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Abstract

:

Photoinduced charge separation at donor–acceptor composites (active layer material of organic solar cells) is an important step of photoelectric energy conversion. It results in the formation of the interfacial charge-transfer state (CTS), which is a Coulombically bound electron-hole pair. We developed the mathematical procedure of direct quantification of the electron-hole distance on the basis of time-domain pulse electron paramagnetic resonance data, obtained in an electron spin echo (ESE) experiment. For an ensemble of CTSs characterized by a distribution of electron-hole distances, this procedure derives the average electron-hole distance without numerical simulation of the experimental data, which is a superposition of the oscillating functions, corresponding to CTSs with a certain electron-hole distance. This procedure was tested on model distance distributions, yielding very accurate results. The data for highly efficient organic photovoltaic composite PM6/Y6 were also analyzed; the average electron-hole distance within the CTS and its dependence on temperature were determined. This procedure can be useful for tracing small changes in CTS structure during optimization of the donor–acceptor composite morphology, which is tightly related to the photovoltaic efficiency of the composite.
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1. Introduction


Donor–acceptor composites are widely used nowadays as an active layer material of organic solar cells [1,2,3]. Such devices offer promising opportunities by being thin, light-weight and flexible, which makes them more attractive than traditional silicon solar cells [4]. Additionally, organic solar cells are solution-processed, and their production can be ecologically benign, in contrast to the production of silicon solar cells [5,6]. Typically, a semiconducting polymer is used as the donor material of the active layer, which enables its plasticity and good film-forming properties [6,7,8,9]. For a long time, fullerene-based molecules were the preferred acceptor material [10]. Nowadays, non-fullerene acceptors have emerged, which outperform fullerenes in photovoltaic devices [11,12]. In efficient donor/acceptor composites, the donor and the acceptor molecules are properly mixed, so both phases form an interpenetrating network with the domain size on the order of several tens of nanometer. The composites of this type are usually called bulk heterojunctions [13].



One of the major problems of organic solar cells is their relatively low photoelectric power conversion efficiency, compared to silicon solar cells. Although the efficiency of the best-performing organic solar cells reached 20% [14], typically it is significantly lower. This is partly due to the narrow width of the optical absorption spectrum of organic molecules, compared to silicon. The other possible reason is the lower yield of light-induced charge separation in organic donor–acceptor composites [15]. This is because charge photogeneration in such a composite is a complicated process [16]. It starts from light quantum (photon) absorption by either the donor or acceptor molecule with the formation of an exciton (electronically excited state) localized on this molecule. Then the exciton diffuses to the interface between the donor and acceptor. If the exciton reaches this interface before its deactivation, electron transfer from the donor to the acceptor (or hole transfer from the acceptor to donor, for the case of acceptor absorption) occurs with the formation of a charge-transfer state (CTS), which is a geminate pair of an electron and a hole, localized on acceptor and donor molecules, respectively, in the vicinity of the donor/acceptor interface. Within the charge-transfer state, the electron and the hole are still bound by the Coulombic attraction. The electron and hole should overcome the Coulombic attraction in order to become free charges and then contribute to the photocurrent upon reaching the electrodes. Therefore, the CTS is a key intermediate of photoelectric conversion in organic solar cells [17,18,19]. The CTS is not formed in the active layer material of solar cells of other types. It is a unique feature of organic donor/acceptor composites. The yield of the CTS dissociation with free charge formation is close to unity for some highly efficient organic photovoltaic composites, for example, PCDTBT/PCBM [20]. For other composites, this yield is less than unity, which decreases their photovoltaic efficiency. This yield is determined by the competition of CTS dissociation and CTS recombination. Both these processes depend on the distance between the electron and the hole constituting the CTS: the longer this distance, the slower the recombination. Therefore, the distance between the electron and the hole within the CTS acquired upon charge thermalization (i.e., the loss of the excess energy “inherited” from the exciton) is of primary importance for the efficiency of photoelectric conversion within the given organic donor/acceptor composite. The trend is quite clear: the composites with a longer electron-hole distance within the CTS have higher photovoltaic efficiency [21]. The main origin of the efficiency improvement is the higher energy of the CTS, which influences the open circuit voltage [22]. Also, weaker Coulombic binding between the electron and the hole within the CTS facilitates their separation and improves the short circuit current [16].



