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We present a structural flexible copper-iodide-pyridine based coordination 

polymer showing drastic variations in its electrical conductivity driven by 

temperature and sorption of acetic acid molecules. The dramatic effect on 

the electrical conductivity enables the fabrication of a simple and robust 

device for gas detection. X-ray diffraction studies and DFT calculations 

allow to rationallize these observations. 

In recent years, coordination polymers (CPs) have gained 

increasing attention due to their wide structural variety and 

interesting physico-chemical properties.1 They are a potential 

source of multifunctional materials that can bring remarkable 

physical properties such as luminescence,2 non-linear optics,3 

magnetism4 and electrical conductivity.5 CPs have the ability to 

produce dynamic structures due to the structural flexibility of 

the ligands and/or the ability of the coordination sites to 

exchange, release and/or re-accommodate molecules 

rendering CPs as a source of stimuli-responsive materials.6 

These dynamic materials show potential applications as 

chemical switches, memories or molecular sensors. 

A limited number of CPs have shown spin-crossover transitions 

modulated or induced by a chemical stimulus such as gas or 

solvent sorption in the pores,7-11 magnetic physically-driven 

solid-state transformation,12, 13 Stimuli-responsive electrical 

materials, mainly centred on organic conductive polymers,14 

are of high current interest. A recent example of thin-film 

device based on the porous coordination polymer Cu3(BTC)2 

(BTC = benzene-1,3,5-tricarboxylic acid) has shown electrical 

response to 7,7,8,8-tetracyanoquinododimethane (TCNQ) 

guest molecules.15 Quasi-linear physical properties have also 

been reported for MX and MMX chains (M = transition metal, 

X = halide) some of them showing thermal Peierls transitions 

that affect their magnetic properties16 and/or their electrical 

conductivity.17 

 
Figure 1. (left) View of the polymeric [Cu(C5H5N3O2)I]n chain in compounds 1 and 1a. 

Colour code: orange(Cu), purple (I), grey (C), blue (N), red (O). (right) Fragment of the 

double-stranded stair in 1
RT

, 1
LT

 and 1a showing the bond angles (º) and distances (Å). 

Additionally, we have reported that some double stranded Cu-

halide stairs present interesting physical properties.18 Here we 

disclose two 1D-CP polymorphs of Cu(I) with iodide as bridging 

ligands and 2-amino-5-nitropyridine (C5H5N3O2, ANP) as 

terminal ligands showing very flexible structures enabling a 

reversible physically-driven electrical conductive transition 

with electrical bi-stability close to room temperature and a 

chemically-driven transition that induces a dramatic 
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enhancement of the electrical conductivity allowing the 

fabrication of a simple and robust gas detector device. 

The direct reactions carried out between CuI and ANP at 25 ºC 

or under solvothermal conditions lead to the isolation of 

[Cu(C5H5N3O2)I]n (1) and its polymorph 1a, respectively. 1a is 

isostructural to the Br derivative, also prepared under 

solvothermal conditions.19 Both polymorphs show a double-

stranded stair motif in which Cu(I) centres are bridged by µ3-I. 

Since the electrical properties (see below) of compound 1 

indicate a phase transition at ca. 267-282 K, we have studied in 

detail the thermal dependence of the unit cell parameters of 1 

(Figures S1-S6) and solved the structure of 1 at 200 K (1LT) and 

at 298 K (1RT). 1
RT, 1

LT and 1a contain Cu(I) ions with a 

tetrahedral environment formed by three bridging iodine ions 

and the iminic nitrogen atom of the 2-amino-5-nitropyridine 

ligand (Figure 1). 

Table 1. D.C. conductivity values at 300 K and experimental and calculated activation 

energies in compounds 1LT, 1RT and 1a. 

compound σ300K (Scm
-1

) Eg (eV) exp. Eg (eV) calc. 

1
LT
 ̶ 0.08 0.18 

1
RT
 1.1x10

-8
 0.40 0.59 

1a 5.0x10
-6

 0.37 0.31 

 

The Cu-I and Cu-N bond distances are similar to those found in 

similar [CuI(L)n] stairs.20-26 The intra-chain Cu···Cu distances are 

close or below the sum of the van der Waals radii (2.80 Å). 

