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Charge transfer in molecular co-crystals: a plane wave vs. localized-orbitals view. Structural 1 
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information obtained from calculated Raman and IR phonons. 
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Abstract 

This article aims at laying the foundation for the development of electronic structure–property rela-

tionship in the field of charge-transfer (CT) organic semiconductors by studying the low-frequency 

phonon response of donor-acceptor (DA) compounds. In this paper, it is shown and discussed how 

and why phonon frequencies and their delocalization depend on the interplay between single-mole-

cule properties and crystal structure. This result is obtained combining results from state-of-the art 

quantum–mechanical calculations, carried out within both localized orbitals and plane wave para-

digm, with simple classical models. CT compounds between perylene (Pery) as the donor and 

FnTCNQ (n = 0, 4) as the acceptors, have been considered.  29 
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Introduction  34 

Following the seminal work of Heeger, MacDiarmid, and Shirakawa on molecularly doped conju-35 

gated polymers the scientific research based on the development of hydrocarbon-based semiconduct-36 

ing materials drove the development of the so-called “organic electronics” field of research activity1–37 

5. In particular, semiconducting polymers are at present mainly employed in cheap and easily assem-38 

bled thin film transistors6, light emitting materials7, and dye-sensitized solar cells (DSSC)8. From a 39 

purely applicative point of view, maybe the most effective manifestation of organic electronics in the 40 

impact on every-day is the production of screen and touch-screen devices for the display of monitors 41 

and smartphones. Within this picture, conjugated sulfur-containing aromatic systems, i.e. polythio-42 

phenes, remain the most popular choices for the preparation of organic electronic materials, in that 43 

they are i) typically good donors ii) the preferentially planar geometrical arrangement and the pres-44 

ence of 3p orbitals on sulfur atoms allows an efficient inter molecular orbital overlap. These charac-45 

teristics make them very good candidates as donors in binary charge–transfer (CT) complexes9. Alt-46 

hough CT complexes have long been known, their potential as electronic materials have not been 47 

noted until relatively recently, despite their capability of fine-tuning electric properties depending on 48 

heteroatoms and substituents10. Previous reports indicate that binary CT complexes show high con-49 

ductivity and other promising optoelectronic properties such as ambipolar transport and photocon-50 

ductivity11. The electronic properties of CT complexes have also been exploited to develop a wide 51 

variety of colorimetric sensors, based on the rising of characteristic absorption bands12. A compre-52 

hensive review of experimental and theoretical this topic was proposed by Pramanik et al.13 In the 53 

field of CT complexes molecular crystals represent an important class of materials due the tunability 54 

of their properties strictly dependent on the crystalline structure10,14,15.   55 

Molecular crystals are ordered packings of molecules which are the discrete physical entities charac-56 

terizing the solid. It can be seen that the forces determining the packing in molecular crystals are 57 

much weaker than those of ionic or covalent chemical bonds16,17. The physical nature of such weaker 58 

intermolecular forces can be used to characterize the crystal itself and its properties18. Among the 59 

various kinds of molecular solids, organic charge transfer crystals have attracted significant research 60 

attention due to their wide range of potential applications in organic optoelectronic devices19, organic 61 

magnetic devices, organic energy devices, etc. In this type of solids donor-acceptor interaction occurs 62 

between “planar” donor (D) and acceptor (A) molecules packed in an infinite arrangement; to this 63 

end a crucial role is related to the energy difference of HOMO (D) and LUMO (A) orbitals.  64 

