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Flexible alkyl side chain in conjugate polymers (CPs) improves the solubility and promotes solution processability,
in addition, it affects interchain packing and charge mobilities. Despite the well-known charge mobility and
morphology correlation for these semi-crystalline polymers, there is a lack of fundamental understanding of the
impact of side chain on their crystallization kinetics. In the present work, isothermal crystallization of five poly(3-
alkylthiophene-2,5-diyl) (P3ATs) with different side-chain structures were systematically investigated. To suppress
the extremely fast crystallization and trap the sample into amorphous glass, an advanced fast scanning chip
calorimetry technique, which is able to quench the sample with few to tens thousands of K/s, was applied. Results
show that the crystallization of P3ATs was greatly inhibited after incorporation of branched side chains, as
indicated by a dramatic up to six orders of magnitude decrease in the crystallization rate. The suppressed
crystallization of P3ATs were correlated with an increased π–π stacking distance due to unfavorable side-chain
steric interaction. This work provides a pathway to use side-chain engineering to control the crystallization
behavior for CPs, thus to control device performance.
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Introduction
Conjugated polymers (CPs) have attracted significant attention

owing to their wide range of applications in electronic devices,

including organic photovoltaic cells (OPV), organic light-

emitting diode (OLED), organic field-effect transistor (OFET),

etc. [1, 2]. Recent advances in device performance demonstrated

its great potential for commercialization of next-generation flex-

ible electronics. For example, through chain alignment, charge

carrier mobility performance of more than 20 cm2/V s has

been reported for donor–acceptor (D–A) CPs [3, 4], which is

comparable to the performance of polycrystalline silicon [5];

OPV solar cell consists of CP donors and non-fullerene accep-

tors (NFAs) has achieved a power conversion efficiency (PCE)

over 17% [6], a record high efficiency up to date.

The structure of CPs consists of planar and rigid backbone

with delocalized electronic cloud to facilitate charge transport

and flexible alkyl side chain to improve solubility. Researches

have extensively focused on improving the performance by

tuning the chemistry of building blocks to reduce π–π stacking

distance and increase overlaps of π-orbitals to promote inter-

chain hopping [5, 7]. For example, it has been found that

apart from improving the solubility for solution processability,

incorporation of side chain also affects chain packing and sub-

sequently charge mobility [8]. In general, steric hindrance

effect increases as alkyl chain length increase or as side chain

becomes bulkier, which interrupts chain packing and increases

π–π stacking distance as well as lamellar spacing, and then

reduces charge mobility [9]. Besides, D–A CPs are often syn-

thesized with bulky branched side chains, by replacing them

partially with linear chains, it boosts the charge mobility due

to less steric hinderance, better interchain packing, and

enhancement in crystallinity [8].

Despite the various donor and acceptor moieties, a general

consensus that interconnected ordered microstructure network

including crystallites and aggregates can improve charge carrier

mobility, has been reached for the high mobility CPs [7, 10].

For instance, polythiophene-based CPs including poly(3-hex-

ylthiophene-2,5-diyl) (P3HT) and poly(2,5-bis(3-tetradecylth-

iophen-2-yl)thieno[3,2,-b]thiophene) (PBTTT), the charge

mobility has been shown to be correlated with degree of crys-

tallinity and ordered crystalline domain size [11]. Although

post-treatments such as thermal annealing and solvent anneal-

ing have been widely used to improve crystallinity of CPs, fun-

damental crystallization phenomena have been largely

overlooked with the exceptions on the model CPs system—

poly(3-alkylthiophenes) (P3AT). Studies have been carried on

the P3ATs with linear alkyl side chain, for example, poly

(3-butylthiophene) (P3BT) [12], P3HT [13, 14, 15], poly

(3-octylthiophene) (P3OT) [12, 13], and poly(3-dodecylthio-

phene) (P3DDT) [12, 13], and obtained equilibrium melting

temperature (T0
m) and enthalpy of fusion of ideal crystals

(DH0
u). In addition, numerous other factors that govern the

crystallization behaviors have been reported, including regiore-

gularity [16], molecular weight [10], nucleation density [17],

etc. For instance, Treat et al. have utilized a commercially avail-

able nucleating agent to facilitate the crystallization of P3HT by

increasing its crystallization temperature, without affecting

charge mobility [17].

