.10%. 

Thermal analysis. 

Differential scanning calorimetry (DSC) was conducted using a 

Mettler Toledo DSC 1 STARe system (reference empty Al pan) 

under a N2 gas flow in the temperature range 150–330 K. The 

scan and N2 flow rates were 5 K min–1 and 40 mL min–1, 

respectively. Adiabatic heat capacity measurements were 

carried out with a handmade adiabatic calorimeter,16 and 

according to a previously reported procedure.16 Sample 

weights of crystals 1, 2, and 3 were 0.23049, 0.17533, and 

0.17619 g, respectively. 

X-ray crystal structure analysis. 

Thin polyimide films (MiTeGen MicroMounts) were used for 

the mounting of each crystal with Paratone 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-Kα (λ = 1.54187 Å) 

radiation. Calculations were performed using crystal structure 

software packages (Rigaku Corp.), and olex217 only for crystal 1 

Table 1. Crystal data, data collection, and reduction parameter for crystals 1, 2, and 3 at various temperatures. 

 1 (300 K) a 1 (160 K) 2 (250 K) 2 (100 K) 3 (300 K) 3 (240 K) 

Ligand 4-FBA 4-FBA 3-FBA 3-FBA 3,4-F2BA 3,4-F2BA 

Space group  C2/c (#15) C2/c (#15) Fdd2 (#43) Fdd2 (#43) C2/c (#15) C2/c (#15) 

a, Å 15.9217(3) 15.8640(3) 15.7319(6) 46.1982(10) 16.0191(7) 49.7886(15) 

b, Å 6.0716(1) 29.7886(6) 46.3383(14) 46.8472(10) 6.1375(3) 6.11641(18) 

c, Å 23.7095(5) 23.6221(6) 6.1947(2) 6.0941(11) 23.9290(11) 40.4687(14) 

, deg - - - - - - 

, deg 92.1815(9) 92.2320(10) - - 92.110(3) 109.524(2) 

, deg - - - - - - 

V, Å3 2290.34(8) 11154.5(4) 4515.9(3) 13189(2) 2351.04(18) 11636.2(6) 

T, K 300 160 250 100 300 240 

Z 4 20 8 24 4 4 

Dcalc, g∙cm–3 1.502 1.539 1.524 1.565 1.565 1.581 

, (Cu-K) cm–1 18.351 18.33 18.615 19.12 19.57 19.771 

Reflections measured  18057 62172 11863 29453 11758 58302 

Independent reflections 2102 10209 2064 5918 2147 10643 

Reflections used 2102 10209 2064 5918 2147 10643 

Rint 0.0724 0.0974 0.0337 0.0745 0.0474 0.0698 

R1
 a 0.0570 0.1481 0.0395 0.1084 0.0480 0.0630 

Rw(F2) 
b 0.1848 0.2804 0.1077 0.2374 0.1279 0.1701 

GOF 1.121 1.050 0.950 1.055 1.006 0.738 

Flack parameter - - –0.037(17) 0.031(17)  - 

a Data of crystal 1at 300 K were already published in reference.15        b R1 = ||Fo| – |Fc|| / |Fo| and Rw = ((|Fo| – |Fc|)2 / Fo2)1/2. 
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at 160 K. Initial structures were solved using SIR2004,18 

SIR2011,19 and SHELXT,20 structural refinement was performed 

using SHELXL 2013.21 Parameters were refined using 

anisotropic temperature factors, except in the case of the 

hydrogen atoms. Crystal structure of 1 at 300 K were 

referenced from the literature to compare with the structure 

of 1 at 160 K.15 These structural data are provided free of 

charge by The Cambridge Crystallographic Data Centre. CCDC-

1968682, 1968683, 1968684, 1968685 and 1968686 for 1 at 

160 K, 2 at 300 K, 2 at 100 K, 3 at 300 K and 3 at 240 K, 

respectively. 

