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Remarkable enhancement of ambient-air electrical 

conductivity of the perylenediimide π-stacks isolated 

in the flexible films of a hydrogen-bonded polymer† 

Mustafa Supur,*a Ayhan Yurtseverbc and Ümit Akbeydef 

N,N’-di(2-(trimethylammoniumiodide)ethylene) perylenediimide (TAIPDI), forming extensive π-stacks 

through the strong π-π interactions of large π-planes, was isolated in the hydrogen-bonding milieu of 

polyvinyl alcohol (PVA) from aqueous solutions. The stacking behaviour of TAIPDIs in PVA films was 

investigated by using UV-vis and magic angle spinning nuclear magnetic resonance (MAS NMR) 

spectroscopy. It was concluded that the TAIPDI molecules organized as extensive π-stacks in the PVA 

matrix controlled by the interactions with the polymer chains. The resulting films of TAIPDI/PVA were 

doped with electrons by using a strong reducing agent. The electrical current obtained in the electron-

doped TAIPDI/PVA films was 740 times higher under the same bias as compared to that of reduced 

TAIPDIs casted on a glass substrate without a polymer additive. The significant increase in the 

conductivity of electron-doped TAIPDI/PVA films reflects the strong effect of the uninterrupted π-

stacking of TAIPDIs extending in the flexible PVA films and the protection of the doped electrons from 

the oxygen in the air, provided by the H-bonded environment in PVA. 

 

Introduction 

Self-assembly of suitable organic molecules stimulates the 

construction of new supramolecular materials with unique 

functional characteristics to be employed in the optoelectronic 

devices.1 In this regard, self-assembled structures of 

perylenediimides (PDIs) continue to draw much attention.2 

Besides their remarkable spectral and electrochemical 

properties, PDIs stand out with the high chemical, thermal and 

photostability. Self-organizations of large π-planes of electron 

deficient PDIs through the strong π-π interactions yields 

electron-transport conduits extending in one dimension (1D) at 

nanoscale.3 Electron transport in these extensive π-stacks is 

realized by the intermolecular π-electron migration, in which 

the π-electrons (e.g. PDI radical anions) are generated via a 

thermal or a photoinduced electron-transfer process from 

electron-donating species (electron doping).4 Extensive π-

electron transport in these nanostructured organizations 

significantly improves the (photo)conductivity.5 Nonetheless, 

the electron transport as well as the electrical conductivity 

observed in the PDI conduits is heavily retarded by O2 

molecules in the air, which oxidize the PDI anions (PDI•–) to 

yield superoxide (O2
–).6 In addition to this, PDI nanofibrils are 

mostly brittle and exhibit fractures in the solid state,4c,5b,7 which 

makes them susceptible to the impacts and bending. Such 

fractures interrupt the continuous mobility of electrons through 

the PDI stacks, thereby reducing the conductivity under an 

applied bias.  

 To address the stated limitations of the current PDI fibrils, 

we isolated the π-stacks of a water-soluble PDI (N,N’-di(2-

(trimethylammonium iodide) ethylene) perylenediimide, 

TAIPDI, Fig. 1) in the flexible films of polyvinyl alcohol 

(PVA). TAIPDI molecules form extensive π-stacks in water 

through the strong π-π interactions of the hydrophobic large π-

planes.4c,d,8 1D nanostructures of π-stacked TAIPDIs were 

obtained from their aqueous solutions when casted on a 

substrate as monitored by the scanning electron microscopic 

tools.4c,8 PVA is a promising template for the isolation of the 

self-assembled PDIs from their aqueous solutions because of its 

hydrogen-bonded matrix formed by –OH groups.9 PVA films 

reveal significant flexibility10 as a result of a such H-bonding 

environment, in which the brittleness and cracks of TAIPDI 

stacks can be effectively minimized. H-bonded textures of 

polymers are acknowledged for the minimum porosity, which 

drastically reduce the permeability of gas molecules from air.11 

Films of water-soluble vinyl polymers with small substituents, 

feasible for H-bonding, are also known to be less porous 

compared to those having large, rigid substituents, such as 

pyrrolidone groups.12 Therefore, PVA films with reasonable 

elasticity can be employed to protect the reduced PDI stacks 

from the oxygen at ambient conditions. In addition, the 

utilization of water for dissolving the PVA and TAIPDI stacks 
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during the isolation process is advantageous for 

environmentally benign large-scale fabrication.  

