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A B S T R A C T   

In the research field on materials for energy solutions, the exploitation of organic compounds and polymers is of 
great interest, especially in view of a more eco-sustainable development. In this context, the 2,3,5,6-Tetrafluoro- 
7,7,8,8-tetracyanoquinodimethane (F4TCNQ) molecule actively participates in the optimization of many opto
electronic devices based on such elements, thanks to its electrical properties. In this paper, we report a study on 
its optical properties, in particular demonstrating fluorescence emission from solutions containing F4TCNQ. This 
phenomenon is equally relevant, together with the effects on electrical conductivity, in the design of systems for 
energy technology. The results we present here offer new insights in the phenomenological picture of this 
molecule and can sharpen its applicability.   

1. Introduction 

The 4-fold fluorinated derivative of 7,7,8,8-Tetracyanoquinodime
thane, F4TCNQ, is a molecule that has found extensive use in recent 
technological developments of organic-based electronics [1–6]. Its 
diffuse use derives from its properties as electron acceptor with a rather 
high electron affinity [7]. This characteristic makes this molecule 
particularly interesting in improving the electrical conductivity of op
toelectronic devices such as OLEDs, transistors and sensors, but also in 
the doping of hole transporting materials, in photovoltaics [8–13]. The 
F4TCNQ molecule offers the ability to form charge transfer complexes 
(CTC) with normally electron donor organic compounds as in the case of 
the well-known parent species, the TCNQ [14]. Optically, these charge 
transfer complexes are characterized by new energy transitions in the 
UV–Vis-IR. The spectral position of these new bands also depends on the 
structure of the electron-donor compound. In the case, for example, of 
poly (3-hexylthiophene-2,5-diyl) (P3HT) three new absorption bands, 
one in the NIR (~0.6eV), one in the visible (~2.0 eV) and one in the UV 
(~3.4 eV), appear after doping with F4TCNQ [15]. Furthermore, the 
formation of these donor-acceptor complexes has given access to new 
electrical and magnetic properties in organic compounds [16,17], 
starting with the first demonstration of “metallic” conductivity of the 
TTF-TCNQ [18]. More recently the synthesis of the same complex but in 
nanostructured form has revealed excellent electromagnetic absorption 

(EMA) and electromagnetic interference shielding (EMI) [14]. The for
mation of CTCs from pyrene and F4TCNQ brought anisotropic magne
toelectric coupling [19], while conjugating pyrene with 2,3-di-O-methyl 
cellulose and TCNQ as acceptor, allowed to obtain emission properties in 
the red and NIR range, in biocompatible systems [20]. At the same time, 
the electronic transfer can induce a photoluminescence quenching, 
when the F4TCNQ interacts with an emitter [21–23]. This phenomenon 
can be generally a diagnostic tool in the photo-physical study of lumi
nescent materials but also implies a typical technological dichotomy, 
being both useful, as in the case of solar cells and detrimental, for 
example in light emitting systems. Therefore, considering the applica
tion potential of this molecule and the strong impulse in materials sci
ence towards a more effective and sustainable energy technology, a 
fundamental analysis of the materials is equally necessary in order to 
optimize its exploitation. In this work, we present a spectroscopic study 
of the behavior of the F4TCNQ molecule and in particular the analysis of 
its fluorescence emission. Some previous reports on F4TCNQ solid 
crystals and TCNQ liquid solutions investigated their emission proper
ties [24,25]. In this study, we report static photoluminescence mea
surements of F4TCNQ dissolved in different solvents revealing strong 
emission from F4TCNQ solution. 
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2. Experimental 

2.1. Materials and solutions 

Taking into account the main role of the F4TCNQ molecule in ma
terials science, which concerns above all, the p-type doping of organic 
compounds and polymers, we analyzed liquid systems dissolving the 
molecule in the most commonly used solvents also convenient for polar 
molecules, i.e. chloroform, toluene and acetonitrile. In particular, we 
purchased F4TCNQ from Ossila and used it without any further purifi
cation, Chloroform (anhydrous and non-anhydrous) and Toluene from 
Sigma Aldrich and Acetonitrile from MerckMillipore. The solvent choice 
also allows some consideration on the different polarity, which has 
already been shown to be an influential parameter in the behavior of 
these species [24]. As a reference for the preparation of all three solu
tions, we used a concentration of 787 μM in order to avoid any satura
tion problem [26]. The F4TCNQ solubility decreases, in order, passing 
from Acetonitrile to Chloroform to Toluene [27]. Nonetheless, for the 
specific analysis the samples were prepared in the cuvette solution with 
a concentration of 7.8 μM to circumvent any aggregation phenomena. In 
any case, we ensured sufficient absorption signal, in each system. For the 
spectroscopic analysis of the three samples, in fact, we initially exam
ined the absorption spectra. 