Knowledge of the electron-hole distance within the CTS in benchmark composites used in organic photovoltaics would allow targeted optimization of donor/acceptor composites of similar types. However, usually this distance is unknown or uncertain. One reason for this is the complexity of the donor/acceptor interface, which is characterized by energetic disorder of possible sites of electron and hole localization [23]. Therefore, in a real situation, the CTS in the given donor/acceptor composite is not characterized by a single electron-hole distance. Instead, a broad distribution of the electron-hole distances in the ensemble of CTSs should be considered [24]. The other reason for the lack of CTS characterization in donor/acceptor composites is its elusive nature. As an intermediate of the photoelectric conversion, the CTS is short-lived. Furthermore, optical absorption spectra of the CTS are typically weak and featureless, so its geometry can hardly be derived from the steady-state of time-resolved optical measurements.



Fortunately, pulse electron paramagnetic resonance (EPR) methods based on electron spin echo (ESE) detection have sufficient temporal resolution to capture the signal of the CTS generated by a laser pulse, at least at cryogenic temperatures, when charge diffusion is slowed down and the geometry of the CTS is fixed. Since both the electron and hole constituting the CTS have unpaired electron spin, they can be detected by EPR spectroscopy [25]. Importantly, EPR methods allow unique selectivity of the measurement of the CTS, since the rest of the composite is diamagnetic. Among the family of pulse EPR techniques, the so-called out-of-phase ESE is the method of choice for CTS characterization because it allows one to measure the strength of the magnetic dipolar interaction between the spins of the electron and the hole forming the CTS [26]. In this experiment, the CTSs are generated by a laser pulse and then they are probed by a specially designed sequence of microwave pulses. The information about the electron-hole distance is encoded in the dependence of the ESE signal intensity on the interval between the echo-forming microwave pulses τ. For a single CTS, this dependence is a harmonically oscillating function (so-called dipolar modulation), with the frequency of the oscillation determined by the interspin distance and the orientation of the interspin vector with respect to the magnetic field of the EPR spectrometer B0. The dipolar frequency ωd in point dipolar approximation is


    ω   d   = 2 π [      γ   2       ħ r   3      ( 1 − 3   c o s   2   θ ) ] ,  



(1)




where γ is the free electron gyromagnetic ratio and ħ is the Planck constant, r is the distance between the centers of spin density distributions of the electron and the hole constituting the CTS, θ is the polar angle between the magnetic field B0 and the vector connecting the electron and the hole, and θ is in the range between 0 and π (Figure 1).



For a real sample of a donor/acceptor composite, the dipolar modulation should be isotropically averaged over the angle θ and then it should be also averaged over the electron-hole distance distribution function P(r). Therefore, the task of “decoding” the dipolar modulation and obtaining P(r), which is of primary importance, becomes complicated. Typically, this task is solved by numerical simulation of the experimental ESE dependence S(τ), which implies some sort of regularization of P(r). Often this is completed by numerical fitting of the out-of-phase ESE trace by some model function [26,27]. However, the quality of the fit depends on the choice of the fitting function, which is always imperfect. The other was is to use Tikhonov regularization [28,29,30], but the choice of the regularization parameter is somewhat arbitrary. In any case, the regularization introduces additional error into the parameters of P(r). In the present work, we propose a regularization-free direct procedure of obtaining the average value of the electron-hole distance within the CTS from its out-of-phase ESE data. The proposed method also allows a strict and unbiased assessment of the error of the average electron-hole distance. The procedure was tested on model distance distribution functions and was found to be quite accurate. Then it was applied to analyze ESE data obtained on real samples of the highly efficient organic photovoltaic composites containing the polymer donor PM6 and non-fullerene acceptor Y6; the dependence of the average electron-hole distance on the temperature and the delay after CTS photogeneration was studied.