Temperature- and frequency-dependent dielectric constants. 

 The temperature- and frequency-dependent dielectric 

constants (ε1) were measured using the two-probe AC 

impedance method, from 1 kHz to 1 MHz (Hewlett-Packard, 

HP4194A), and the temperature controller of a Linkam LTS-

E350 system. To apply an electric field, samples were molded 

to pellets (φ 3 mm) using a tablet-molding apparatus (STJ-

0128, S.T. Japan). The electrical contacts were prepared using 

silver paste (Dotite D-550) for crystals 1 and 2, and carbon 

paste (Dotite XC-12) for crystal 3, to attach the 25- μm φ gold 

wires to each pellet. 

Results and discussion 

Coordination geometry and hydrogen-bonding network 

above the phase transition temperature. 

Figures 1a and 1b summarize the 1D hydrogen-bonding chains 

of CuII coordination units and the two-dimensional (2D) 

network assembly of the 1D chains in crystal 1, similar to in 

crystals 2 and 3. Two 4-FBA and two py ligands are coordinated 

to a CuII center to form an almost planar O2N2 tetra-

coordination geometry, where one further H2O molecule is 

coordinated at the axial site to form a penta-coordinated CuII 

geometry of Cu–O3N2 (Figure 1a). Each mononuclear CuII 

penta-coordination unit was interacted through the effective 

intermolecular O–H•••O hydrogen-bonding interaction 

between an axial H2O ligand and the free O atom of the 

carboxylate group, forming the 1D chain along the b axis. 

Furthermore, each chain assembled to form a 2D network 

layer via the weak C–H•••O intermolecular interaction 

between py and the free O atom of the carboxylate group. 

Orientational disorder of 3,4-F2BA ligands was observed in 

crystal 3 at the two independent A and B sites, with 0.5:0.5 

occupancy (Figure 1c), where the disordered F atoms at the 3-

position of the 3,4-F2BA ligand were observed at the four 

independent sites, each with an occupancy of 0.25, while 

those at the 4-position were observed at two sites, with 

0.5:0.5 occupancy. 

Although the formation of 1D hydrogen-bonding chains 

and weakly interacted 2D layers were the common structural 

features in crystals 1, 2, and 3, the 3D packing structures were 

different to each other. Figure 2 summarizes the packing 

structure and schematic orientation of FxBA ligands between 

the nearest neighboring chains. The 4-FBA and 3,4-F2BA 

ligands in crystals 1 and 3 are arranged almost parallel to each 

other, cancelling the dipole moment of the F atoms at the 4-

position (Figures 2a and 2c). In crystal 2, the π-planes are not 

parallel, tilted along the [100] or [ 1
–

00] direction. The 

difference in polar ligand orientation between the nearest 

neighboring 1D hydrogen-bonding chains was dominated by 

the substituted position of the F atom, where the dipole–
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dipole interaction played an important role in the formation of 

the 3D packing structure. 

Structural transformation via phase transition: the origin of 

structural flexibility.  

The DSC charts for crystals 1 and 3 showed the reversible 

phase transition peaks at 170.7 and 267.5 K, respectively 

(Figure S1 in Supporting Information). Although there was no 

evidence of first-order phase transition peaks in the DSC chart 

for crystal 2, lowering of crystal symmetry was confirmed in an 

X-ray oscillation photograph at 170 K, due to the appearance 

of new Bragg diffractions, in contrast with those above 180 K 

(Figure S2). Therefore, all crystals exhibited temperature-

dependent phase transition behavior. The crystallographic 

parameters above and below the phase transition 

temperature (Ttrs) are summarized in Table 1. Although all the 

crystals showed no change in space group, the expansion of 

unit cell volumes (V) was observed from V at high temperature 

phase (HTP) to 5 V, 3 V, and 5 V at low temperature phase 

(LTP) for crystals 1, 2 and 3, respectively (see Table 1 for 

details). The crystallographically independent 

[Cu(FxBA)(py)(OH)] units in the HTP of crystals 1, 2 and 3 were 

also enhanced to 5[Cu(4-FBA)(py)(OH)], 3[Cu(3-

FBA)2(py)2(H2O)], and 2.5[Cu(2,3-F2BA)2(py)2(H2O)] units in the 

LTP, respectively (Figure S3-S5). 