2.2. Optical measurements 

Optics measurements were performed using a quartz cuvette with 10 
× 10 mm optical path and 4 optical windows both for optical density and 
luminescence characterization. We recorded absorption spectra using a 
Agilent Cary 5000 UV–Vis–NIR while for the photoluminescence we 
made use of the Agilent Cary Eclipse spectrophotometer. Photo
luminescence and excitation measurements were performed in right 
angle geometry. After preparation, all samples were stored in ambient 
conditions. 

3. Results and discussions 

3.1. F4TCNQ solutions spectroscopy 

The comparison between the optical densities of the three types of 
solutions revealed, as first, the different chemical stability of F4TCNQ in 
the three solvents. As reported in Fig. 1a, the spectral dependence of the 
absorption in the three samples shows three different shapes. The main 
peak, with a maximum of intensity centered at 390 nm, is generally 

assigned to the absorption of the F4TCNQ molecule in its neutral 
conformation [25]. In such conditions, the absorption curve takes the 
spectral form of a double peak with a second contribution to the blue. As 
can be seen in the figure, the F4TCNQ solution in Chloroform perfectly 
reproduces this behavior. In the case of molecules dissolved in Toluene, 
two effects stand out from the recorded spectra. First, the main ab
sorption peak undergo a spectral shift towards shorter wavelengths with 
respect to the same peak in chloroform. In addition, absorption peaks in 
the spectral region between 600 nm and 900 nm become evident 
together with an absorption band around 500 nm. The aforementioned 
contributions become even more intense in the case of the sample pre
pared in Acetonitrile. This absorption difference has already been re
ported previously and is usually related to the ionization of the molecule 
in the form of anion and/or dianion [28]. F4TCNQ molecule demon
strates to be more stable in Chloroform. 

Subsequently, we conducted photoluminescence measurements on 
the same set of samples shown in Fig. 1a and we were able to record 
emission spectra both in the case of samples prepared in Chloroform and 
in Acetonitrile. On the other hand, as shown in Fig. 1b, the solution 
prepared in Toluene did not show any fluorescence. The spectra recor
ded in the two cases of Chloroform and Acetonitrile solutions present a 
red shift from the first one to the latter. As it has already been observed 
in the case of TCNQ solutions [24], the emission of its fluorinated de
rivative is also highly dependent on the solvent and in particular on its 
polarity. A series of non-aromatic solvents were examined in the TCNQ 
study and the increased polarity demonstrated a quenching effect on the 
photoluminescence intensity. In our case the same behavior emerges in 
the comparison between chloroform and acetonitrile. The case of 
Toluene instead differs from this trend considering that it is a non-polar 
solvent in which, however, the emission of F4TCNQ is completely 
quenched. However, an explanation can be traced back to a certain 
character of polarizability given by the presence of the aromatic ring 
together with the possible π-type interactions offered by the same 
electronic cloud. A similar quenching effect originating from the pres
ence of aromatic solvents has in fact already been observed in the case of 
other molecules such as 3,5-diphenyl-8-CF3-BODIPYs or fullerene [29, 
30]. 

In order to analyse the origin of the luminescence, we investigated 
the spectral evolution of the photoexcitation by measuring the fluores
cence excitation of samples in Chloroform and Acetonitrile, at the peak 
wavelength of their emission, i.e. 600 nm and 620 nm, respectively. In 
both cases, the result (Figure S1) resembles the typical absorption 
spectrum of the neutral F4TCNQ species. In particular, as regards the 
molecule dissolved in acetonitrile, it can be observed that the band that 

Fig. 1. (a) Absorption and (b) emission spectra of F4TCNQ in Chloroform (black lines), Toluene (red lines) and Acetonitrile (blue lines). Inset of panel (a) shows the 
contribution of the ionized species to the overall F4TCNQ absorption. Concentration of the three solution was set to 7.8 μM. Emission spectra were recorder with 
excitation wavelength of 390 nm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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contributes to the absorption at wavelengths longer than 400 nm is not 
present in the photo-excitation curve. This is a further indication that 
this absorption comes from the formation of an anionic species that does 
not produce any luminescence. We also want to point out that in the 
fluorescence excitation, the intensity of the absorption peaks in the blue 
region is slightly different from the absorption spectra. As this occurs for 
the sample in both solvents, we exclude any contamination factor. 