Besides P3ATs with linear side chains, Segalman and

co-workers have extended their research interests to branched

side-chain poly(3-(2′-ethyl)hexyl-thiophene) (P3EHT) and

obtained a melting temperature (Tm) of approximately 80 °C

[18]. This is a significant decrease in Tm, as high as 100 °C,

compared to its linear counterpart P3OT, which possesses a

Tm of approximately 170 °C [13]. In addition, P3EHT exhibits

a slow crystallization kinetics, the crystallization completes after

several hours of isothermal annealing, which enables real-time

investigation to correlate the crystallinity with optoelectronic

performance [19, 20]. Hence, its isothermal crystallization

kinetics after quenching to supercooled state can be investi-

gated with X-ray [19, 20] and conventional differential scan-

ning calorimetry (DSC) [21], and analyzed with Avrami

equation [22], which has been widely used for conventional

polymers. In comparison, poly(3- alkylthiophenes) (P3ATs)

with linear alkyl side chains, experience less steric hinderance,

hence, have a rapid crystallization rate, which hinders the iso-

thermal crystallization study from the supercooled state.

Nevertheless, few attempts have been made with conventional

DSC [12, 13]. In addition to the pure P3AT systems, crystalli-

zation kinetics have also been investigated for blend systems

[23, 24, 25] and block copolymers [26, 27, 28, 29, 30, 31, 32,

33]. Müller et al. investigated the crystallization of P3HT–poly-

ethylene (PE) diblock copolymer, they found that the crystal

growth of P3HT block and PE block remains unaffected: one-

dimensional for P3HT and spherulitic growth for PE [27].

Segalman and co-workers studied the confined crystallization

of P3EHT block copolymers with different flexible coil blocks

such as polylactide [29], polystyrene [31], and poly(methyl

acrylate) [31, 32, 33]. Lately, Coote et al. showed that the

regioregularity of P3DDT is also a vital parameter for

P3DDT–poly(2-vinylpyridine) (P2VP) block copolymer, by

tuning the regioregularity, multiple crystallization modes

become possible even at same block compositions [28].

Recently, the development of fast scanning chip calorime-

try (FSC) [34, 35] enables the crystallization studies on conven-

tional polymers with a rapid crystallization rate, such as poly

(e-caprolactone) (PCL) [36], isotactic polypropylene (i-PP)

[37], and branched PE [38, 39]. Luo et al. found that the crys-

tallization rate of branched PE significantly decreases as the

degree of branching increases [38]. In addition to conventional

polymers, FSC has also been applied on the P3HT film depos-

ited on gold foil and found that non-isothermal nucleation on
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cooling can be suppressed with a cooling rate of 30,000 K/s

[40]. This demonstrates the capability of FSC on investigating

the crystallization kinetics of CPs, which can be largely facili-

tated by π–π interchain interaction despite high chain rigidity.