Figure 3a summarizes the amount of change (Δd, %) in the 

hydrogen-bonding dO–O distances between the O atom of a 

H2O ligand and free O atoms of the carboxylate group in FxBA. 

The uniform 1D hydrogen-bonding distances of dO–O = 2.772, 

2.808, and 2.760 Å in crystals 1, 2 and 3, respectively, were 

observed in the X-ray crystal structure analyses at the HTPs. 

On the contrary, one dO–O at the HTP underwent expansion or 

shrinkage to five dO–O(1) ~ dO–O(5) lengths at the LTP in crystals  

1, 2 and 3 (details were summarized in Table S1 in ESI). The 

ΔdO–O range from –3 to +2% at the LTP suggested the structural 

modulation of the O–H•••O hydrogen-bonding 1D chain 

around the structural phase transition. The temperature- 

dependent structural modulation in the 1D hydrogen-bonding 

interactions were also affected by the orientational changes of 

the polar FxBA ligands as the interchain correlation. To 

evaluate the interchain interactions, the  value between the 

-planes of the nearest neighboring FxBA ligands (defined in 

Figure 3b) was evaluated at the HTP and LTP. The  values at 

the HTP were  = 0 for 1,  = 28.16 for 2, and  = 0 and 

38.74 for 3. Although the  values of crystal 2 at the LTP were 

almost independent of the temperature change, with  = 27.79 

and 27.90, change of the  values for crystals 1 and 3 at the 

LTP were observed to be at the relatively wide angles of  = 0–

43.02 and  = 0–36.3, respectively, with a large modulation 

magnitude of   40% (Figure 3b). These large structural 

transformations at the LTP are due to the freezing of large-

amplitude thermal fluctuations of dipoles in FxBA ligands. The 

orientational disorder at the F atom of the 3,4-F2BA ligand at 

the HTP in crystal 3 was also partially ordered at the LTP due to 

the freezing of the thermally activated molecular motions. The 

structural phase transitions of crystals 1 and 3 were consistent 

with the cooperative structural modulations of the 1D 

hydrogen-bonding chain and the orientation of polar FxBA 

ligands. Only the modulation of the 1D hydrogen-bonding 

chain in crystal 2 showed no anomaly in the DSC trace.  

Temperature- and frequency-dependent dielectric constants. 

Figure 4 summarizes the temperature- and frequency-

dependent real part of the dielectric constant (1) using 

compressed pellets of crystal 3 in the cooling process. Data for 

crystals 1 and 2 are summarized in Figure S6. Although the 

slight dielectric anomalies around the Ttrs were observed in the 

HTP–LTP boundaries of crystals 1 and 2, the significant phase 

transition peaks in the dielectric constant were not confirmed 

in terms of the temperature dependence. Since the fluctuation 

of polar 4-FBA ligands along the C–COO– axis did not change 

the dipole moment of crystal 1, there was almost no dielectric 

response upon changes in the temperature and frequency. The 

absence of the orientational disorder of 3-FBA ligands in the 
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crystal structure of 2 was also consistent with almost no 

dielectric response. On the contrary, enhancement of 1 was 

observed in crystal 3 upon increasing the temperature, 

suggesting the dynamic molecular motion of polar 3,4-F2BA 

ligands. This enhancement from 240 K corresponded to the 

thermal anomaly seen in the DSC trace of crystal 3. Frequency-

dependent 1 enhancement was also observed for crystal 3, 

where 1 values reached the following values, suggesting the 

slow molecular motions of polar FxBA ligands: 1 = 2.81 for 10 

kHz, 1 = 2.59 for 100 kHz, and 1 = 2.48 for 1000 kHz at 300 K.  

