


1=Cu2D = 0:44 �A
� 2

with a larger mean of the distribution, while the side chains (M4)

show the lowest value (1=Cu2D = 0:44 �A
� 2

). Furthermore, the fused benzothiadia-

zole (BT) unit (M3) exhibits a lower mean distribution of 1=Cu2D = 0:35 �A
� 2

compared

with thiophene rings (M2) (1=Cu2D = 0:38 �A
� 2

), implying that M3 fused moiety has

higher mobility than isolated rings (M2). This could be attributed to the fact that

Figure 4. Segmental dynamics of different building blocks of conjugated polymers

(A) Chemical structure of DPP-based polymer with four different side-chain lengths.

(B) Chemical structure of PCDTBT polymer.

(C and D) Mean-squared displacement (MSD) of the DPP-based polymers with varied alkyl side chains obtained by (C) molecular dynamics (MD)

simulations and (D) quasi-elastic neutron scattering.

(E and F) Normal distribution of inverse local mobility (1=Cu2D) of different functional groups of (E) DPP-based polymers (C2C8C10) and (F) PCDTBT

obtained by MD simulations.

(G) Spatial distribution of 1=Cu2D of different functional groups of PCDTBT polymer. Each point represents the center of mass of the relevant functional

group in the bulk system. Yellowish color means higher 1=Cu2D corresponding to lower mobility. The blueish color represents lower 1=Cu2D related to

higher mobility.

(H) A representative snapshot bulk simulation box and single-chain snapshot of PCDTBT polymer obtained by MD simulations. A larger transparent

sphere illustrates higher 1=Cu2D. To have more clear illustration, one repeat unit of the polymer chain is magnified.
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only the phenyl ring of the BT unit is tied to the backbone, and its current vertical

orientation makes it easier for out-of-plane rotation, resulting in relatively higher

mobility than isolated rings (M2). Our result again suggests that the local dynamics

of the functional groups are largely dependent on the chemical environment.

Figure 4G shows the spatial distributions of 1=Cu2D of different functional groups of

PCDTBT, confirming again that CDT bridged unit and side chains have the highest

and lowest magnitude of inverse local mobility, respectively. Each point illustrates

the center of mass of the relevant functional group in the bulk system, with the color

showing the magnitude of inverse local mobility 1=Cu2D. Interestingly, the spatial dis-

tribution of 1=Cu2D reveals a reduced level of dynamical heterogeneity observed from

M1 to M4 as their mobility increases, which reflects their packing efficiency at a

molecular level; i.e., a higher level dynamical heterogeneity corresponds to a

more frustrated molecular packing. Such dynamical heterogeneity associated with

different chemical groups of PCDTBT is further illustrated in Figure 4H, where larger

transparent spheres indicate higher local 1=Cu2D. Similar dynamics behaviors are also

observed for IID and NDI-based donor-acceptor CPs (Figure S2), where the fused

rings (i.e., IID and NDI core) and side chains exhibit the highest and lowest

magnitude of inverse local mobility, respectively. The MD simulation results of local

dynamics corroborate findings of ML modeling that aromatic rings (i.e., NIR, NFR,

and NBR features) and side chains (NSC) govern Tg prediction of CPs.

Application of ML model for predicting Tg of conjugated polymers

In this section, we test the ML model by applying it to predicting Tg of representa-

tive CPs particularly related to organic solar cell applications. Device stability is a

challenge that severely limits organic solar cells from being widely adopted

to replace silicon ones and their inorganic counterparts. Through decades of

optimizing the optoelectronic properties of narrow bandgap CPs together with

non-fullerene acceptors (NFAs), remarkable progress has been made in organic

photovoltaics (OPV) technology, with the power conversion efficiency (PCE)

reaching over 18%.57–59 However, the long-term stability of OPV devices is one of

the major hurdles that prevents this technology from being widely implemented,

along with the lack of scalable manufacturing techniques to obtain ideal bulk heter-

ojunction (BHJ) morphology. We expect that our ML model developed here can

potentially rationalize the stability issue and guide the new CP materials

development.