 PVA was previously used to cast the flexible and 

conductive films of polytetrathiooxalate, naphthalenediimide, 

and tetrathiafulvalene.13 Nonetheless, comprehensive 

information about the effect of the PVA matrix on the stacking 

behaviour of the aromatic structures as well as the comparison 

with different polymer environments to understand the effect of  

H-bonding on the I-V characteristics were lacking in these 

studies. 

 The isolation of PDIs in the different polymer matrices has 

been a current subject of various research fields. In a recent 

report, in which a PDI derivative was isolated in vinyl alcohol 

polymers, the effect of temperature and chemical environment 

on the extent of embedded PDI aggregates and the sensitivity of 

these aggregates towards the mechanical stress were 

investigated.14 In another study, PVA was incorporated as a 

polar polymer dielectric in a PDI-based organic field effect 

transistor.15 The immobilised PDI entities on PVA chains 

through the esterification were demonstrated as promising 

fluorescent labels for biologically active probes.16 PDIs were 

also covalently and non-covalently isolated in various polymer 

and oligomer environments to investigate their aggregation 

behaviours and emission spectral characteristics for various 

purposes.17 However, the investigations on the electrical 

conductivity of electron-doped PDI aggregates isolated in 

polymer films have been missing so far. 

 In this study, the impact of the PVA chains on the 

organizations of π-stacks of TAIPDIs extending in the polymer 

films were extensively examined by UV-vis and magic angle 

spinning nuclear magnetic resonance (MAS NMR) 

spectroscopy. Reduced TAIPDIs, i.e. TAIPDI anions, in the 

films were detected by UV-vis spectroscopy and confirmed by 

electron paramagnetic resonance (EPR) spectroscopy. I-V 

characteristics of reduced TAIPDIs drop-casted on a glass 

without any polymer and those isolated in PVA films were 

compared at ambient air conditions. I-V curves of reduced 

TAIPDIs were also obtained in a non-H-bonding polymer 

(polyvinyl pyrrolidone, PVP) to understand the effect of 

different polymer environment on the electrical conductivity. 

 

Results and discussion 

Fabrication of TAIPDI/PVA films and UV-Vis spectral 

characteristics of neutral TAIPDI stacks in PVA films 

 The isolation of TAIPDIs in PVA was achieved by mixing 

aqueous solutions of TAIPDIs and PVA (10 mg ml–1) at room 

temperature. The TAIPDI/PVA solutions with different 

TAIPDI contents were then cast into glass Petri dishes to dry at 

60ºC in an oven for overnight. After drying, the resulting films 

were kept at 110ºC for about 2 hours for further removal of 

water. The resulting films were easy to process and displayed 

reasonable flexibility (Fig. 1 and Fig. S1, ESI). Thickness of the 

prepared films was about 2–5 µm, which depends on the 

amount of TAIPDI/PVA solution in the Petri dishes.  

 
Fig. 1 The molecular structure of TAIPDI and the fabrication of TAIPDI/PVA 

flexible films from aqueous solutions. The photographic image shows the 

flexibility of the PVA film with 30 wt.% TAIPDI content.  