2. Theory


2.1. The Out-of-Phase Dipolar Modulation Signal and the Mellin Integral Transformation


We assume that the CTS is a spin-correlated radical pair in the pure singlet spin state. The normalized dipolar signal V(τ) for the isotropic sample without orientation selection of the dipolar modulation frequency, in the absence of exchange interaction within the spin pair producing the out-of-phase dipolar modulation, and the absence of decay caused by intermolecular spin–spin interactions of other spins is


  V ( τ ) =   ∫  0   ∞    P   r   K   r , τ   d r =   ∫  0   ∞    P   r   K      a τ     r   3          d r   ,  



(2)




where a = 2πγ2/ħ,   K   r , τ     is the kernel which can also be represented with a single parameter as   K      a τ     r   3         ,


  K   r , τ   =   ∫  0   1    S i n   a w τ   1 − 3   x   2         d x =       π   6    ( − C o s [ a w τ ] F S i n [  a     6   π     w τ  ] + F C o s [  a     6   π     w τ  ] S i n [ a w τ ] )    a   w τ      



(3)







Here, FSin and FCos are Fresnel sine and cosine special functions, w is dipolar frequency, w = a/r3,   P   r     is the electron-hole distance distribution function. Equation (2) is a Fredholm equation of the first kind with the kernel in the form of a product. A convenient way to solve this equation, i.e., to convert the time domain data   V ( τ )   into the distance domain data   P   r    , is to separate the variables   r   and   τ   in the kernel using the Mellin transformation [31,32,33],


  Y ( s ) =   ∫  0   ∞    y   x     x   s − 1   d x   ,  



(4)




which is closely related to the well-known Fourier and Laplace transformations. Applying the Mellin transformation to both sides of Equation (2), we have


    ∫  0   ∞    V   τ     τ   s − 1   d τ =   ∫  0   ∞      ∫  0   ∞    P   r   K (    a τ     r   3      )         τ   s − 1   d τ d r  



(5)







The substitution of new variables (r, z) (  z =   τ  /    r   3      ,   d τ =   r   3   d z  , so that     τ   s − 1   =   ( z   r   3   )   s − 1    ) in Equation (2) instead of the original kernel variables (r,   τ  ) allows us to convert the double integral into a product:


    ∫  0   ∞    V   τ     τ   s − 1   d τ =   ∫  0   ∞      ∫  0   ∞    P   r   K      a τ     r   3                  z   r   3       s − 1       r   3   d z   d r =   ∫  0   ∞      r   3 s   P ( r ) d r   ∫  0   ∞      z   s − 1   K ( a z ) d z      



(6)







When s = 1/3, Equation (6) can be rearranged to give the directly calculated average distance or first moment     M   1     as follows:


    M   1   =   ∫  0   ∞    r   P   r   d r   =     ∫  0   ∞    V   τ     τ   − 2 / 3   d τ    /    ∫  0   ∞      z   − 2 / 3   K ( a z ) d z      



(7)




because     P   r     is a normalized probability function whose integral is unity [34].



The last integral in Equation (6), which became the denominator in Equation (7) with s = 1/3, has a constant analytical value:


  I   s   =    1     a   s             3   − s   Γ   s    F q   p       −   1   4   +   s   2   ,   1   2   +   s   2   ,   s   2     ,     1   2   ,   3   4   +   s   2     ,   1   9     S i n     π s   2       − 1 + 2 s     +    1   6      −  3 π  C o s      π s   2      Γ   −    1   2    + s    +    2 ×   3   − s   Γ   1 + s    F q   p         1   4   +   s   2   ,   1   2   +   s   2   , 1 +   s   2     ,     3   2   ,   5   4   +   s   2     ,   1   9     S i n     π s   2       1 + 2 s           



(8)







This equation is valid if   − 3 < R e [ s ] <   3  /  2    . Here,   Γ   s     is the Gamma function and pFq [a,b,c] is the generalized hypergeometric function. This was evaluated in Mathematica v.10,   I     1  /  3     = 0.284376   ∗     a   −    1   3      = 0.412772   using the free electron g-factor for each radical, so that a = 0.327 nm3/ns.