We apply the model to the leading optoelectronic polymers and NFAs (see Figure 5

for their chemical structure) that were recently reported in high-performance solar

cells. For the PM6, PM7, and PTB7 polymers, Tg values of 123.2�C, 123.2�C, and
91.7�C are predicted by theMLmodel, respectively.We further experimentally mea-

sure Tg for PM6 and PTB7 polymers, and the results are shown in Figure 5, in which

DMA and DSC techniques indicate a Tg of 138.6�C and 114.7�C, respectively, for
PM6 and a Tg of 73.8�C for PTB7 (obtained by DMA). Both conventional and fast

scanning calorimeter are employed to detect Tg for PM6, where the Tg values

were consistent for both methods regarding the difference in cooling rates (e.g.,

the conventional DSC cooling rate is 0.17 K/s and the flash DSC cooling rate is

0.1 K/s). In addition, MD simulations predict Tg value of 145.6�C for the PM7 polymer

close enough to Tg of 123.2�C predicted by our ML framework. For the Y-family

NFAs, as indicated in Figure 5 and Table S1, Tg values predicted by the ML

model are found in good agreement with those calculated by MD simulations. In

addition, for other experimentally measured as well as simulated Tg results for

different CPs employed in this study, listed in Figure 5 and Table S2, a good
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agreement is observed with ML prediction, implying the reliability of our predictive

framework.

Based on our discovery here, all PM6, PM7, PTB7, and Y-family NFAs possess a rela-

tively high Tg, as compared with other CPs, with the operating temperature of the

device at room temperature or up to 80�C for most upper limit in inorganic cells.

The Tg values for measured components are slightly higher than the operating tem-

perature; thus, CPs are limited in chain dynamics within the experimental timescale

for device degradation. The observed PCE drop over time below Tg thus is highly

likely due to changes in the interface property between the BHJ layer with electrodes

or due to the diffusion-limited cold crystallization in either donor or acceptors. For

the small molecules in Y-family NFAs, other researchers suggested this is possible.

In the case of tuning Tg based on our ML model, for example, for the PM6, Tg could

be improved by lowering the side-chain length from 2-ethylhexyl to 2-ethylbutyl in

order to raise Tg above 150�C. Additional attention should also be paid to the

role of cold crystallization with respect to Tg of both donors and acceptors, which

have been discussed in previous studies.60–63 In general, the practical usage of

our ML model is to quantitatively estimate the unknown Tg for advanced D-A CP

polymers used in organic solar cell field, since Tg determines the dynamics of

the possible cold crystallization occurred under operational conditions. Cold

Figure 5. Glass transition temperature (Tg) of high-performance conjugated polymers and acceptor units with aromatic backbones and alkyl side

chains

Results of Tg are obtained from MD simulations, machine learning (ML) prediction, and available experimental techniques (DMA and DSC).
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crystallization can form different polymorphs depending on the isothermal anneal-

ing temperature higher or lower than nominal Tg.
63 The polymorph formed at higher

temperature normally impairs the performance, whereas the polymorph formed at

lower temperature could improve performance presumably due to the stronger light

absorption from the continuous aromatic structures.62 However, the size of

crystallite also influences the performance of organic solar cells that the larger

size tends to be detrimental to the performance and stability.61 Therefore, the

observed PCE drop over time below Tg thus is highly likely due to changes in the

interface property between the BHJ layer with electrodes or due to the large size

of crystallites formed via diffusion-limited cold crystallization in either donor or

acceptors.

In addition to proposing a predictive ML framework, we would like to emphasize the

importance of the integrated methodology established in this study through the uti-

lization of ML, experimental measurements, and MD simulations. Although the ML

model shows an acceptable predictive performance, the current methodology could

be continuously improved with the availability of more reliable Tg data of newly de-

signed CPs, generated from both experiments and simulations. Particularly, for

those structural features with limited data (e.g., halogen atoms), the addition of

more data points can appropriately tune the contribution of different building blocks

on the Tg of CPs.

In summary, we establish a ML model to predict Tg of CPs from the chemical struc-

ture of the repeat unit. With 154 Tg values collected from diverse resources, a pre-

dictive model is developed where six functional groups in the repeat unit (i.e.,

side-chain fraction, isolated rings, fused rings, bridged rings, double and triple

bonds, and halogen atoms) are identified as essential structural features. Among

the selected features, side chains and halogen atoms show a decreasing influence

on Tg. The t-statistic parameter is employed to quantify the contribution of each

structural feature in the prediction of Tg, where aromatic rings and side chains are

found to have the most significant influence. Our MD simulations further reveal

that aromatic rings and side chains have the highest and lowest local mobility,

respectively, unraveling their dominant roles in the ML model. Our experimental

measurements of Tg as well as those calculated by MD simulations confirm the

noticeably good predictive performance of our ML model for high-performance so-

lar cell materials. We believe that the current ML framework provides an effective

strategy to design the next generation of organic electronics with tailored chain

dynamics.
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