 Absorption spectra of TAIPDI in PVA films vary with the 

concentration (Fig. 2).18 At low concentrations of TAIPDI 

dispersed in PVA matrices (2.0 and 3.3 wt.%), the 0–0, 0–1, 

and 0–3 transitions were observed at 535, 501, and 473 nm, 

respectively. The ratios of 0–0 to 0–1 transitions were cal-

culated to be 1.05 and 0.84 for 2.0 and 3.3 wt.%, respectively, 

whereas it was estimated to be 1.48 in MeOH solution, in 

which TAIPDI molecules were completely dissolved at room 

temperature.4c Besides the low ratios of 0–0 to 0–1 transitions, 

the small red shift and a meaningful broadening at around 570 

nm were noted when the concentration of TAIPDI was 

increased from 2.0 to 3.3 wt.%. These features indicate that π-

stacking between the TAIPDI planes are considerably effective 

at low concentrations in these polymer environments. As the 

dispersion of TAIPDI in PVA was increased to 10 wt%, the 

vibronic transitions, the reminiscent of the monomeric identity, 

were completely replaced by an absorption peaking at 503 nm 

with a small shoulder around 535 nm, which resembles to that 

of TAIPDIs in aqueous environments, in which cofacial 

stacking [(TAIPDI)n] was observed as a result of hydrophobic 

π-π interactions.4c Nonetheless, the absorption band of 

(TAIPDI)n in PVA was broader and less featured compared to 

that in water. In addition, the shoulder around 535 nm appeared 

at 565 nm in the absorption spectrum of TAIPDIs cast on a 

glass substrate from aqueous solution without PVA (Fig. S2, 

ESI). Hence, the TAIPDI molecules organize as extensive π-

stacks in the PVA matrix governed by the interactions with the  

 
Fig. 2 Absorption spectra of neutral (TAIPDI)n in PVA films at indicated weight 

ratios. 
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polymer chains. The absorption features of the TAIPDI/PVA 

did not show any change after the their preparation indicating 

their stability. 

Investigation of self-organizations of neutral TAIPDI stacks in 

PVA films via 1H MAS NMR spectroscopy 

 To understand the supramolecular interactions (hydrogen 

bonding and π-π packing) of TAIPDIs and PVA, we performed 

solid-state 1H MAS NMR experiments. Proton NMR 

spectroscopy has been shown to be very informative to 

understand molecular interactions and proton chemical 

information.19 Such information gives the hint on local packing 

of TAIPDIs and how that changes with the interaction via 

PVA.20 Moreover, the 1H double-quantum (DQ) MAS NMR 

experiments give further information on spatial proximities of 

protons that can reveal the details of packing and hydrogen 

bonding. 

  The proton chemical resonances observed for four different 

samples are shown in Fig. 3. Pure PVA has characteristic CH2 

and CH NMR peaks from polymer backbone and additional –

OH shoulder (~5-6 ppm, Fig. 3b). The pure TAIPDI has 

CH2/CH3 resonances at ~4 ppm and the aromatic ring protons 

between 6-9 ppm range. Only one resonance is expected from 

the similar ring protons (marked with a solid line in Fig. 3b), 

that is at 8.50-8.95 ppm in a DMSO-d6 solution (Fig S3, ESI). 

However, we observed four different chemical shifts for the 

solid TAIPDI sample (H1-H4). This observation indicates that 

there is differential ring-current affects observed by different 

ring protons, namely with four different strength, and as a 

result, a shift is observed towards lower proton chemical shifts 

as the ring-current effect becomes stronger. Such phenomenon 

is observed in materials forming packed aromatic arrays.19g  

 

Fig. 3 
1
H double-quantum filtered (DQF) MAS NMR spectra of (a) PVA, (b) TAIPDI, 

(c) PVA:TAIPDI 70:30% and (d) PVA:TAIPDI 30:70% samples. Spectra were 

recorded with one rotor-period of DQ excitation/reconversion and at ambient 

temperatures, 50 kHz MAS, and 700 MHz Bruker NMR spectrometer. Assignment 

of proton resonances to various chemical sites is represented along with the 

spectra with dashed lines. The –OH 
1
H chemical shift position is shown for the 

PVA sample with dotted lines (~5-6 ppm) in Fig 3a. The solid line at the 
1
H 

spectrum in Fig. 3b additionally indicates the chemical shift position of the 

aromatic protons (~8.7-9 ppm) of PDI recorded in DMSO (Fig. S3, ESI).  

Upon the mixing of PVA and TAIPDI, those four distinct 

aromatic proton resonances were replaced by a less featured 

aromatic region (Fig. 3c-d). 