For the ideal radical pair described above the time domain data, V(τ) is a normalized dipolar modulation function. For the real case, the normalization coefficient V0 should be introduced, so the time domain data are a product V0V(τ). The normalization coefficient is a priori unknown, but it can be obtained from Equation (6) with s = 0. This allows us to calculate the zeroth moment of the distance distribution from the time domain data:


    M   0   =   ∫  0   ∞      V   0   × V   τ     τ   − 1   d τ =     V   0     ∫  0   ∞    P ( r ) d r   ∫  0   ∞      z   − 1   K ( a z ) d z     =   V   0   × 1 × 0.243  



(9)







Here, the last integral equals I(0) =   0.243   (see Equation (8)),     ∫  0   ∞    P   r   d r   = 1   because   P   r     is normalized. Therefore,     V   0   =   ∫  0   ∞    V   τ     τ   − 1   d τ / 0.243    .



We emphasize that Equation (7) eliminates the need to calculate the distance distribution at the beginning of the data treatment, and only after this eliminates the need to extract M1 from it. Applying Equation (7) allows one to avoid the regularization, which is typically used to obtain the distance spectrum. Both integrals on the right-hand side of Equations (7) and (8) are more stable than the calculation of the distance distribution by any method.



In practice, an integral like     ∫  0   ∞    V   τ     τ   − 2 / 3   d τ     in Equation (7) can be problematic to calculate with digital data because     τ   − 2 / 3     diverges at   τ   = 0. Very mild regularization overcomes this problem. Near   τ   = 0, the kernel is


        π   6    ( − C o s [ a w τ ] F S i n [  a     6   π     w τ  ] + F C o s [  a     6   π     w τ  ] S i n [ a w τ ] )    a   w τ     =    8   a   3     w τ   3     105    +   O [ w τ ]     9  /  2      



(10)







In a small interval   δ τ   around   τ   = 0, we can take V(  τ  ) ~   τ  3 ≈ 0, which can be considered as the only ‘regularization’ used, so that V(  τ  ) = 0 and


    ∫  0   ∞    V   τ     τ   − 2 / 3   d τ   ≅   ∫  0   δ τ    0 ∗   τ   −    2   3      d τ   +   ∫  δ τ   ∞    V   τ     τ   −    2   3      d τ   .  



(11)







We conservatively use   δ τ   =   Δ τ  , which is adequate when the parameters of signal acquisition are properly chosen: the step Δτ allows recording the ESE signal without distortion, and the number of points N allows recording the ESE signal completely with variation in τ within the interval NΔτ [32]. The first integral on the right-hand side of Equation (11) can be evaluated analytically, and the second term can be evaluated numerically from the discrete values of   V ( τ )   using the trapezoid rule.



Using Cotes formula for trapezoid rule integration,


    M   1   =    1   I ( 1 / 3 )      0 + Δ τ      ( V     τ   1         τ   1     −   2  /  3     + V     τ   m a x         τ   m a x     −   2  /  3     )   2    +   ∑  i = 2   N − 2    V     τ   i         τ   i     − 2 / 3          =      Δ τ   1 / 3     I ( 1 / 3 )         V ( Δ τ )   2    +   ∑  i = 2   N − 2    V     τ   i       i   − 2 / 3          



(12)




assuming uniform sampling with     τ   i   = i Δ τ  , and that the signal goes to zero by the last point so that   V     τ   m a x     = 0  .




2.2. Testing the Procedure of the Average Distance Calculation on Model Distance Distributions


To test the efficiency of the algorithm, we take a bimodal distribution of two Gaussian functions with average distances of 2 and 3 nm and a width of 0.3 nm, and vary the relative contribution of the first Gaussian function. For each case, we construct the dipolar signal V(τ), and from the model signal, we restore the first moment of P(r). Figure 2A shows the distance distribution functions, while Figure 2B shows the corresponding model signals. Table 1 summarizes the theoretical and calculated values of the first moment of the distance distribution functions. It is evident that the agreement is excellent.