Furthermore, slow scanning at high temperatures may result in

an unstable state of samples. Thus, performing fast scanning

treatment to avoid chemical structural change on measurement

is a must. Given that the side-chain structure plays a critical

role in CPs, in the present work, we systematically investigated

the side-chain structure dependence on the crystallization

kinetics of five P3HT side-chain isomers: P3HT, poly

(3-(4′-methylpentyl)thiophene) P3(4MP)T, poly(3-(3′-methyl-

pentyl)thiophene) P3(3MP)T, poly(3-(2′-methylpentyl)thio-

phene) P3(2MP)T, and poly(3-(2′-ethylbutyl)thiophene) P3

(2EB)T, with different side-chain structures but similar molec-

ular weights and polydispersity. Their chemical structures are

shown in Fig. 1. The results suggest that the side-chain struc-

ture significantly affects crystallization kinetic for conjugated

polymers. As the side chain varies from linear to branch and

branch position moves closer to polymer backbone, it drasti-

cally increases steric hinderance, weakens π–π interaction and

increases π–π stacking distance, resulting in more than five

orders of magnitude decrease in the crystallization rate. In

addition, secondary crystallization was observed for P3HT,

P3(4MP)T, P3(3MP)T, and P3(2MP)T, after the rapid primary

crystallization process, while P3(2EB)T only shows a slow pri-

mary crystallization behavior within experimental time win-

dow. The study shown here provides a pathway to tune the

crystallization behavior of CPs through side-chain engineering.

This finding can provide a new way to control the crystalliza-

tion behavior for future optoelectronic materials.

Results and Discussion
Synthesis of conjugated polymers

Regioregular (r-reg) P3HT side-chain isomers (the chemical

structures are shown in Fig. 1) investigated in the present

work were synthesized by a quasi-living Kumada catalyst trans-

fer polymerization (KCTP) method as reported previously [41,

42, 43, 44, 45, 46]. The polymers have a high regioregularity of

over 94%, as measured by nuclear magnetic resonance (NMR)

[47]. Table 1 tabulates the molecular weight information. The

polymers investigated here have similar molecular weight, poly-

dispersity (Đ), and regioregularity, hence, the influence of these

factors to crystallization kinetics are minimized.

Thermal characterization

The temperature profile used in this study for isothermal crys-

tallization is shown in Fig. 2. The isothermal crystallization

measurements were conducted at various temperature Ta
between Tg (shown subsequently) and Tm. We first heated

the sample above Tm and held 10 ms to 1 s to melt all the crys-

tals to erase its thermal history [Fig. 2(b) segments 1 and 2].

Then, we determined the needed cooling rate β to quench

the sample and inhibit crystal formation [Fig. 2(b) segment

3]. Meantime, the corresponding Tg (β) can be determined.

We then performed isothermal annealing at an annealing tem-

perature (Ta) and allowed to crystallize for an extended period

of time ta (varies between 1 ms and 5.6 h) [Fig. 2(b) segment

4]. After that, the sample was quenched again to temperature

below Tg to freeze the crystalline structure, followed by a

final reheating scan for data analysis [Fig. 2(b) segments 5

and 6].

The thermal transitions, including Tg and Tm of P3ATs,

were first characterized by conventional DSC. Among all five

P3ATs, we have recently reported the thermal properties of

P3HT, P3(4MP)T, and P3(3MP)T [49]. Figure 3 plots the

Figure 1: Chemical structures of poly
(3-alkylthiophenes) investigated in the pre-
sent work. The numbers mark the branch
position, and it moves closer to the backbone
from P3(4MP)T to P3(2EB)T.

TABLE 1: Materials properties of P3HT isomers.

Polymer Mn (kg/mol) Đ Regioregularity (%) Tg (°C)
a Tm (°C)

P3HTb 20.0 1.05 97 16.3 224.9
P3(4MP)Tb 20.9 1.06 97 35.9 243.8
P3(3MP)Tb 17.3 1.68 98 41.4 260.9
P3(2MP)T 20.5 1.52 94 30.0 164.3
P3(2EB)Tb 14.1 1.53 97 43.8 210.0

aTg determined from DSC using the half-step method [48]. The mate-
rial’s property of P3HT, P3(4MP)T, and P3(3MP)T were reported in
our previous work [49].
bMolecular weight information and regularity have been published in
previous works [49, 50].
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second heating scans, and the values of Tg and Tm along with

molecular weight information are tabulated in Table 1. As

expected, the side-chain branch position has great influences

on the thermal responses. When branch point moves closer

to thiophene backbone, i.e., from P3HT to P3(3MP)T, Tg
and Tm gradually increase. This trend is presumably related

to the steric hindrance effect introduced by branch point as dis-

cussed in our previous work [49]. Compared to the linear alkyl

side chain, branched side chain has less configuration entropy,

in addition, as branch point moves closer to the backbone, it

slows down the backbone dynamics and consequently, both

lead to higher Tg. Such steric effect argument is valid for P3

(2EB)T, which has a high Tg of 43.8 °C. Similar finding was

observed in P3(EH)T by Segalman and co-workers [21].