 To delve further into the aromatic proton chemical shifts 

and packing arrangements, we recorded the 2D 1H-1H DQ MAS 

NMR spectra of the samples as shown in Fig. 4. In these 

spectra, due to the increased resolution in the second DQ 

dimension (the y-axes of the spectra), different aromatic proton 

resonances can be identified. PVA has the characteristic CH 

and CH2 auto 1H-1H cross-peaks at the diagonal. Moreover, two 

additional auto cross peaks can be monitored at ~5 and ~6 ppm, 

that were assigned to inter and intra hydrogen bonded –OH 

protons, respectively (Fig. 4a).9 For the pure TAIPDI, the H1 

aromatic proton has a chemical shift similar to the solution state 

at ~8.9-9 ppm, which indicates a very weak or no ring-current 

effects on this proton type (Fig. 4b). Then, from H2 towards H4, 

the ring current effects become larger; as a result, the 

resonances shift away from the solution chemical shift towards 

the lower values. H4 is at ~6.5 ppm, which undergoes the 

largest ring-current effect from the stacked TAIPDI molecules. 

Remarkably, when TAIPDI and PVA is mixed with two 

different ratios, the H1 proton resonance disappears from the 

spectra, indicating the removal of the aromatic proton 

experiencing no ring-current effects (Fig. 4c-d). This 

observation reveals the stronger stacking of the TAIPDI π-

planes in the PVA/TAIPDI mixtures as compared to those of 

pure TAIPDIs, as confirmed by the UV-Vis spectral 

experiments (Fig. 2). It is also possible that the arrangement of 

the TAIPDI is changed in a way that leads to a more complex 

and involved packing, via more TAIPDI fibre stacks interacting  

 

Fig. 4 The 2D 
1
H-

1
H DQ MAS NMR spectra of (a) PVA, (b) TAIPDI, (c) PVA:TAIPDI 

70:30% and (d) PVA:TAIPDI 30:70% samples. Spectra were recorded with one 

rotor-period of DQ excitation-reconversion and at ambient temperatures, 50 kHz 

MAS, and 700 MHz Bruker NMR spectrometer. The proton chemical shift 

assignments are noted in the corresponding figure. 
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with each other. Moreover, the NMR cross-peak pattern 

observed for the mixtures are much less featured compared to 

the pure TAIPDI, as a result of a possible more dynamic or less 

ordered arrangement of the stacks. The H2, H3 and H4 types of 

protons are all still exist in the mixtures, with slight chemical 

shift changes. The –OH peaks are still partly observed in the 

mixture samples, as seen as a cross peak at ~5-6 ppm. 

UV-Vis spectral characteristics of reduced TAIPDI stacks in 

PVA films 

 TAIPDI stacks isolated in PVA can be reduced by using a 

strong electron dopant, hydrazine vapour. Efficient electron 

transfer from electron-donating hydrazine to the electron-

accepting PDIs is feasible as observed in previous studies.4b,c,5b 

As expected, 30 seconds of exposure of PVA film containing 

2.0 wt.% of TAIPDI to hydrazine vapour at ~60ºC resulted in 

the formation of radical anion of TAIPDI (TAIPDI•–) as 

recognized from the absorption appeared at around 710 and 800 

nm (Fig. 5a).21 These absorption peaks became more apparent 

as the exposure time to hydrazine vapour was increased. 

Further hydrazine exposure caused the reduction of the majority 

of the radical anions to the dianions of TAIPDI (TAIPDI2–) as 

noted from the gradual decrease in the absorption peaks at 710 

and 800 nm, which was followed by the instant rise at 520, 545 

and 626 nm.22 

 
Fig. 5 (a) Absorption spectra showing the reduction of TAIPDIs in PVA films (3.3 

wt.%) at indicated exposure times to hydrazine vapour at 60°C. (b) Absorption 

spectra of reduced TAIPDIs in PVA films at indicated weight ratios. 