After the emission experiments, we again analyzed the absorption of 
the three species subjected to the same photoexcitation conditions. In 
Fig. 2 we report the comparison among the absorption of samples pre
pared in Chloroform, Toluene and Acetonitrile before and after the 
fluorescence measurements. We noticed, in particular in the case of the 
Chloroform solution, the appearance of a new contribution in the optical 
density, around 500 nm. This feature may be associated, in particular, to 

its ionization. As already reported in the case of solid crystals, in fact, 
these molecules can incur a photo-induced self-ionization [25]. 

3.2. Time and concentration effects 

To further investigating this aspect, we tracked the evolution over 
time of this sample. Absorption measurements carried out after 48 h 
demonstrated how this phenomenon is irreversible. As illustrated in 
Figure S2, the intensity of the main peak decreases by about 50%. At the 
same time, the photoluminescence, in addition to undergoing a decrease 
in intensity corresponding to the decrease in the absorption, displays a 
slight shift to the red (see Figure S2b). 

In order to overcome the problem of long-term stability of the 
F4TCNQ solution we explored a variation of the solvent, using anhy
drous Chloroform. As indicated in Fig. 3, the use of anhydrous Chloro
form and the preparation of the sample in an inert atmosphere in a 
N2-filled glovebox, has brought to light a considerable improvement, not 
only in terms of stability, but more generally, in the spectroscopic 
response of the F4TCNQ molecule. Fig. 3a shows the comparison of the 
photoluminescence recorded for the same molecule dissolved in anhy
drous and non-anhydrous Chloroform, having normalized the emission 
intensity to the corresponding maximum absorption values. The sample 
prepared in the anhydrous solvent revealed an increase in the intensity 
of the emission of about 3.5 times. Furthermore, as shown in Fig. 3b, the 
shape of the absorption peak of this species does not undergo any change 
induced by the photoexcitation, contrary to what happens in the non- 
anhydrous case (see Fig. 3a). The anhydrous solvent seems to allow 
preserving the F4TCNQ molecule chemical stability. Moreover, from 
tracking down time evolution of both absorption and emission we 
observed a much smaller variation than in the previous case. As can be 
seen in Figure S2c, the intensity of the absorption peak decreases by less 
than 10% in the same time range and the fluorescence spectrum 
(Figure S2d) does not reveal any red shift as in non-anhydrous 
Chloroform. 

Ultimately, we also analyzed concentration-dependent behavior. For 
this purpose, we prepared a starting solution about 1.2 mM (in anhy
drous Chloroform). Again, in this case, in order to record the absorption 
spectra, dilutions up to 12 μM were prepared to obtain a sample as clean 
as possible. In Fig. 4 we report the normalized optical densities of the 
two samples with distinct concentration. As can be seen from the 
magnification in the red region of the spectrum, the sample prepared 
starting from the most concentrated solution reveals a relevant contri
bution from the anionic species. This result points to the fact that the 
increase in concentration favors the formation of ionized molecules. 
This behavior is in accordance with what has already been reported in 
the case of the TCNQ [31]. 

4. Conclusions 

In conclusion, this study demonstrates that the F4TCNQ is capable of 
emitting photoluminescence in the visible spectral range. This behavior 
is strongly dependent, both in intensity and in the spectral position, on 
the polarity of the solvent. In the same way, the choice of the solvent 
affects both the chemical stability of the molecule and its photosensi
tivity. This analysis is helpful considering that the charge transfer of the 
p-dopant can vary quantitatively depending on whether it is in the 
neutral, mono-anionic or di-anionic state. It is therefore important to 
know the starting point in each solvent. In this case, we have shown how 
Chloroform can ensure the presence of only the neutral species, which 
can then conduct a single or double transfer. Furthermore, however, we 
observed that it is preferable to work with anhydrous solvents. The 
irreversible transformation of the starting species under illumination is 
an effect that can further complicate the use of the F4TCNQ. For the 
same reasons it is also important to keep the concentration of the ma
terials under particular control in order not to incur any modification of 
the original state of the molecule, as we have shown. This set of 

Fig. 2. Normalized absorbance spectra of F4TCNQ in (a) Chloroform, (b) 
Toluene and (c) Acetonitrile before and after the photoluminescence (PL) 
measurements. Excitation was set to 390 nm. 
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characterizations first demonstrate how the F4TCNQ compound de
serves a deeper analysis. However, the intent of this study is also to serve 
as a guide in particular in applications where the F4TCNQ is used as an 
analysis tool, such as titration or quenching methods, and in the 
development of devices for optoelectronics. 
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Optical dedoping mechanism for P3HT:F4TCNQ mixtures, J. Phys. Chem. Lett. 7 
(2016) 4297–4303, https://doi.org/10.1021/acs.jpclett.6b02048. 