Interestingly, the Cu-I chain structure presents slight variations 

along the propagation direction (a), as shown by the unit cell a 

parameter (4.2284(1), 4.1982(1), and 4.0708(1) Å for 1
RT, 1

LT 

and 1a, respectively) also reflected in the corresponding 

Cu-I-Cu and I-Cu-I bond angles along the chain (105.3º for 1RT, 

104.5-105.0º for 1LT and 100.1º for 1a) (Figure 1). Finally, the 

dihedral angle between adjacent Cu2I2 units along the chain 

also shows slight variations between both polymorphs (117.4º 

for 1
RT, 117.3º and 116.8º for 1

LT and 114.1º for 1a). These 

differences observed mainly between polymorphs 1 and 1a 

suggest that the inter-chain interactions are important in 

determining the overall structure of these compounds, 

supporting the idea that the ANP ligand plays a crucial 

structural role. The ANP ring is tilted (78.2º for 1
RT, 79.0º for 

1
LT and 77.6º for 1a) and twisted (57.4º for 1

RT, 56.0º for 1
LT 

and 67.1º for 1a) relative to the propagation direction of the 

chain. The chain cohesion is also ensured by the presence of π-

π stacking interactions at both sides of the chain between 

adjacent ANP ligands with interplanar distances of 3.332 Å 

(1RT), 3.296 and 3.307 Å (1LT) and 3.520 Å (1a). All compounds 

show weak intra-chain hydrogen bonds involving the halide as 

acceptor and the NH2/CH groups as donors thanks to the 

twisting of the ANP ligands. The nitro substituent of the ANP 

ligand plays a key role assembling the chains together through 

hydrogen bonds between the NH2 and C-H donor groups of 

neighbouring chains and the NO2 group as an acceptor. 

However, although similar interactions are present in these 

compounds, the total number of hydrogen bonds involving the 

ANP ligands differs (Figure S7). The order of hydrogen bond 

connectivity is 1
RT < 1

LT < 1a. Interestingly, the average intra-

chain Cu···Cu distances are shorter in the dimerised phase (1LT) 

that in the regular one (1RT) (Figure 1). 1a shows intra-chain 

Cu···Cu distances shorter than 1LT and 1RT. 

 
Figure 2. Thermal variation of the normalized resistance of compounds 1 (a) and 
1a (b) in two successive cooling and heating and scans (1 and 2, respectively) in 
the 100-300 K range. Inset in (a) shows the reversible transition taking place at 
268-281 K. The saturation of the resistance at low temperatures in both 
compounds indicates that the resistance has reached the limit of our equipment 
(5x1011 Ω). 

Electrical conductivity measurements at 300 K (Table 1) show 

that the room temperature average DC conductivity values are 

strongly dependent on the structure, with σ(1a) > σ(1), 

suggesting that the main factors determining the conductivity 

must be the structural parameters in the chain as the average 

Cu···Cu distance (3.01 Å in 1RT, 2.98 Å in 1LT and 2.88 Å in 1a) 

and the dihedral angle between adjacent Cu2I2 units, which is 

closer to 90º in 1a (114.1º) than in 1RT (116.8-117.4º), resulting 

in a better orbital overlap in 1a. Compound 1 presents a 

reversible semiconducting-semiconducting transition with an 

abrupt transition at ca. 267 K in the cooling scan and ca. 282 K 

in the heating one and a hysteresis of ca. 15 K (Figure 2a). 

Interestingly, this transition implies a decrease in the resistivity 

by a factor of ca. 30 when passing from high to low 

temperature. Although the sample remains semiconducting 

before and after the transition, the activation energy 

decreases from ca. 0.40 eV at high temperatures to ca. 0.08 eV 

at low temperatures. These values indicate that the low 

temperature phase is a better conductor and has a lower 

activation energy, in contrast with the usual behaviour 

observed in chain compounds, where the Peierls transitions 

imply a decrease of the resistivity and an increase of the 

energy gap in the low temperature phase.27-31 This unexpected 

result can be explained with the structural data obtained for 

1
RT and 1

LT above and below the transition temperature. The 

main difference between 1
RT and 1

LT is the presence of two 

independent Cu and I atoms in 1LT, compared to only one in 1RT 

and 1a, resulting in a dimerised chain in 1LT. 