In addition, the stability of the algorithm is practically independent of the width of the distance distribution function, as is shown by the second series of model calculations. In these calculations, the distance distribution function were Gaussian functions with a fixed average distance of 4 nm and different widths (0.12, 0.2, 0.4, 0.6 and 0.8 nm), see Figure 2C. The corresponding model dipolar signals V(τ) are shown in Figure 2D. The calculated values of the first moment are given in Table 2. It is seen that they coincide with the original value with an accuracy of 0.1%.





3. Experimental Section


PM6 and Y6 with 99.9% purity were purchased from Solarmer Inc. (Beijing, China). Chemical structures of these molecules are shown in Figure 3. To fabricate the drop-casted EPR samples, chlorobenzene solutions of PM6 with Y6 at 1:1 donor/acceptor weight ratio and total concentration 20 mg/mL were prepared. The solutions were put in a glass EPR tube of 4.5 mm outer diameter. During the evaporation of the chlorobenzene in the vacuum of about 10−3 Pa, the tube was sonicated in an ultrasonic bath. This caused the deposition of the homogeneous donor/acceptor composite on the inner wall of the EPR sample tube. The composites were annealed at 150 °C for 10 min in a vacuum of about 10−3 Pa.



Additionally, PM6/Y6 composite was prepared by spin-coating at 700 rpm on a glass coverslip with thickness of 0.25 mm from the chloroform solution at 1:1 donor/acceptor weight ratio. This resulted in the formation of thin PM6/Y6 composite film with a thickness of about 300 nm. The coverslip with PM6/Y6 film was then cut to pieces and placed inside quartz EPR sample tube with 4.8 mm outer diameter and annealed at 150 °C for 10 min in a vacuum of about 10−3 Pa.



ESE measurements at 80 K were carried out on an X-band ELEXSYS ESP-580E EPR spectrometer equipped with an ER 4118 X-MD-5 dielectric cavity inside an Oxford Instruments CF 935 cryostat (Abingdon, UK). Cold nitrogen gas flow was used to stabilize the temperature at 80 K. As usual, the phase of the ESE signal was adjusted by the dark ESE signal of the paramagnetic species in thermal equilibrium. In out-of-phase ESE experiments, the laser flashes generated by TECH-laser (Laser-export Co. Ltd., Moscow, Russia) at wavelength 527 nm, pulse duration of about 5 ns, and pulse repetition rate of 1 kHz were used to excite the sample. The energy of a flash reaching the sample through the quartz light-guide was about 15 μJ. ESE signal was obtained using a sequence of two microwave pulses applied after a laser flash, Flash—DAF—π/4–τ–π–τ–echo, where DAF was the Delay After laser Flash, and the π-pulse was of 24 ns nominal duration. Additionally, the pre-saturating π/2-pulse was applied 2 μs prior to laser pulse in order to suppress the ESE signal of the long-living paramagnetic species and to measure the undistorted out-of-phase ESE signals of the CTS. Generally, the procedure of the experiment was similar to that in our recent out-of-phase ESE studies of other OPV composites [29]. The pulse sequence is illustrated in Figure 4.



ESE measurements at 30 K were carried out similarly but with some differences. Namely, cold helium flow was used for cooling the sample. The second harmonic of YAG laser at wavelength 532 nm, pulse duration of about 15 ns, and pulse repetition rate of 10 Hz and incident energy of 2 mJ was used to excite the sample.



At each temperature, the echo-detected EPR spectrum (the dependence of the ESE intensity on the magnetic field of spectrometer B0) was measured first to find the spectral position which corresponds to the maximum out-of-phase ESE intensity of CTSs (Figure 5). This spectral position is the most convenient for obtaining the out-of-phase ESE trace (the dependence of ESE intensity on the interval τ) [35].



The raw out-of-phase ESE trace R(τ) (Figure 6) is a product of the non-normalized dipolar modulation V0V(τ) and the decay of ESE due to spin relaxation—the background trace. The latter trace was obtained for each temperature as the in-phase ESE trace of the thermalized electrons and holes. For this experiment, the same pulse sequence (Figure 4) was used with the pre-saturating microwave π/2-pulse switched off. The synchronization of the laser with the microwave pulses was also switched off. According to the previously established procedure, the non-normalized dipolar modulation was obtained as a quotient of the raw out-of-phase ESE trace and background curve α(τ) [28]. Here, α(τ) was obtained from the in-phase ESE trace by fitting with stretched exponential decay function.