 The increase in the weight percent of TAIPDI in PVA (10 

wt.%) led to red shift in the absorption bands of TAIPDI•– to 

734 and 825 nm while those of TAIPDI2– revealed blue shift to 

514, 536 and 606 nm (Fig. 5b). This results from the enhanced 

π-stacking among the TAIPDI molecules in the PVA film. The 

absorption maxima of TAIDPI•– with 3.3 and 10 wt.% in PVA 

mainly corresponded to those of PDI radical anions obtained in 

ethanol and water, respectively.23 Nonetheless, the absorption 

features of TAIPDI2– with 3.3 and 10 wt.% in PVA were red 

shifted compared to those of PDI dianions obtained in ethanol 

and water.23 Reduced species of TAIPDI, i.e. TAIPDI•– and 

TAIPDI2–, isolated in PVA films can be recognized from the 

violet colour of the films while the neutral TAIPDI gives red 

colour. The complete colour change from violet to red takes 

about a month, indicating the effect of the isolation in PVA 

matrix on the stability of the reduced TAIPDIs. 

 The effect of H-bonding surrounding the TAIPDI stacks on 

the lifetime of the reduced species of TAIPDI was tested by a 

comparison with a non-H-bonding environment in the ambient 

air. For this purpose, TAIPDI was isolated in PVP (3.3 wt.%) 

by repeating the same procedures for the fabrication of the PVA 

films and exposed to the hydrazine vapour at ~60ºC. After 3 

minutes of exposure, the reduced TAIPDI in PVP films were 

spectroscopically compared with those in PVA. The absorption 

spectrum of the reduced species of TAIPDI in PVP differed 

from that of PVA film (3.3 wt.%) by significant shifts as a 

result of the interactions with the pyrrolidones instead of –OH 

groups (Fig. S6, ESI). Other than the spectral shifts, the lifetime 

of the reduced species of TAIPDI in PVA was much longer 

than those in PVP. As shown, in Fig. 6, two third of the reduced 

TAIPDIs in PVP decomposes within 1.5 hr whereas no 

significant decay for those isolated in PVA was detected during 

the course of the measurement (ca. 17 hrs).24 The stability of 

the reduced species in PVA can be related to the air 

permeability, which is probably minimized via the H-bonding 

matrix among the –OH groups.11 On the other hand, the rigid 

pyrrolidones are most likely to enhance the porosity of the 

polymer film, which relatively favours the air permeation into 

the PVP bulk.12  

 
Fig. 6 Time profile at 640 nm showing the decay of the reduced species of TAIPDI 

(3.3 wt.%) in PVA and PVP films in ambient air. 
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I-V characteristics of reduced TAIPDI stacks in PVA films 

 To reveal the I-V characteristics of TAIPDI/PVA films, 

aqueous solution of TAIPDI and PVA was drop-casted on a 

glass substrate to form film spots (10 and 30 wt.% TAIPDI) 

with an area of 20 mm2 and a thickness of 2–5 µm after drying. 

These film spots were exposed to hydrazine vapour to obtain 

reduced TAIPDIs (electron-doped). Two tungsten electrodes 

with a diameter of 10 µm were used to obtain I-V curves on the 

corresponding TAIPDI/PVA films at room temperature. Under 

applied bias of 5.0 V, PVA film containing 30 wt.% TAIPDI 

displayed a current of 260 nA at ambient conditions. On the 

other hand, TAIPDI aggregates casted from aqueous solution 

onto a glass substrate without any polymer protection gave only 

0.35 nA under the  

 
Fig. 7 (a) I-V curves of reduced TAIPDI (30 wt.%) in PVA and reduced TAIPDI 

without polymer isolation, (b) I-V curves of reduced TAIPDI in PVA at indicated 

weight percents and (c) I-V curves of reduced TAIPDI (30 wt.%) in PVA with 

indicated exposure times to hydrazine vapour.  

same bias at the same conditions (Fig. 7a).25 740-fold increase 

in the current reveals the strong effect of the self-organization 

of TAIPDIs through the tight stacking in PVA films and the 

protection of the doped electrons from oxygen in the air. Soft 

H-bonding texture of PVA also prevents the fractures of 

TAIPDI stacks, which provides a continuous electron flow. 