The Born-Oppenheimer electronic ground state of such systems is partially ionic in nature and the 65 

degree of CT is largely responsible for the resulting properties of the crystal20. It is worthwhile to 66 

emphasize that, in systems with long range crystalline order, not only the energy difference between 67 
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HOMO and LUMO is important in determining the value of CT but also the electronic coupling 68 

between these frontier orbitals plays a crucial role21,22. The degree of CT can be, for example, esti-69 

mated by single-crystal XRD23 by calculating the variation in the bond length. In this study, however, 70 

we used vibrational spectroscopy (IR and Raman) to estimate the value of CT for organic charge 71 

transfer crystals : it is in fact widely recognized that charge transfer interactions influence some vi-72 

brational modes of both donor and acceptor molecules24,25. In parallel, theoretical studies were con-73 

ducted to validate and predict experimental CTs from vibrational spectra: despite the importance of 74 

the estimation of CT, these measurements, both from an experimental and a computational point of 75 

view, lead to conflicting results14,20,26,27. This article aims to delve into the theoretical aspects of de-76 

termining the CT, by validating and suggesting a novel and robust workflow to obtain reliable CT 77 

values for molecular crystals by an in-silico approach. The degree of CT and the influence of the level 78 

of theory on its estimation was benchmarked within the density functional theory (DFT), testing both 79 

localized orbitals (LO) and plane-waves (PW) and investigating the interaction between these and 80 

different population analyses. Perylene (Pery) Fn-7,7,8,8-tetracyanoquinodimethane (FnTCNQ) co-81 

crystals were selected as prototypical organic charge transfer crystals as they have been extensively 82 

studied and characterised and still represent a system of interest because of their variety and fine-83 

tuning possibilities28–34. The CT in molecular crystals is strictly linked with the electronic band struc-84 

ture, making the study of this variable of interest for electrochemical experiments, as the bandgap can 85 

be accessed via cyclic voltammetry, and a robust protocol to theoretically verify experimental result 86 

is necessary27,35,36. 87 

Experimental 88 

CT crystals were prepared following the previously reported procedure by Salzillo et al.20 by physical 89 

vapor transport method. THz-IR (or Far-IR) measurements have been performed with in-house setup 90 

based on a Bomem DA8 interferometer with a maximum spectral resolution of 0.004 cm-1 working 91 

in a final vacuum in the range of 10-4 mbar and equipped with Globar source water cooled, Mylar 92 

Hyperspectral beamsplitter and DTGS detector. The signal is collected in transmission mode with the 93 

samples previously dispersed in polyethylene powder (Sigma Aldrich (UHMW PE), powder, mean 94 

particle size 150 µm) and pressed at room temperature in a pellet. The pellet is prepared by dispersing 95 

about 1 mg of sample in crystal form and mixed in 60 mg of polyethylene powder by agate mortar 96 

reaching the homogenity. Each spectrum is the results of 9999 scans with 2 cm-1 spectral resolution 97 

and as a background a KBr spectrum recorded with the same conditions has been used. THz-Raman 98 

(or low-frequency Raman) measurements have been performed with Horiba Jobin Yvon T64000 triple 99 

grating spectrometer working in double subtractive + single additive configuration at ambient condi-100 

tions. The excitation laser line was from a Krypton ion gas laser (Coherent Innova 90C) tuned at 101 
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647.1 nm and power modulated by neutral optical density filters to obtain about 1 mW on the sample 102 

to avoid its degradation. Each spectrum has been recorded with 100x objective, integrating 240 s and 103 

averaging 6 spectra. For each crystal at least 6 independent measurements have been recorded to 104 

ensure the homogeneity of the sample. The calibration of the triple spectrometer has been performed 105 

with narrow neon emission lamp. 106 

Calculation details 107 

Projector augmented wave (PAW) calculations with periodic boundary conditions (PBC) were per-108 

formed with VASP 5.4.4 program37,38, selecting the h_GW family of default PAW pseudopoten-109 

tials39,40 and an energy cut-off of 910 eV. The dispersion-corrected density functional theory (DFT-110 

D) was employed with the PBE41 exchange and correlation functional coupled with the D3(BJ) em-111 

pirical correction to account for dispersion interaction42. Geometries and cell parameters were opti-112 

mized using the conjugate-gradient method starting from experimental X-ray results20 (the experi-113 

mental geometries are attached as F0TCNQPerylene_1-1.cif and F4TCNQPerylene_1-1.cif files in 114 

the supporting information). For this work the α-polymorph with donor-acceptor stoichiometry 1:1 is 115 

considered for both species, setting as symmetry constrain the P21/c space group for Pery:TCNQ and 116 