However, it is incapable to explain a sudden decrease in Tg
as branch point for methyl group further moves from position

3 to position 2. Turn to Tm, a similar trend to Tg can be

observed, except that P3(2EB)T being an outliner (It is worth

noting here that P3(2MP)T has lowest regioregularity among

the samples and has lowest Tg coincidentally. Though lower

regioregularity leads to more flexible chain [52] and lower Tg
[53], it is insufficient to make this conclusion based on the cur-

rent data.). An investigation for the origins in future is war-

ranted. This work will use the melting point to guide us pick

the appropriate annealing temperature.

Isothermal crystallization

Given that the crystallization on cooling for the P3ATs cannot

be suppressed by conventional DSC, the isothermal crystalliza-

tion study was carried out with an FSC technique. FSC can

quench the sample to the amorphous state with an ultrafast

cooling rate of few thousands K/s. With the temperature profile

scheme depicted in Fig. 2, the structure (including nuclei and

crystals) formed during isothermal annealing, with the ta rang-

ing from 1 ms to 5.6 h (i.e., annealing time covers more than

seven orders of magnitude), is frozen upon cooling below Tg
and then analyzed from the subsequent reheating scan.

Figure 4 shows the reheating scans of P3(2MP)T and P3

(2EB)T at 1000 K/s after cooled down with the same rate and

followed by the isothermal crystallization at 110 °C for a series

of annealing time. The bulk Tgs for P3(2MP)T and P3(2EB)T

at 1000 K/s cooling and heating using FSC were determined to

be 42.7 and 70.6 °C, respectively. Due to a much larger cooling

rate used in FSC, these Tg values are larger than those from

conventional DSC [54]. For both P3(2MP)T and P3(2EB)T,

only one melting peak is observed, suggesting no cold crystal-

lization or crystal reorganization takes place on heating. As ta
increases, melting peak position slowly shifts to higher temper-

ature, being consistent with crystal growth; in addition, with

the increase of crystalline contents, glass transition broadens

and Tg increases due to reduced mobility.

Since P3(4MP)T, P3(3MP)T, and P3HT crystallize much

faster than P3(2MP)T and P3(2EB)T, as demonstrated in

Supplementary Figs. S5–S7, measurements were carried out

Figure 2: (a). Photograph of P3(2EB)T on a MultiSTAR UFS 1 sensor and heating area is a 500-μm diameter circle. (b) Top view of XEN-395 sensor and heating area
is 60 μm× 60 μm [51]. (c) Temperature profile of isothermal crystallization measurements for P3HT isomers. Segments 1 and 2 are removing thermal history, seg-
ment 3 is to rapidly quench the material to annealing temperature, segment 4 is isothermal crystallization with controlled temperature Ta and annealing time ta,
segment 5 is to freeze the formed crystal, and segment 6 is the heating scan for data analysis.

Figure 3: Determine the melt points for various P3HT isomers. Conventional
DSC reheating scans of P3HT, P3(4MP)T, P3(3MP)T, P3(2MP)T, and P3(2EB)T
at a heating rate of 10 °C/min.
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with a much faster cooling rate of 50,000 K/s to quench the

materials and the reheating scans after isothermal crystalliza-

tion were performed at 10,000 K/s. Figure 5 depicts the reheat-

ing scans after isothermal crystallization at 110 °C. At short tas,

a cold crystallization peak is observed followed by the melting

peak; in addition, we notice that total enthalpy change (ΔHtotal)

(illustrated in Supplementary Fig. S8), which is the sum of the

area of cold crystallization peak (ΔHCC) and subsequent melt-

ing peak (ΔHm), does not equal to zero (except for P3(4MP)T).