4. Results and Discussion


4.1. Calculation of the Average Electron-Hole Distance for CTS in Real Donor/Acceptor Composites


Figure 7 shows the data used for the determination of the average electron-hole distance: dipolar modulation curves (Figure 7A,B) and the background curves (Figure 7D). The calculation is straightforward. It results in the parameters summarized in Table 3.



For the spin-coated PM6/Y6 sample, we obtained M1 = 4.75 nm for 30 K, while a much larger value M1 = 5.53 nm was obtained for 80 K. The process of calculating the values of M1 and M0—a sequence of partial sums for each value of τ—is shown on Figure 7C. It is evident that despite the significant experimental noise at large values of τ, the sequences M1 and M0 converge quite well. Indeed, in integrals of the type


     M   1     τ   =   ∫  δ τ   τ    V   τ     τ   − 2 / 3   d τ     and     M   0   ( τ ) =   ∫  δ τ   τ    V   τ     τ   − 1   d τ     



(13)




the noise over short times gives the major contribution to the fluctuation of the partial sums. This is because the integrand   V   τ     τ   − 2 / 3     is amplified over short times and is suppressed over long times by the factor     τ   − 2 / 3    .




4.2. Expression for the Error of the Average Electron-Hole Distance


The mild ‘regularization’ used to obtain M1 preserves the linearity property of the Mellin transformation [32]. This linearity enables calculation of the expected error ME1 in M1 for a proposed measurement directly from the measurement parameters and the projected noise level before making the measurement, which is an asset in planning, scheduling and performing dipolar modulation measurement in an out-of-phase ESE experiment.



Applying Equation (7) to a measurement consisting of the ‘ideal’ dipolar trace   V   τ     plus noise   S   τ     gives


      ∫  0   ∞      V   τ   + S   τ       τ   −    2   3      d τ    /    ∫  0   ∞      z   −    2   3      K   a z   d z     =   M   1   +   E   1    



(14)




with


    E   1   =     ∫  0   ∞    S   τ       τ   −    2   3      d τ    /    ∫  0   ∞      z   −    2   3      K   a z   d z     ,  



(15)




analogous to Equation (7) and having a similar potential divergence at   τ   = 0. The normalization of the experimental trace uses multiple measurements or curve fitting of multiple points near   τ   = 0, establishing the values of V(0) and   V     τ   m a x       to much higher accuracy with much less noise compared to the other points in the experimental data trace. As a result, we can set S(0) and   S     τ   m a x       to 0, avoiding the singularity in Equation (9) at   τ   = 0 and allowing the error for an experimental data trace to be written as


    E   1   =      Δ τ   1 / 3     I ( 1 / 3 )           S   1     2    +   ∑  i = 2   N − 2      S   i     i   − 2 / 3       ,    



(16)




depending only on the noise, N, and   Δ τ  , but not on   V   τ    . This enables us to calculate the expected noise     M E   1    , i.e., the uncertainty of a measurement, before the measurement is made. For random experimental noise, the error     E   1     has a tight connection with an expected value     M E   1     given by


    M E   1   =        E   1       2    =    ε   Δ τ   1 / 3     I ( 1 / 3 )          α   1   − 2     4    +   ∑  i = 2   N − 2      α   i   − 2     i   − 4 / 3         



(17)




where   ε   is the noise level of the primary out-of-phase signal and     α   i     is the amplitude of background function, i.e.,     ε × α   i   − 1     is the root mean square deviation (rmsd) of S(  τ  ). The sum in Equation (17) cannot be calculated analytically. Instead, it should be calculated numerically on the basis of the expression of the background curve of non-modulated ESE decay. Typically, the background curve can be approximated by a stretched exponential:


  α   τ   = a + b × E x   p  ⁡    −   (    τ   d    )   c        



(18)







Approximation of out experimental data for spin-coated PM6/Y6 composite (Figure 7D) gives the values summarized in Table 4:



Finally, we have     M   1   =   4.75 ± 0.04 nm at 30 K, and     M   1   =   5.53 ± 0.18 nm at 80 K.