P-1 for Pery:F4TCNQ. For both species the k-points were Γ-centred and automatically generated. For 117 

Pery:F4TCNQ a 6 x 6 x 4 Monkhorst sampling was used, then a 5 x 3 x 3 sampling was used 118 

Pery:TCNQ. Frequency calculations were done at Γ thanks to the Phonopy package43 with a finite 119 

difference approach (0.01 Å displacements), employing VASP 5.4.4 as force calculator. IR intensities 120 

and Raman activities were evaluated thanks to the Phonopy-spectroscopy framework44. A 2 x 1 x 1 121 

supercell was needed for the Pery:F4TCNQ crystal to ensure convergence. The electronic structure 122 

of dimers was also evaluated with LOs, on the Gaussian 1645 environment, at DFT-D level imple-123 

menting again D3(BJ) empirical dispersions. Different population analyses were benchmarked to ob-124 

tain atomic charges: Mulliken, Bader and DDEC6. DDEC6 charges were evaluated with chargemole46 125 

both for LO and PAW calculations. Mulliken charges for LOs were obtained from Gaussian 16, for 126 

PAWs, instead, the LOBSTER program was used, setting the pbeVaspFit2015 as auxiliary basis set47. 127 

Finally, Bader charges were processed with the Henkelman’s group code48,49 for PAWs and with Mul-128 

tiwfn50 for LOs. The influence of different basis sets and functionals on population analyses was 129 

tested by varying both in LO calculations. We selected the CAM-B3LYP51 as our high level hybrid 130 

functional and cc-pVTZ52 as the reference basis set: various exchange and correlation functionals 131 

(BLYP53, B3LYP54, PBE, PBE055) against the CAM-B3LYP(D3BJ)/cc-pVTZ standard. The effect of 132 

the basis set extension and the influence of polarization and diffuse functions were also tested by 133 

employing the following basis sets in conjunction with the CAM-B3LYP functional: 6-31G56, 6-134 

31G(d)56,57, 6-31+G56,58, 6-31+G(d)56–58, 6-311G(2d,2p)57,59, 6-311++G(2d,2p)57–59, 6-135 
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311++G(3df,3pd) 57–59,  cc-pVDZ60, aug-cc-pVDZ52,60, cc-pVTZ and aug-cc-pVTZ52. The theoretical 136 

CT was determined by the sum of net atomic charges over a Pery molecule. 137 

Results and Discussion 138 

In CT complexes the central question is represented by the determination of the amount of charge 139 

transferred between the donor and the acceptor. Indeed, the crux is to devise a strategy allowing for 140 

a reliable quantitative estimation, experimentally as well as theoretically31,61–63. The Pery:F4TCNQ 141 

with a 1:1 stoichiometry CT co-crystal constitutes an interesting benchmark for any theoretical ap-142 

proach, in that experimentally from the analysis of IR spectra a charge transfer value of 0.29 electrons 143 

is obtained: with the formation of a positively charged Pery20. We selected the FnTCNQ (n=0, 4) from 144 

the whole series as there is no intrinsic disorder due the asymmetry of the acceptor, as for n=1, 2, 3, 145 

making these species more suitable for systematic theoretical study. Chart 1 shows the optimized 146 

crystal structure at PBE(D3BJ)/PAW level (the optimized geometries are attached as 147 

F0TCNQPerylene_1-1_opt.cif and F4TCNQPerylene_1-1_opt.cif files in the supporting infor-148 

mation). A comparison of experimental and optimized lattice parameters is reported in Table S1 for 149 

both species, underlining a good agreement between experimental and theoretical results. 150 

Chart 1 151 

A) 

 

B) 

 

 

Chart 1: Optimized crystal structure at PBE(D3BJ)/PAW level of A) triclinic Pery:F4TCNQ stoichi-152 

ometry 1:1 and P-1 as space group B) monoclinic Pery:TCNQ, stoichiometry 1:1 and P21/c  as space 153 

group. 154 

Figure 1 displays the frontier orbitals correlation diagram for the isolated pristine species Pery, 155 