[2] S. Mouri, Y. Miyauchi, K. Matsuda, Tunable photoluminescence of monolayer MoS 
2 via chemical doping, Nano Lett. 13 (2013) 5944–5948, https://doi.org/10.1021/ 
nl403036h. 

[3] L. Romaner, G. Heimel, J.-L. Brédas, A. Gerlach, F. Schreiber, R.L. Johnson, 
J. Zegenhagen, S. Duhm, N. Koch, E. Zojer, Impact of bidirectional charge transfer 
and molecular distortions on the electronic structure of a metal-organic interface, 
Phys. Rev. Lett. 99 (2007) 256801, https://doi.org/10.1103/ 
PhysRevLett.99.256801. 

[4] K. Tang, F.M. McFarland, S. Travis, J. Lim, J.D. Azoulay, S. Guo, Aggregation of 
P3HT as a preferred pathway for its chemical doping with F 4 -TCNQ, Chem. 
Commun. 54 (2018) 11925–11928, https://doi.org/10.1039/C8CC05472J. 

[5] A.M. Valencia, C. Cocchi, Electronic and optical properties of oligothiophene- 
F4TCNQ charge-transfer complexes: the role of donor conjugation length, J. Phys. 
Chem. C 123 (2019) 9617–9623, https://doi.org/10.1021/acs.jpcc.9b01390. 

[6] W. Zhang, Q. Zhang, H. Sun, M. Yang, F. Li, Y. Zhang, Y. Qin, D. Zhou, L. Yang, 
Z. Zhang, Y. Jiang, W. Zhong, Emission layer of F4TCNQ-Doped nanorods for high- 
efficient red light-emitting diodes, Org. Electron. 76 (2020) 105460, https://doi. 
org/10.1016/j.orgel.2019.105460. 

[7] W. Gao, A. Kahn, Electronic structure and current injection in zinc phthalocyanine 
doped with tetrafluorotetracyanoquinodimethane: interface versus bulk effects, 
Org. Electron. 3 (2002) 53–63, https://doi.org/10.1016/S1566-1199(02)00033-2. 

[8] A.A. Khan, M. Azam, D. Eric, G. Liang, Z. Yu, Triple cation perovskite doped with 
the small molecule F4TCNQ for highly efficient stable photodetectors, J. Mater. 
Chem. C. 8 (2020) 2880–2887, https://doi.org/10.1039/C9TC05927J. 

[9] F. Zhang, A. Kahn, Investigation of the high electron affinity molecular dopant F6- 
TCNNQ for hole-transport materials, Adv. Funct. Mater. 28 (2018) 1703780, 
https://doi.org/10.1002/adfm.201703780. 

[10] S.N. Patel, A.M. Glaudell, K.A. Peterson, E.M. Thomas, K.A. O’Hara, E. Lim, M. 
L. Chabinyc, Morphology controls the thermoelectric power factor of a doped 
semiconducting polymer, Sci. Adv. 3 (2017), e1700434, https://doi.org/10.1126/ 
sciadv.1700434. 

[11] R. Kroon, D. Kiefer, D. Stegerer, L. Yu, M. Sommer, C. Müller, Polar side chains 
enhance processability, electrical conductivity, and thermal stability of a 
molecularly p-doped polythiophene, Adv. Mater. 29 (2017) 1700930, https://doi. 
org/10.1002/adma.201700930. 

[12] Y. Nosho, Y. Ohno, S. Kishimoto, T. Mizutani, The effects of chemical doping with 
F4TCNQ in carbon nanotube field-effect transistors studied by the transmission- 
line-model technique, Nanotechnology 18 (2007) 415202, https://doi.org/ 
10.1088/0957-4484/18/41/415202. 

Fig. 3. (a) Emission of F4TCNQ in Chloroform (black line) and Chloroform anhydrous (orange line). The emission intensity is normalized to the corresponding 
absorption values at the excitation wavelength (390 nm). (b) Absorbance of F4TCNQ dissolved in Chloroform anhydrous before and after the emission measurement. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Normalized absorbance spectra of F4TCNQ dissolved in Chloroform 
anhydrous in the limit of high and low concentration. The high concentration 
solution reveals traces of ionized F4TCNQ (inset). 