We note that the integral I(s) converges at −3 < s < 3/2, that is, Equation (3) formally allows us to also calculate the second, third and fourth moments of the distance distribution function. The procedure of direct calculation of the average electron-hole distance and the error of this value is summarized graphically in Figure 8.



Several observations can be performed on the basis of the above calculations. First, the average electron-hole distance is calculated quite accurately, with the error of this value being much smaller than this value itself. Second, for a temperature of 80 K, the average electron-hole distance does not depend on the DAF. This can be explained by the relatively long charge separation upon thermalization of the CTS, so the CTS recombination is slow compared to our experimental timescale. On the other hand, charge diffusion at 80 K is slow when both the electron and the hole within the CTS are thermalized. Therefore, in such a condition, the decay of the out-of-phase ESE of the CTS with a DAF increase is governed by spin relaxation, which is distance-independent. Third, almost the same average electron-hole distance is observed for drop-casted and spin-coated PM6/Y6 composites at 80 K. This is expected because this distance is determined by the structure of the donor and the acceptor molecules forming the donor/acceptor interface in the composite. Fourth, the average electron-hole distance at 30 K is smaller than at 80 K. This means that the higher thermal energy at 80 K contributes to the increase in the thermalization length of electrons and/or holes, compared to 30 K. Fifth, even at the lowest temperature of our study (30 K), the average electron-hole distance is significant. Again, this is expected for highly efficient OPV composites, because a long electron-hole distance within the CTS facilitates its dissociation and is a prerequisite of high photon-to-charge conversion efficiency. Also, for the distance between the spin of the electron and the hole as long as several nanometers, the strength of the exchange interaction is negligible, because of its exponential decay with the distance [36]. This is in line with our initial assumption that the exchange interaction between the spin of the electron and the hole is much smaller than the magnetic dipolar interaction between these spins and therefore can be neglected.





5. Conclusions


We have proposed a new method for calculating the average electron-hole distance within the CTS based on an analytical solution to the inverse problem that is maximally independent of regularizing assumptions. The effectiveness of the method has been confirmed by model calculations. Application of this procedure to the experimental out-of-phase ESE data for highly efficient organic photovoltaic donor/acceptor composite PM6/Y6 gives a very accurate estimation of the average electron-hole distance within the charge-transfer state. In addition, the proposed method allows us to estimate the error in determining the average distance based only on the parameters of the experiment—the value of the ESE acquisition step Δτ, the number of experimental points and the amplitude of the experimental noise. The proposed method can be used to accurately compare the CTSs occurring within a series of similar experiments, in particular, for detecting subtle changes in CTS structure during optimization of the donor–acceptor composite morphology with volatile and non-volatile additives.
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Figure 1. Scheme of the magnetic dipolar interaction between the spins of the electron and the hole constituting a CTS at donor/acceptor interface of a bulk heterojunction composite. The two-color red-blue line marks the boundary between the donor and the acceptor domains. 
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Figure 2. On the right are the model distribution functions over distances; on the left are the corresponding dipole modulation curves. (A,B): distance distribution function is a sum of two Gaussian functions with equal width centered at 2 and 3 nm; the relative weight of these Gaussian functions is varied. The figure legend indicates the weight of the component with an average distance of 2 nm; (C,D): distance distribution function is a Gaussian function with an average distance of 4 nm; the width is varied as indicated in the legend. 
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Figure 3. Chemical structures of the compounds used for preparing the composites (donor: PM6, acceptor: Y6). 
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Figure 4. Microwave pulse sequence used to detect out-of-phase ESE signal of CTSs in donor/acceptor composites. The microwave pulses are shown by blue bars. The numbers above each bar correspond to the magnetization turning angle for this microwave pulse. 






Figure 4. Microwave pulse sequence used to detect out-of-phase ESE signal of CTSs in donor/acceptor composites. The microwave pulses are shown by blue bars. The numbers above each bar correspond to the magnetization turning angle for this microwave pulse.