TCNQ, F4TCNQ, together with the relevant 1:1 stoichiometry CT complexes. In that, the driving-156 

force of the CT process is often rationalized considering that the LUMO energy of the acceptor has 157 

to be near in energy with respect to that of the HOMO of the donor. Note that, both the donor and 158 

acceptors undergo a lowering in electronic state symmetry, passing from D2h (isolated molecule) to 159 
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Ci (in the crystal, concerning the symmetry of the elementary cell). In order to form the donor-accep-160 

tor complex, the two species have to be arranged in a staggered manner, further lowering the sym-161 

metry of the dimer to C1, this disposition minimizes the orthogonality between the HOMO of the 162 

donor (Ag) and the LUMO of the acceptor (Au); this geometry reduces the need for charge transfer 163 

between LUMO and HOMO-1 reported in the literature for similar cases64. This can be observed in 164 

Figure 1B where the LUMO and HOMO of F4TCNQ and Pery are combined to give a constructive 165 

and destructive pattern, highlighting how the two species are positioned to avoid the orthogonality of 166 

considered molecular orbitals. 167 

A) 

 

B) 

 

Figure 1. A) Pery, TCNQ, F4TCNQ frontier orbitals correlation diagram CAM-B3LYP(D3BJ)/cc-168 

pVTZ level of the theory. The diagram shows also the frontier orbitals of Pery:TCNQ and 169 
Pery:F4TCNQ CT complexes. The calculation was performed extracting the dimer geometry from 170 

the optimized structures after PAWs calculations (with PBC). B) constructive and destructive combi-171 
nation of frontiers orbital of Pery and F4TCNQ; it can be seen how the inversion centres of donor 172 

and acceptor are not aligned to obviate the orthogonality between the Pery HOMO (Au) and F4TCNQ 173 

LUMO (Ag). 174 

 175 

Figure 2 allows for a single glance comparison of theoretical and experimental IR spectra, the shift 176 

in energy of the bands labelled with an asterisk, (“*”, in Figure 2), is exploited for estimating exper-177 

imentally the CT. It is accomplished by comparing the corresponding vibrational bands of the neutral 178 

acceptor molecule, in this case the F4 (reference vibrational energy values for the neutral F4 and F0 179 

acceptor compounds are reported in Table S2). All in all, the calculated pattern shows a rather good 180 

match with the data reported in the literature. This is verified also taking into account the differences 181 

in the experimental IR spectra due to crystal anisotropic factors (orientation concerning the direction 182 

of the incident radiation), already discussed in detail in ref20. The agreement between the calculated 183 

(plane wave) and experimental IR spectra, strongly suggests the agreement between the optimized 184 

structure and the effective crystal geometry, allowing to proceed further in the calculation of the 185 

charge transfer, with 0.29 electrons as a reference value. It has to be noted that, vibrational frequencies 186 
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reported in Figure 2 are scaled by a factor of 1.02 (which will be discussed lately in the manuscript), 187 

which was determined following an error minimization procedure: calculation of the root-mean 188 

square-deviation (RMSD) between theoretical data and experimental values in the near-IR region 189 

concerning experimental data of IR spectra available for both the Pery:F0 (1:1 stoichiometry) and 190 

Pery:F4 (1:1).14,20 This was accomplished by performing a linear regression between the marked (“*”) 191 

bands and modes 130 and 133 for the Pery:F4 (1:1) and mode 256 for Pery:F0 (1:1). Unscaled fre-192 

quencies are reported in Table S3, Supporting Information. 193 

 194 

Figure 2. IR spectra of Pery:F4TCNQ CT complex, 1:1 stoichiometry. Black line is the experimental 195 

spectrum20. Red bar is the theoretical spectrum, calculated at the PBE(D3BJ)/PAW (plane wave) level 196 

of the theory. Asterisks labels, “*”, underline bands which are considered for evaluating the experi-197 

mental CT (see the text for details). 198 

Figure 3 shows charge transfer values for the Pery:F4 complex as a function of both the level of the 199 

theory, and as a function of different approaches used in this work (Mulliken, Bader, DDEC6) to 200 

calculate localized atomic net charge values. 201 
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 202 