A. Rubino et al.                                                                                                                                                                                                                                 

https://doi.org/10.1016/j.omx.2021.100081
https://doi.org/10.1016/j.omx.2021.100081
https://doi.org/10.1021/acs.jpclett.6b02048
https://doi.org/10.1021/nl403036h
https://doi.org/10.1021/nl403036h
https://doi.org/10.1103/PhysRevLett.99.256801
https://doi.org/10.1103/PhysRevLett.99.256801
https://doi.org/10.1039/C8CC05472J
https://doi.org/10.1021/acs.jpcc.9b01390
https://doi.org/10.1016/j.orgel.2019.105460
https://doi.org/10.1016/j.orgel.2019.105460
https://doi.org/10.1016/S1566-1199(02)00033-2
https://doi.org/10.1039/C9TC05927J
https://doi.org/10.1002/adfm.201703780
https://doi.org/10.1126/sciadv.1700434
https://doi.org/10.1126/sciadv.1700434
https://doi.org/10.1002/adma.201700930
https://doi.org/10.1002/adma.201700930
https://doi.org/10.1088/0957-4484/18/41/415202
https://doi.org/10.1088/0957-4484/18/41/415202


Optical Materials: X 11 (2021) 100081

5

[13] J. Wang, Z. Ji, G. Yang, X. Chuai, F. Liu, Z. Zhou, C. Lu, W. Wei, X. Shi, J. Niu, 
L. Wang, H. Wang, J. Chen, N. Lu, C. Jiang, L. Li, M. Liu, Charge transfer within the 
F4TCNQ-MoS2 van der Waals interface: toward electrical properties tuning and gas 
sensing application, Adv. Funct. Mater. 28 (2018) 1806244, https://doi.org/ 
10.1002/adfm.201806244. 

[14] L. Wu, F. Wu, Q. Sun, J. Shi, A. Xie, X. Zhu, W. Dong, A TTF–TCNQ complex: an 
organic charge-transfer system with extraordinary electromagnetic response 
behavior, J. Mater. Chem. C. 9 (2021) 3316–3323, https://doi.org/10.1039/ 
D0TC05230B. 

[15] D.A. Stanfield, Y. Wu, S.H. Tolbert, B.J. Schwartz, Controlling the formation of 
charge transfer complexes in chemically doped semiconducting polymers, Chem. 
Mater. 33 (2021) 2343–2356, https://doi.org/10.1021/acs.chemmater.0c04471. 

[16] S. Braun, W.R. Salaneck, Fermi level pinning at interfaces with 
tetrafluorotetracyanoquinodimethane (F4-TCNQ): the role of integer charge 
transfer states, Chem. Phys. Lett. 438 (2007) 259–262, https://doi.org/10.1016/j. 
cplett.2007.03.005. 

[17] A. Kumar, K. Banerjee, M. Dvorak, F. Schulz, A. Harju, P. Rinke, P. Liljeroth, 
Charge-transfer-driven nonplanar adsorption of F4TCNQ molecules on epitaxial 
graphene, ACS Nano 11 (2017) 4960–4968, https://doi.org/10.1021/ 
acsnano.7b01599. 

[18] John Ferraris, D.O. Cowan, V. Walatka, J.H. Perlstein, Electron transfer in a new 
highly conducting donor-acceptor complex, J. Am. Chem. Soc. 95 (1973) 948–949, 
https://doi.org/10.1021/ja00784a066. 

[19] Y. Yang, G. Liu, J. Liu, M. Wei, Z. Wang, X. Hao, D.V. Maheswar Repaka, R. 
V. Ramanujan, X. Tao, W. Qin, Q. Zhang, Anisotropic magnetoelectric coupling and 
cotton–mouton effects in the organic magnetic charge-transfer complex 
pyrene–F4TCNQ, ACS Appl. Mater. Interfaces 10 (2018) 44654–44659, https:// 
doi.org/10.1021/acsami.8b16848. 

[20] A. Nagai, J.B. Miller, J. Du, P. Kos, M.C. Stefan, D.J. Siegwart, Biocompatible 
organic charge transfer complex nanoparticles based on a semi-crystalline cellulose 
template, Chem. Commun. 51 (2015) 11868–11871, https://doi.org/10.1039/ 
C5CC03822G. 

[21] P. Tyagi, S. Tuli, R. Srivastava, Study of fluorescence quenching due to 2, 3, 5, 6- 
tetrafluoro-7, 7′, 8, 8′-tetracyano quinodimethane and its solid state diffusion 
analysis using photoluminescence spectroscopy, J. Chem. Phys. 142 (2015), 
054707, https://doi.org/10.1063/1.4907274. 

[22] J. Li, C.W. Rochester, I.E. Jacobs, S. Friedrich, P. Stroeve, M. Riede, A.J. Moulé, 
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