These two observations suggested that there were some portion

of active nuclei formed even at such high cooling rate. As ta
continues to increase, crystallites keep growing during anneal-

ing, hence, the cold crystallization peak at the subsequent heat-

ing scan decreases and a melt-reorganization process occurs, in

which the less stable crystallites melt at a low temperature and

recrystallize to form more stable crystallites and melt again at a

higher and constant temperature.

The total specific enthalpy change in the reheating scan

reflects the crystallization enthalpy during isothermal anneal-

ing, regardless the number of peaks appear. Therefore, we

can obtain the isothermal crystallization kinetics by calculating

ΔHtotal, as illustrated in Supplementary Fig. S8. We performed

the baseline construction based on the work by Zhuravlev and

co-workers [36, 55]. First, the baseline was determined based

on the number of thermal transitions on heating. In the case

where only melting appears, i.e., P3(2MP)T and P3(2EB)T,

the baseline was obtained by extending liquid line straight

from the right to left and intersecting with the raw data; in

the case when cold crystallization also presents, i.e., P3HT,

P3(4MP)T, and P3(3MP)T, the baseline was obtained by con-

necting between the points of the onset of cold crystallization

and the end of melting. Then, ΔHtotal was calculated by integra-

tion between raw data and baseline. The data process of P3

(2MP)T and P3(2EB)T were performed with Mettler Toledo

STARe software, and Origin software was used for P3HT, P3

(4MP)T, and P3(3MP)T. Figures 6(a)–6(e) depict ΔHtotal as a

function of annealing time for all five P3ATs. It is readily

seen that P3(2EB)T exhibit different crystallization kinetics

compared to the other four polythiophenes, i.e., P3(2MP)T,

P3(3MP)T, P3(4MP)T, and P3HT show a clear linear increase

of enthalpy at long ta due to secondary crystallization in the late

stage of the crystallization [36], while this is not obvious for P3

Figure 4: Reheating scans at 1000 K/s for (a) P3(2MP)T and (b) P3(2EB)T after isothermal crystallization at 110 °C for different tas (from 0.01 to 20,000 s, see
Supplementary Figs. S3 and S4 for the reheating scans for all tas). The dash lines in both plots mark the bulk Tg for P3(2MP)T and P3(2EB)T at 1000 K/s cooling
and heating rate.

Figure 5: The reheating scans at 10,000 K/s for (a) P3(4MP)T, (b) P3(3MP)T, and (c) P3HT after isothermal crystallization at 110 °C for different annealing times (from
0.001 to 2000 s, see Supplementary Figs. S9–S11 for the reheating scans for all annealing times).
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(2EB)T within the current experimental window of 5.6 h

(Since, in general, secondary crystallization takes place at the

later stage of the crystallization process, the lack of clear sec-

ondary crystallization in P3(2EB)T within the experimental

window provides a qualitative evidence of the slowest crystalli-

zation rate). Hence, crystallization behavior for P3ATs in Figs.

4 and 5 was analyzed with two modified Avrami equations. For

P3(2EB)T, we only considered a primary crystallization process

with the following equation [22]:

DH = DH1{1− exp[−K(t − t0)
n]}, (1)

where ΔH∞ is the final enthalpy of primary crystallization, t0 is

the induction time, K is the overall crystallization rate constant,

n is Avrami index, and crystallization half-time τc is express as

τc = (ln 2/K)1/n + t0. For the rest four polythiophenes, they were

analyzed with consideration of secondary crystallization [36,

56, 57]:

DH = Hint + DH1,1 1− exp − ln 2
t
tc

( )n[ ]{ }

+ A2(ln t − ln tc)× 1
2

|t − tc|
t − tc

+ 1

( )[ ]
, (2)