Figure 3. Calculated CT of Pery-F4_1:1 at various levels of theory employing Mulliken, Bader or 203 
DDEC6 population analysis. 204 

 205 

 It must be noted that i) there is a strong influence of the calculated CT value as a function of the 206 

quantum mechanical based paradigm. i.e. “localized orbitals”, LO, vs. “plane wave”, PW, Hamilto-207 

nians ii) also the strategy/scheme for electron density partition has a rather strong influence, the latter 208 

is an already well-known point in LO calculations where Löwdin and Mulliken “net charges” are 209 

recognized to yield substantially different results by varying the basis set, as they depend explicitly 210 

on the coefficients of the LCAO expansion. Indeed, this result seems especially evident for the Bader 211 

scheme population analysis, which seems to overestimate the ionicity of the system, as also reported 212 

in literature65,66. For instance, Bader values obtained within the LO paradigm appear rather in line 213 

with the experimental 0.29 electrons value (red dotted line in Fig 3), whilst PW values appear as 214 

rather unreliable, with about 50% error compared with the experimental value. Hence, on the basis 215 

of the results reported in Figure 3 the value of 0.29 electrons, obtained from the elaboration of exper-216 

imental IR results, is in general agreement with theoretical results, especially with the one obtained 217 

at the higher level of theory (CAM-B3LYP(D3BJ)/cc-pVTZ). This saves for the Bader charges which 218 

yield values substantially different from the experimental estimation, and thus appear not suitable for 219 

evaluating CT values in molecular crystals, as the overestimated ionicity bias proper of the population 220 

analysis is compensated only by the long-range corrected functional. Despite that, Bader analysis is 221 

widely used in the field of PW calculations, and was already exploited to define the theoretical CT of 222 

similar system, leading to comparable results27; therefore, considering the results obtained from this 223 
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benchmark, the use of the Bader electron density decomposition for evaluate CT of molecular crystals 224 

from calculated electronic densities with PW is deplorable. Comparing the LO and the PW results 225 

shows that the main problem is the use of pseudopotentials that localize the core electrons on the 226 

centre of mass of atoms, introducing a non-ignorable error. The Mulliken net-charge scheme seems 227 

to work more efficiently when compared to Bader charges for PW for the same reason, as the LOB-228 

STER protocol involves treating the core part with an auxiliary basis set, thus limiting the error in-229 

troduced by pseudopotentials; in the same fashion, the DDEC6 method aims to correct the error due 230 

to the use of pseudopotential by exploiting a test electron density fitted to reproduce LO calculations. 231 

Moreover, the best performing exchange and correlation functional is the CAM-B3LYP, accounting 232 

for the minor ionicity and giving CTs of 0.28, 0.34, 0.32 electrons for Mulliken, Bader and DDEC6 233 

respectively (experimental value 0.29 e). This performance is due to a more reliable reproduction of 234 

π-polarizability, the latter is a fundamental aspect in modelling CT π-complexes such the system un-235 

der examination67. The influence of the basis set to the CT value was also investigated by benchmark-236 

ing the impact of diffuse and polarization functions, all the results are reported in Table 1. As ex-237 

pected, the Mulliken population analysis does not converge approaching the complete basis set, with 238 

a non-physical value of 0.02 electrons for the most extended basis set tested (aug-cc-pVTZ) and an 239 