Adiabatic heat capacity measurement. 

The motional freedom in crystals is sensitive to the adiabatic 

molar heat capacity (Cp). Figure 5 summarizes the Cp of crystals 

1, 2, and 3 in the temperature range 8–300 K. Table 2 

summarizes the Ttrs, the molar enthalpy (trsH) and entropy 

(trsS).The trsH = 0.7263  0.031 kJ mol–1 and trsS = 4.304  

0.020 J K–1 mol–1 for crystal 1 were approximately three times 

larger than the trsH = 0.2561  0.006 kJ mol–1 and trsS = 

1.537  0.004 J K–1 mol–1 for crystal 2. The trsH = 1.569  

0.007 kJ mol–1 and trsS = 6.078  0.025 J K–1 mol–1 for crystal 3 

were the highest among the three complexes. Cp anomalies 

were correlated to both the expansion and shrinkage of 

hydrogen bonds, and the molecular motion of FxBA ligands, 

from structural analysis. The contributions to the Cp anomalies 

could, however, not be separated from other contributions, 

such as lattice vibration. The smallest magnitude of trsS, in 

crystal 2, was consistent with the structural modulation only in 

the 1D hydrogen-bonding chain in the absence of orientational 

changes of the polar ligands. The Cp anomalies also 

corresponded to the temperature- and frequency-dependent 

dielectric responses. The fluctuation of 4-FBA ligands in crystal 

1 did not change the dipole moment and there was no 

effective 1 response around Ttrs, whereas the 1 enhancement 

in crystal 3 originated from changes in the dipole moment due 

to the dipole fluctuation of polar 3,4-F2BA ligands. Hence, the 

dipolar fluctuation of polar 3,4-F2BA ligands affected the 

dielectric anomaly in crystal 3 upon the structural phase 

transition. 

Table 2. Phase transition temperature (Ttrs), molar enthalpy (trsH), and molar 

entropy (trsS), and molecular degree of freedom (w) for crystals 1, 2, and 3 

Crystal 1 2 3 

Ttrs / K 170.7 171.3 267.5 

trsH / kJ mol–1 0.7263  0.031 0.2561  0.006 1.569  0.007 

trsS / J K–1 mol–1 4.304  0.020 1.537  0.004 6.078  0.025 

Conclusions 

Structural flexibility coupled with intermolecular hydrogen-

bonding and dipole–dipole interactions indicated structural 

phase transition accompanied with dipole fluctuation. Three 

CuII complexes, [CuII(4-FBA)2(pyridine)2(H2O)] (1), [CuII(3-

FBA)2(pyridine)2(H2O)] (2), and [CuII(3,4-F2BA)2(pyridine)2(H2O)] 

(3) (where 4-FBA = 4-fluorobenzoate, 3-FBA = 3-

fluorobenzoate, and 3,4-F2BA = 3,4-difluorobenzoate) formed 

the 1D O–H•••O hydrogen-bonding chains and their 3D 

assembly structures through weak dipole–dipole interaction at 

polar fluorinated benzoate (FxBA) ligands. Three crystals 

showed phase transition behavior associated with structural 

modulations of the 1D hydrogen-bonding chain and the 
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orientational changes of the polar ligands upon heating. In 

particular, large-amplitude molecular motions of polar 4-FBA 

and 3,4-F2BA ligands was observed in crystals 1 and 3 around 

the phase transition temperatures, as reflected in the results 

of DSC, dielectric response, and molar heat capacity. 

Cooperative modulation of the intermolecular hydrogen-

bonding and dipole–dipole interactions is a driving force of the 

phase transition and also ligand rearrangements. Further 

designs methods for structural flexibility, coupled with weak 

intermolecular interactions, offer a synergetic effect toward 

the fabrication of dynamic molecular systems. 
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