Figure 6: Specific enthalpy changes as a function of annealing time for (a) P3(2MP)T, (b) P3(2EB)T, (c) P3(4MP)T, (d) P3(3MP)T, and (e) P3HT annealed at 110 °C,
respectively. The lines are the Avrami analysis curve fitting. The obtained crystallization half-time τc is shown in (f).
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where Hint is the initial enthalpy before isothermal crystalliza-

tion, ΔH1,∞ is the final enthalpy of primary crystallization, and

A2 is the secondary crystallization parameter. We see that both

equations well capture the evolution of crystallization with R2

greater than 0.99, as shown in Figs. 6(a)–6(e). For P3HT and

P3(3MP)T, Hint is not zero, indicating some portion of active

nuclei or crystals formed during rapid cooling.

Figure 6(f) plots the model fitted τc for all five P3ATs. It is

readily seen that the side-chain structure plays a vital role in the

crystallization rate. P3HT, P3AT with linear side chain, pos-

sesses an extremely rapid crystallization rate, τc is approxi-

mately 8 ms. Upon introducing the branch point while still

maintaining the number of carbons constant, it slows down

the crystallization rate. When branch position is far away

from backbone, for example, P3(4MP)T (position 4) and P3

(3MP)T (position 3), a moderate slowing down in crystalliza-

tion is observed. The values of τc are 17 and 70 ms, respectively.

By further moving branch position closer to backbone, the

crystallization rate continuously reduces. The value of τc
increases to 72 s for P3(2MP)T and 541 s for P3(2EB)T, respec-

tively. It is worth noting here that a similar large degree of

depression in the crystallization rate due to side-chain branching

has been observed in polyolefins. Zhuravlev et al. investigated the

crystallization of high-density PE and ethylene/1-octene copoly-

mer, a more than three orders of magnitude decrease in the crys-

tallization rate was observed as when 6.5 mol% 1-octene was

introduced [39]. Considering that the distinct difference in back-

bone rigidity for PE and P3HT, yet the influence of side-chain

branch on the crystallization rate is similar, suggesting a some-

what generalized phenomenon for polymers.

This depression in the crystallization rate can be related to

steric effect, which affects backbone planarity and subsequently

π–π stacking (correlated to X-ray results as discussed below). (It

is worth mentioning here that for molecular OFET, π–π stack-

ing is important for controlling the crystallization and subse-

quently tuning the mobility, as shown by Loo and

co-workers [58, 59, 60, 61].) It has been shown that for

P3HT, π–π stacking, facilitated by a strong π–π interaction

between conjugated thiophene rings, is the major driving

force during crystallization [62]; meanwhile, the linear side

chain remains in the disordered state rather than interdigitating

[11]. As the side-chain structure varies from linear to branch-

ing and branch position moves closer to backbone, steric hin-

drance increases. This then reduces backbone rigidity [63] and

planarity, and increase π–π stacking distance, as evidenced by

grazing-incidence X-ray diffraction (GIXD) results. We

recently reported that π–π stacking distance increases from

3.72 Å for P3HT to 3.88 Å for P3(3MP)T [49]. Upon moving

the branch position closer, for example position 2, steric hin-

drance further increases π–π stacking distance to 4.34 Å for

P3(2MP)T and 4.43 Å for P3(2EB)T, which is among some

of the highest reported π–π stacking distance, as shown in

Fig. 7. Such a trend has also been reported for D–A CPs [8],

such as isoindigo-based [64, 65, 66], DPP-based CPs [67,

68], and fluorene-based CPs [69]. Such a significant decrease

of more than four orders of magnitude in the crystallization

rate is unlike due to larger Đ for P3(2EB)T compared to that

of P3HT and P3(4MP)T, since the Đ of P3(3MP)T is 1.68

and yet its crystallization rate is on a similar order as P3HT

and P3(4MP)T. Subsequently, we conclude that a substantial

depression in the crystallization rate for P3(2EBT) is due to

the weakened π–π interaction between different planes. In

addition, though close packing generally favors kinetics, in

the case of alkyl stacking, we observed an opposite trend

Figure 7: 2D GIWAXS profiles of as-cast (a) P3HT, (b) P3(4MP)T, (c) P3(3MP)T, (d) P3(2MP)T, and (e) P3(2EB)T. Their π–π stacking distances are tabulated in (f).
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(Supplementary Table S1): branched side chains possess closer

alkyl stacking than standard P3HT yet exhibit slower kinetics.