RMSD of 0.44 electrons. Both Bader and DDEC6 schemes performed well with an RMSD of, re-240 

spectively, 0.17 and  0.12 electrons and maintaining the trend observed in Figure 3 with the Bader 241 

charges overestimating the ionicity in comparison to DDEC6. Another important observation is a 242 

major increasing in ionicity given by the addition of diffuse functions for Pople’s basis sets. The same 243 

effect was observed for double-ζ Dunning’s basis set, but not for its triple-ζ counterpart, with a change 244 

of only 0.01 electrons passing from cc-pVTZ to aug-cc-pVTZ. On the other hand, the effect of polar-245 

ization functions seems to be minor with negligible difference passing from 6-31G, 6-31+G and 6-246 

311++G(2d,2p) to 6-31G(d), 6-31+G(d), and 6-311++G(3df,3pd). 247 

Table 1. Charge transfer (CT) of Pery-F4_1:1 evaluated varying the basis set and population anal-

ysis; the RMSD related to the experimental value is also reported. 

Level of theory (CAM-B3LYP(D3BJ)/x) Mulliken CT (e) Bader CT (e) DDEC6 CT (e) 

6-31G 0.30 0.33 0.31 

6-31+G 0.12 0.36 0.35 

6-31G(d) 0.29 0.32 0.30 

6-31+G(d) 0.51 0.36 0.34 

6-311G(2d,2p) 0.27 0.33 0.31 

6-311++G(2d,2p) 0.14 0.35 0.33 

6-311++G(3df,3pd) 0.17 0.34 0.33 

cc-pVDZ 0.26 0.31 0.29 

aug-cc-pVDZ 0.46 0.35 0.33 

cc-pVTZ 0.28 0.34 0.32 
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aug-cc-pVTZ 0.02 0.34 0.33 

RMSD 0.47 0.17 0.12 

Furthermore, to define the CT of Pery:F0 the DDEC6 population analysis was selected for both LO 248 

and PWs as it was the only reliable charge transfer value for PW Hamiltonian, and it has a lower basis 249 

set dependence for LO. In addition, as already observed in Figure 3, DDEC6 CTs were noticeably 250 

better than the ones evaluated with the Bader population analysis for all the functionals tested and the 251 

good agreement with the experimental value of Mulliken CTs is only ascribable to the choice of basis 252 

set. 253 

Figure 4 sets out the IR and Raman spectra for the Pery:F0 CT complex (1:1 Stoichiometry). Figure 254 

4A allows for a tight comparison between IR experimental and theoretical (calculated at the 255 

PBE(D3BJ)/PAW level of the theory) outcome, concerning in particular with the typical crystal fin-256 

gerprint wavelength region, a reasonable agreement is found between experimental and theoretical 257 

results. On the contrary, the comparison between ref26 experimental (estimated CT 0.0 electrons) and 258 

theoretical Raman spectra, reported in  Figure S1, show a rather substantial difference. Indeed, due 259 

to the symmetry of the crystal, which is characterized by the presence of an inversion centre, the 260 

correct frequency match of IR active modes should bring to a correct match for the Raman spectrum 261 

too. This is probably related to the polarization of Raman spectra reported in ref26, which brings a 262 

dependency between laser polarization and crystal orientation (that is not taken into account in the 263 

simulation, as the frequencies and intensities were evaluated at Γ). This could foreshadow that the 264 

reported CT of 0 electrons, i.e. no charge transfer, could not be correct. Thus, to verify this hypothesis, 265 

in this work three different Raman spectra obtained at different crystal orientations (Figure S2) were 266 

summed and compared to the theoretical (Figure 4B). Despite still not perfect, we achieved a better 267 

agreement between theoretical and experimental data (a comparison between ref26 and polarization 268 

averaged spectra is reported in Figure S1 too). Frequencies of the theoretical Raman spectrum re-269 

ported in Figure 4B, were scaled by 0.98. Which is a typical scaling factor recommended in the case 270 

of PBE calculations68 (please note that unscaled frequencies are reported in Table S4). All experi-271 

mental Raman intensities were converted in Raman activities thanks to Equation (1)69–71; 272 

𝐴𝑖 = 𝐼𝑖
ν𝑖(1 − exp⁡(−

ℎ𝑐𝑣𝑖
𝑘𝑇

)

(ν0 − ν𝑖)4
 

 