1
LT presents a more homogeneous distribution of the Cu-I 

bond distances, a shorter average Cu···Cu distance along the 

chain (Figure 1) and a smaller dihedral angle between Cu2I2 

units, suggesting that this phase must be a better conductor, in 

agreement with the experimental results. 1 and 1a show very 

similar behaviours except for the transition at ca. 267-282 K 

that is only observed in 1 (Figure 2b). Thus, 1a shows an 

activation energy of 0.37 eV, but no transition (Figure 2b). 

Theoretical calculations show that the electronic structure 

yield minimum values of the transport gaps at Γ points ranging 

between 0.18 and 0.59 eV for all the CPs (Figure S8), in 

excellent agreement with the experimental data (Table 1). 
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These calculations32 also show that 1 behaves as a typical p-

type semiconductor with the Fermi level very close to the 

valence band. The valence and conduction band orbital 

electron isodensities for 1
RT, 1

LT and 1a (Figure S9) shows a 

continuous hybridization band mostly located along the Cu-I 

skeleton and a continuous orbital side-to-side hybridization 

formed between the ligands, indicating that the conduction 

takes place only along the chains. Increasing temperatures 

allow charge migration from the valence band towards the 

conduction one, as well as a temperature-induced overlap 

between both bands, increasing the carrier mobility and the 

electronic conduction along the chains. 

The flexible structure of 1 and the presence of ligands with 

available donor and acceptor H-bonds groups, prompted us to 

study the influence of external chemical stimuli in this 

material. Thus, when a microcrystalline powder of 1 is 

immersed in glacial acetic acid, a sorption process takes place, 

the crystals change from yellow to orange and loose the 

crystallinity, becoming amorphous (Figure S10). Surprisingly, 

this change is reversible and when the acetic acid is removed 

and the sample is dried in air during several days, the crystals 

become yellow and recover the crystallinity (Figure S10). 

 

 
Figure 3. Nyquist plot and equivalent circuit (a) and Bode plot (b) of compound 1 
after 24 h exposed to HAcO vapour. Experimental values (�), fitting values (-). 

This reversible interaction has also been proven by the change 

in the electrical conductivity of 1. Thus, Electrochemical 

Impedance Spectroscopy (EIS) measurements (Figure 3) on a 

device built with a pellet of 1 electrically contacted with two 

copper wires (Figure S11) showed a drastic reversible change 

in the conductivity when 1 is exposed to HAcO vapour after 

different exposure times. The Nyquist plot for compound 1, 

after 24 h exposed to HAcO vapour, in the frequency range 1 

Hz-1 MHz (Figure 3a) shows the presence of depressed 

semicircular arc at high-medium frequencies (1 MHz-30 Hz) 