This exemplifies that the π–π interaction is the dominant con-

tributing factor toward the crystallization rate.

We also performed the isothermal crystallization measure-

ments on different crystallization temperatures ranging from 60

to 160 °C (see Supplementary Figs. S12–S16 for the detailed

curves of specific enthalpy change as a function of annealing

time) and obtained the isothermal crystallization half-time τc
for all five P3ATs, as depicted in Fig. 8(a). A typical U-shape

curve can be observed, as a result of the competition between

thermodynamic driving force to promote nuclei formation

and kinetic factor for nuclei growth. At low Ta (high undercool-

ing), thermodynamic driving force (free energy difference

between amorphous and crystalline phases) increases; mean-

while, kinetic factor (chain mobility) significantly decreases

due to increased viscosity. On the contrary, at high Ta (low

undercooling), those two competing factors show an opposite

trend, i.e., thermodynamic driving force is hindered, while a

kinetic factor is favorable. Therefore, it exhibits a τc minimum,

or maximum crystallization rate, at a temperature somewhere

between Tg and Tm. The crystallization rate diminishes signifi-

cantly as the linear side chain changes to the branch side chain

and branch position moves closer to the backbone. A drastic

reduction in the crystallization rate as much as approximately

five orders of magnitude can be observed. It is worth to com-

menting here that for D–A CPs, such fine tune of side-chain

structure has shown its influence on π–π stacking [8], hence,

it should also affect the kinetics of long-range order (crystal-

lites) and short-range order (aggregates), which subsequently

affects the devices performance.

Conclusions
In this work, we systematically investigated the influence of the

side-chain structure, specifically the branch position, on the

isothermal crystallization kinetics of five P3HT isomers:

P3HT, P3(4MP)T, P3(3MP)T, P3(2MP)T, and P3(2EB)T.

Conjugated polymer generally crystallizes rapidly. To suppress

rapid crystallization, measurements were carried out with fast

scanning calorimetry with a cooling rate up to 50,000 K/s,

which permits the isothermal crystallization to be investigated

in a large-temperature range. Avrami analysis was applied to

analyze the isothermal crystallization kinetics. We observed a

significant increase in the crystallization half-time of approxi-

mately five orders of magnitude for the primary crystallization,

as side chain varies from the linear to branch structure and

branch position moves closer to the backbone, for example,

8 ms for P3HT to 541 s for P3(2EB)T when isothermally

annealed at 110 °C. Such a dramatic reduction in the crystalli-

zation rate has been related to the increase of steric hindrance

due to the closer branch point, which increases π–π stacking

distance, 3.7 Å for P3HT to 4.4 Å for P3(2EB)T, weakens π–π

interaction, subsequently leads to a dramatic reduction in the

crystallization rate. We also observed a secondary crystalliza-

tion after rapid primary crystallization for P3HT, P3(4MP)T,

P3(3MP)T, and P3(2MP)T; while P3(2EB)T exhibits a slow pri-

mary crystallization and secondary crystallization is not

observed in the experimental time window we probed. In addi-

tion, a classic U-shape curve was obtained in the temperature-

dependent crystallization half-time with fast crystallization

locating between Tg and Tm and slow crystallization taking

place when temperature close to Tg and Tm. This work suggests

the importance of side chain can bring into the crystallization

kinetic when designing materials containing conjugated poly-

meric moieties.