(1) 

 273 

k, c, h are fundamental constants, νo is the laser frequency (cm–1); νi is the vibrational frequency (cm–274 

1) of the ith normal mode, T is the temperature (K) and f is a suitably chosen common normalization 275 

factor for all peak intensities. 276 

A) B) 
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Figure 4. Pery:F0 CT crystal: A) IR spectra B) Raman spectra. Theoretical spectra are calculated at 277 
the PBE(D3BJ)/PAW level of the theory. 278 

Concerning the calculated CT value for the Pery:F0 complex, Table 2 shows DDEC6 CT values cal-279 

culated at the PBE(D3BJ)/PAW and CAM-B3LYP(D3BJ)/cc-pVTZ level of the theory. Which indeed 280 

are in close agreement with the experimental CT reported by Henderson14 of 0.15 ± 0.05 electrons 281 

obtained both from IR spectroscopy and HOSE analysis72.  282 

Table 2. Calculated CT values, DDEC6 for Pery-F0_1:1. PBE(D3BJ)/PAW 

and CAM-B3LYP(D3BJ)/cc-pVTZ . 

 

Level of theory DDEC6 CT (e) Experimental value 

by Henderson et al.14 

(e) 

Experimental 

value by Ver-

meulen et al.26 (e) 

CAM-B3LYP(D3BJ)/cc-

pVTZ† 

0.16 0.15 

 

0 

PBE(D3BJ)/PAW‡ 0.23 

† localized orbital basis set   

‡ plane wave basis set   

Thus, confirming a CT value equal to 0.15 ± 0.05 electrons, it is important to notice how the result of 283 

the PW basis set is slightly upper the experimental error. This hints how better results for low CT 284 

systems are given by extracting the D-A dimer and processing it with an LO basis set. 285 

Figure 5 shows a comparison between the calculated spectrum and already published in the litera-286 

ture14,20, the band marked (“*”) was exploited to determine the experimental CT. The calculated fre-287 

quencies are scaled by 1.02, as in Figure 2 (unscaled frequencies are reported in Table S4). 288 
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 289 

Figure 5. Pery:F0 CT crystal (1:1 stoichiometry), experimental IR spectra from refs14,20.  Red bar is 290 
the theoretical spectrum calculated at the PBE(D3BJ)/PAW level of the theory. The band indicated by 291 

the asterisk, “*”, is considered for the experimental estimation of the CT value. 292 

Again, the charge transfer value determined by using a pseudopotential basis set yields a higher result 293 

than the experimental one, likely due to the overestimation on the ionicity of the system as a result of 294 

the use of pseudopotentials for core electrons. Charge sensitive intramolecular modes of F0 and F4 295 

redshifted in comparison to experimental values. Hence, comparing the reference frequencies for the 296 

experimental determination of CT (Table S2), is clear how the amount of CT is related to the redshift 297 

of CT sensitive bands in the near-IR region. Thus, the overestimation of CT and the need of imple-298 

menting a noncanonical scaling factor (1.02 was the scaling factor used in this work to correctly 299 

reproduce the charge sensitive frequencies) in order to obtain an acceptable match between spectra 300 

in the near-IR region at PBE(D3BJ)/PAW level of the theory and the experimental results are deeply 301 

linked and intrinsic on the usage of PAWs. The electronic properties of the two molecular crystals 302 

were also investigated in Figure 6Figure for both the Pery:F0 and Pery:F4 CT crystals the band plot 303 

along high symmetry points and density of states (DOS) are reported. For both species the DOS is 304 

dominated by the contribution of p orbitals, underlining once more the contribution of π-stacking 305 

interactions in the CT properties of Pery:FnTCNQ molecular crystals, confirming the need for better 306 

accounting the π-polarizability to model these systems. From the band plot it can be seen how Pery:F0 307 

is a direct semiconductor with a bandgap of 390 meV at Γ, while Pery:F4 has two significant bandgaps 308 

one direct (223 meV at R) and one indirect (209 meV along X-R). 309 

 310 
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A) 