that is attributed to the bulk properties of the compound and 

a line in the low frequency region typical of materials with 

capacitive behaviour occurring between the mobile ions (that 

are blocked by the electrode-electrolyte interphase).33 The 

Nyquist plots recorded after different exposure times (45, 20 

and 15 min) are similar to those obtained after 24 h exposure 

(Figures S12) but the intercept of the semicircle with the Z′ axis 

shifts towards higher values. The pristine sample 1 (t = 0 min in 

HAcO vapour), loses the semicircle shape and, in addition, the 

experimental measurements have a lot of dispersion from 100 

Hz (Figure S12), suggesting that the material does not possess 

any inherent route for electrical conduction. The conductivity 

increases with increasing the exposure times to acetic acid 

vapours (Table S2) and reaches saturation after ca. 45 minutes 

of exposure. In agreement with the Bode diagram, the 

semicircle representing the bulk properties of compound 1 is 

shifted to higher frequencies when the HAcO exposure time 

increases. This fact indicates that the material/electrode 

interphase capacitive character becomes less important and 

the high conductive phase of 1 appears (Figure S12). When 

saturated acetic acid pellets were exposed to air (30 min. or 

longer times) the Nyquist plots lost the characteristics 

depressed semicircle shape and a poor value of conductivity is 

obtained (ca. 10-11 Scm-1). If we compare those results with the 

experiments involving different exposure times in HAcO 

vapour, the behaviour clearly indicates the crucial role of the 

HAcO molecules in establishing the conductivity pathway. The 

geometric capacitance values obtained from the high-medium 

frequency region (1 MHz -30 Hz) are ca. 10-11 F and are 

independent of the HAcO exposure time. However the low 

frequency tail that could be assigned to the effect of 

electrode-electrolyte interactions and electrode polarization, 

gives capacitance values of 10-8-10-6 F. Albeit this value is 

dependent on the composition and hence can be attributed to 

interfacial phenomena. In order to check the reversibility and 

cycling capacity of the observed drastic change in the 

conductivity, after 12 h in air the sample was re-exposed to 

HAcO vapours for 3 h. The Nyquist plot and the conductivity 

value (ca. 10-6 Scm-1) were similar to the first ones, confirming 

the total reversibility of the HAcO capture/release process and 

its effect on the conductivity of 1. Successive on/off cycles (10 

min in HAcO vapour followed by 70 min in air) yielded 

reproducible results (Figure 4) confirming the stability of the 

device. Furthermore, we have verified that after several weeks 

in air the device still presents the reproducible on/off cycles. 

 
Figure 4. Conductivity variation vs on-off cycling of compound 1 at 298K. 

In a separate experiment, a pellet of 1 was exposed to CH3Cl 

vapour for 24 h at 298 K (Table S2). The EIS study at 298 K 

shows a conductivity of ca. 10-10 Scm-1, indicating the poor 

influence of the chloroform vapours in contrast to the HAcO 

ones. This results agrees with the idea that CH3Cl presents a 

much lower capacity to interact with the ANP ligands in 1 (it 

has no H-bonding capacity) and, accordingly, has a negligible 

ability to modify the structural parameters of the CuI chain. In 

contrast, HAcO has a high H-bonding capacity and, accordingly 

is expected to interact with the amino group of the ANP ligand 
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and to modify the structural parameters of the CuI chain, 

resulting in a drastic change of the conductivity value. 

Finally, in order to check if the absorbed acetic acid molecules 

induce any relevant structural change in 1, we have performed 

a powder X-ray diffraction study with a polycrystalline sample 

of 1 that was exposed to HAcO vapours during 24, 48 and 72 h. 

As expected, this study shows no dramatic structural changes 

in 1 upon HAcO absorption (powder X-ray diffractograms 

remain unchanged, Figures S13 and S14). This fact suggests 

that only a fraction of the sample becomes amorphous. Note 

that the capacity of HAcO molecules to interact with the ANP 

ligand and to slightly modify the CuI chain cannot be ruled out. 

Conclusions 

CuI double chain compounds with ANP as terminal ligand are 

very sensitive to external physical and chemical stimuli. We 

have prepared two polymorphs (1 and 1a), formulated as 

[Cu(C5H5N3O2)I]n, that allow a detailed study of the key role 

played by the structural parameters of the CuI chain in the 

electrical properties. Polymorph 1 shows a reversible 

thermally-induced transition with a hysteresis of ca. 15 K near 

room temperature that implies an unprecedented increase of 

a factor ca. 30 of the conductivity in the low temperature 

phase. This transition is due to slight reversible variations in 

the Cu/I bond distances and angles. The theoretical 

calculations suggest that the conduction mechanism seems to 

be produced along the one-dimensional chains exclusively. 

Furthermore, the extraordinary capacity of these chains to 

respond to chemical stimuli is exemplified by the behaviour 

observed in a device prepared with 1 that shows a reversible 

increase/decrease of the conductivity of ca. 4 orders of 

magnitude due to the uptake/release of HOAc in the structure. 

The high capacity of 1 to respond to external stimuli is 

attributed to two facts: i) the softness of the double CuI chains 

that renders these chains very dynamic and easy to distort, 

leading to huge changes in the electrical conductivity; and ii) 

the presence of ANP as terminal ligand directly connected to 

the CuI chains that acts as an antenna for the external 

chemical stimuli. 
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(PrometeoII/2014/076). J.I.M. thanks CSIC-JAEDOC. 
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