From the linear I-V curve, the conductivity of the PVA film was 

roughly estimated to be 0.035 S m–1.26 As the TAIPDI content 

decreased to 10 wt.% in PVA film (Fig. 7b), the current under 

5.0 V bias reduced about 90 % (28 nA). π-stacking among the 

TAIPDIs were significantly improved as the concentration of 

TAIPDI was increased (Fig. 2). Hence, the long-range 

migration of doped electrons along the extensive π-stacks of 

TAIPDIs embedded in the PVA matrix is necessary to obtain 

high electrical conductivity on these films. 

 It was also found that the amount of doped electrons 

migrating on the TAIPDI π-stacks controls the electronic 

conductivity. The PVA film with 30 wt.% TAIPDI subjected to 

hydrazine vapour 3.5 minutes showed 1.7 times higher current 

as compared to that subjected to hydrazine only 1.0 minute 

under the same bias (Fig. 7c). 

 Furthermore, the electrical conductivities of reduced 

TAIPDIs isolated in PVA and PVP were compared to 

understanding the effect of H-bonding. TAIPDI/PVP film spots 

were obtained on a glass substrate by applying the same 

procedure for TAIPDI/PVA films. PVP film with 30 wt.% 

TAIPDI displayed a current of 190 nA at ambient conditions. 

Nonetheless, it drastically dropped to 12 nA after two hours 

while the current obtained from PVA films was steady within 

the same time course (Fig. S8, ESI). I-V characteristics of PVA 

and PVP films of TAIPDI are in agreement with the lifetimes 

of the reduced TAIPDIs isolated in the films of corresponding 

polymers (Fig. 6).  

 

Conclusions 

In conclusion, extensive TAIPDI π-stacks were isolated in the 

PVA films. H-bonding matrix of PVA provides flexibility for 

TAIPDI stacks and restricts the oxidation of reduced TAIPDIs 

by O2 molecules in the air. TAIPDI stacks rearrange in the PVA 

films as a result of interactions with the polymer chains, as seen 

in the NMR results. By this way, TAIPDI π-stacks extend 

uninterruptedly with the help of PVA chains. H-bonded 

environment of PVA drastically improves the electrical 

conductivity realizing in the TAIPDI π-stacks, which is 740 

times higher compared to that of pure TAIPDI without polymer 

film. The electrical current obtained from the reduced TAIPDIs 

isolated in H-bonding matrix is much more stable as compared 

to that of isolated in non-H-bonding polymer. Such 

improvement can facilitate the use of PDI/polymer films as 

conductive interfacial layers in the organic optoelectronic 

devices. 
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Experimental 

Materials 

N,N’-di(2-(trimethylammonium iodide) ethylene) perylene 

diimide (TAIPDI) was synthesized according to the reported 

procedures.4c Polyvinyl alcohol (PVA; average Mw: 85000-

124000, Sigma-Aldrich), polyvinylpyrrolidone (PVP K30; 

average Mw: 40000, TCI or Nacalai Tesque) and hydrazine 

anhydrous (TCI) were used as received from commercial 

sources. Caution: Anhydrous hydrazine reacts violently with 

many metals, metal oxides and porous materials causing fire 

and explosion. Exposing to heat, flame or oxidising agents can 

cause fire hazard. Purification of water (18.2 MΩ cm) was 

performed with a Milli-Q system (Millipore, Direct-Q 3 UV).  

Instruments 

Steady-state absorption measurements were recorded on a 

Hewlett Packard 8453 diode array spectrophotometer. Solid-

state MAS NMR measurements were performed at a 700 MHz 

Bruker instrument, equipped with 1.3 mm HCN triple-

resonance probe, at room temperature and 50 kHz MAS. 

Electron paramagnetic resonance (EPR) spectra were taken on a 

JEOL X-band spectrometer (JES-RE1XE) at room temperature. 

I-V characterization of films was done on an Agilent 

Technologies B1500A semiconductor device analyzer with 

B1510A precision high power source measurement unit. 
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