 

B) 

 
Figure 6. Band plot at high symmetry points and DOS, PBE(D3BJ)/PAW: A) Pery:F0 B) Pery:F4. 311 

To characterize furthermore the conduction properties, the phonon localization was investigated by 312 

the participation ratio (PR)73,74; PR goes from 1 to 1/N (N=number of atoms), indicating with 1 modes 313 

where all the atoms of the unit cell are moving with the same amplitude (typically rigid translations) 314 

and with 1/N modes where only one atom is moving. The results for low frequency modes are dis-315 

played in Figure 7A for the Pery-F0 and in Figure 7B for the Pery-F4 (all PRs for each vibrational 316 

mode are reported in Table S3 and Table S4). This analysis led to the presence of more delocalized 317 

modes for Pery:F4 which, however, are shifted towards higher frequencies, leading to a minor occu-318 

pation probability. This is important as highly delocalized vibrations are associated with killer phonon 319 

modes74,75, that are responsible for decreasing charge mobility, increasing the thermal molecular dis-320 

order; those vibrational modes are indicated in Figure 7. In addition, the presence of highly delocal-321 

ized phonons for Pery:F4 could promote the indirect semiconductor properties making the transition 322 

along X-R permitted. 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

 331 

 332 

A) B) 
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Figure 7. Participation ratio of low frequency vibrational modes: A) Pery:F0 B) Pery:F4; highly de-333 

localized phonons (i.e. killer phonon) are marked with an asterisk (“*”). 334 

 335 

Conclusion 336 

Different theoretical strategies devoted to the quantitative estimation of the degree of charge-transfer 337 

in donor-acceptor organic complexes have been systematically considered in this paper, with a focus 338 

on the Pery:FnTCNQ (n = 0, 4) charge transfer co-crystals. The CT values calculated with different 339 

strategies revealed marked differences. It must be noted that the widespread use PAW basis-set in 340 

conjunction with the Bader population analysis led to unreliable values, when dealing with CT π-341 

complexes, even after the introduction of empirical dispersion corrections. Whilst the rather straight-342 

forward approach of extracting a D-A dimer from the periodic CT crystal structure, and the subse-343 

quent evaluation of the CT degree within localized orbital calculation framework, proved to be a legit 344 

methodology if it is coupled by a careful choice of population analysis and level of theory. Specifi-345 

cally, the CAM-B3LYP was the better performing functional tested in this work. Local hybrid and 346 

pure GGA functionals performed  similarly to each other, overestimating the degree of CT, claiming 347 

the need of a long-range corrected hybrid functional to correctly describe the system. Furthermore, 348 

the influence of the basis set choice was investigated, finding an overestimation on the ionicity by 349 

adding diffuse functions (especially for Pople’s split valence basis sets) and a negligible influence on 350 

the addition of polarization function. For PAW based calculations the problem lies in the overestima-351 

tion of the ionicity of the system provided, which is caused by the exploitation of pseudopotentials 352 

(this is also reflected in the simulated Raman and IR spectra, where to compensate the ionicity over-353 

estimation an empirical scaling factor is needed). In addition, the representation of π-polarizability 354 

(the importance of which has been highlighted by DOS plots) is a known problem for both GGA and 355 

hybrid-GGA functionals, confirmed by the evidence that the best results in close agreement with the 356 

experimental results were obtained with a long-range corrected hybrid-GGA functional (CAM-357 

B3LYP).  DDEC6 charge density decomposition scheme was the better performing population 358 
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analysis, proving robust as exploited in various levels of the theory and giving acceptable results even 359 

with the use of plane-wave calculations. The application of this work has allowed to confirm the CT 360 

of Pery:TCNQ to be 0.15 and not 0. Finally, from the band structure and phonon delocalization anal-361 

ysis, the semiconductor nature of each system was underlined, with a greater expected charge mobil-362 

ity for Pery:F4TCNQ due the presence of killer phonon modes at higher energy compared to 363 

Pery:TCNQ. 364 

  365 
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