Methodology
Grazing-incidence wide-angle X-ray scattering

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was

performed using a Xenocs Xeuss 2.0 SAXS/WAXS lab source

instrument (Xenocs SAS, Grenoble, France). Films were

directly spun cast onto a silicon wafer and exposed for

90 min in X-ray with an incident beam energy of 8.05 keV

and a beam geometry of 0.8 × 1.2 mm in vacuum. The

sample-to-detector distance was approximately 157 mm and

the incident angle was held at 0.20 degrees. The scattering

data were processed using Nika software package and WAXS

tools [70].

Conventional differential scanning calorimetry

Conventional DSC measurements were carried out on a

Metter-Toledo DSC 3+ (Mettler Toledo, Columbus, OH)

equipped with an FRS 6+ sensor and a Huber TC 100 intra-

cooler. Samples with 3–5 mg in mass were first heated above

the melting temperature (Tm) with a rate of 10 °C/min to

Figure 8: Isothermal crystallization half-time for P3HT, P3(4MP)T, P3(3MP)T, P3
(2MP)T, and P3(2EB)T at different crystallization temperatures.
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remove thermal history and then cooled down to −90 °C at the

same rate. Reheating scans were then performed from −90 °C
to ∼Tm +30 °C at 10 °C/min to determine thermal transitions

including glass transition temperature (Tg) and Tm. Before pro-

ceeding to the isothermal crystallization measurements, cooling

experiments (10–100 °C/min) were carried out on the conven-

tional DSC and suggested that the crystallization of P3ATs can-

not be suppressed with a cooling rate up to 100 °C/min, as

shown in Supplementary Fig. S2 [50]. Hence, FSC technique

was utilized.

Fast scanning chip calorimetry

FSC measurements were performed with a commercially avail-

able Mettler-Toledo Flash DSC 2+ and a home built ultrafast

scanning calorimetry (UFDSC). For the Flash DSC 2+, with

a Huber TC 100 intracooler and a MultiSTAR UFS 1 sensor,

it is capable to perform measurements in the temperature

range of −90 to 450 °C with scanning rates up to 10,000 K/s

on heating and 4000 K/s on cooling. Dry nitrogen purge gas

with a flow rate of 20 mL/min was used. Prior to measure-

ments, UFS 1 sensor was conditioned and corrected by follow-

ing manufacturer’s instruction [71]. After cutting into small

flakes under microscope with a scalpel, the samples were

loaded onto the active heat area (a circular area of 500 μm in

diameter) with an animal hair, then went through a pre-melt

step to obtain good thermal contact between the sample and

the sensor membrane, an example of UFS 1 sensor is shown

in Fig. 2(a). Before the isothermal crystallization measure-

ments, the samples were cooled at different rates from temper-

ature above Tm to determine the desired cooling rate to quench

the sample into the supercooled state. For P3(2MP)T and P3

(2EB)T, a 1000 K/s is sufficient to quench the sample to fully

amorphous state as well as have a good signal-to-noise ratio,

hence they were measured by Flash DSC 2+. While for

P3HT, P3(4MP)T, and P3(3MP)T, they crystallize much rap-

idly compared to P3(2MP)T and P3(2EB)T and required

much higher cooling rates to trap the samples into the glassy

state, therefore, they were measured by the UFDSC and

Xensor Integration XEN-395 sensor (Xensor Integration B.V.,

Delfgauw, The Netherlands) with a heating area (60 μm×

60 μm) was used, as shown in Fig. 2(b). To minimize the

blank signal differences between reference and sample sensors,

the center area of sensors was firstly cleaned by chloroform,

then annealed at 453 K in vacuum for 1 h. The sample was

cut into small pieces in microscale under a microscope and

put directly on the heating area of a XEN-395 sensor that

was calibrated using indium. UFDSC with the XEN-395 sensor

allowed for well-controlled heating and cooling rates up to 50,

000 K/s between 170 and 570 K due to tiny size of the sample

(<100 ng). All measurements were performed under nitrogen

at ambient pressure. The heating and cooling rate of samples

measured by UFDSC are 10,000 and 50,000 K/s, respectively.

Further description of UFDSC can be found in previous pub-

lications [34, 72].
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