[image: Jcs 09 00051 g004]







[image: Jcs 09 00051 g005] 





Figure 5. Out-of-phase echo-detected EPR spectrum for CTSs in spin-coated PM6/Y6 composite taken at 30 K with DAF = 0 μs. The arrow marks the spectral position at which the ESE traces (the dependence of ESE intensity on τ) were measured. 
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Figure 6. Raw out-of-phase ESE traces for drop-casted (panel A) and spin-coated (panel B) PM6/Y6 composites. Experimental conditions: temperature 80 K, DAF = 0 μs, 1 μs and 5 μs (black, red and blue lines, respectively) for panel (A); temperature 30 K and 80 K (red and black lines, respectively), DAF = 0 μs for panel (B). 






Figure 6. Raw out-of-phase ESE traces for drop-casted (panel A) and spin-coated (panel B) PM6/Y6 composites. Experimental conditions: temperature 80 K, DAF = 0 μs, 1 μs and 5 μs (black, red and blue lines, respectively) for panel (A); temperature 30 K and 80 K (red and black lines, respectively), DAF = 0 μs for panel (B).



[image: Jcs 09 00051 g006]







[image: Jcs 09 00051 g007] 





Figure 7. (A,B): experimental dipolar modulation curves of the PM6/Y6 composite recorded at 30 K and 80 K, respectively; black, red and blue lines in panel B correspond to different DAF values 0 μs, 1 μs and 5 μs; (C) sequence of partial sums M1(τ), M0(τ) for calculation according to Equations (9) and (12); the data are taken at 30 K; (D) Background curves α(τ) for 80 K and 30 K and their approximations by stretched exponential functions; for details, see Equation (18) and Table 4. 
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Figure 8. The data flow chart of direct calculation of the average electron-hole distance M1 and the error of this value ME1. The input data are raw out-of-phase ESE trace R(τ) and raw in-phase background ESE trace α(τ), obtained in the experiment. 
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Table 1. Comparison of the average distance calculated from the dipolar modulation data for bimodal Gaussian distance distribution function with the exact value.
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	Contribution of the First Gaussian Function
	M1 (Exact), nm
	M1 (Calculated), nm





	0
	3
	3.00012



	0.1
	2.9
	2.90062



	0.2
	2.8
	2.80108



	0.3
	2.7
	2.70148



	0.4
	2.6
	2.60183



	0.5
	2.5
	2.50213



	0.6
	2.4
	2.40237



	0.7
	2.3
	2.30257



	0.8
	2.2
	2.20271



	0.9
	2.1
	2.1028



	1
	2
	2.00284










 





Table 2. Comparison of the average distance calculated from the dipolar modulation data for variable-width Gaussian distance distribution function with the exact value.
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	Width of the Gaussian Function, nm
	M1 (Calculated), nm





	0.12
	4



	0.2
	4.00026



	0.4
	4.00039



	0.6
	4.00094



	0.8
	4.00487










 





Table 3. Average electron-hole distance and the statistical error of this distance for CTS in PM6/Y6 composite in different conditions.
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	Sample Preparation
	Measurement Conditions: Temperature; DAF
	M1, nm
	ME1, nm





	Drop-casting
	80 K; 0 us
	5.52275
	0.14038



	Drop-casting
	80 K; 1 us
	5.48512
	0.28545



	Drop-casting
	80 K; 5 us
	5.61639
	0.25082



	Spin-coating
	80 K; 0 us
	5.52959
	0.17701



	Spin-coating
	30 K; 0 us
	4.75013
	0.04224










 





Table 4. Best-fitted parameters of stretched exponential (Equation (12)) approximation of the background in-phase ESE decay of spin-coated PM6/Y6 composite.






Table 4. Best-fitted parameters of stretched exponential (Equation (12)) approximation of the background in-phase ESE decay of spin-coated PM6/Y6 composite.












	
	a, a. u.
	b, a. u.
	c, a. u.
	d, ns





	30 K
	−28.292
	1.25477∙103
	0.82575
	710



	80 K
	−4.53786∙103
	7.20244∙104
	0.18572
	15
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