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Abstract

Organic π-conjugated polymers with a triplet ground state have been the focus

of recent research for their interesting and unique electronic properties, arising from

the presence of the two unpaired electrons. These compounds are usually built from

alternating electron-donating and electron-accepting monomer pairs which lower the

HOMO-LUMO gap and yield a triplet state instead of the typical singlet ground state.

In this paper we use density functional theory calculations to explore the design rules

that govern the creation of a ground state triplet conjugated polymer, and find that a

small HOMO-LUMO gap in the singlet state is the best predictor for the existence of

a triplet ground state, compared to previous use of pro-quinoidal bonding character.

This work can accelerate the discovery of new stable triplet materials by reducing the

computational resources needed for electronic-state calculations and the number of

potential candidates for synthesis.
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Organic π-conjugated polymers have been a focus of fundamental research for many years

thanks to their delocalized electronic properties, which can be used in a wide variety of ap-

plications.1,2 The ground state of the vast majority of those polymers is a singlet state (S0),

which can be excited to a triplet (T1) state via different pathways, such as intersystem cross-

ing or reverse-intersystem crossing (RISC).3–7 However, in recent years organic π-conjugated

polymers with a triplet ground state (dubbed “T0”) have been discovered and studied for

their unique electronic, optical, and magnetic properties arising from their unpaired elec-

trons. Such ground-state triplet materials have found applications as varied as batteries,8

supercapacitors,9 non-linear optics,10 and many others.11–14

Understanding the design rules for the synthesis of such molecular diradicals can aid with

the discovery of new materials. Those structure/function correlations can help us deter-

mine the type of monomers that will promote a triplet ground state, how the electronic

structure is affected, and how to design new materials. For example, previous studies have

used “pro-quinoidal” monomers in order to create high-spin polymers, suggesting that a

quinoidal bonding character helps to stabilize the diradical polymer.14–17 However, others

challenge this, by suggesting instead that instead, an aromatic bonding character stabilizes

the diradical ground state.12 These two opposing hypotheses can lead to different design

rules, but by finding the best predictors of a stable ground-state triplet, we can assist in the

discovery process.

In this work, we have used dispersion-corrected ωB97X-D3 density functional theory (DFT)

method to calculate the ground state energies of both singlet and triplet states of vari-

ous π-conjugated oligomers. Our data set consists of 11 donor monomers and 12 acceptor

monomers (Figure 1), most previously studied by the Azoulay group,9,16,18–22 yielding a set

of 132 oligomers. The geometry optimization steps for both singlet and triplet states, the

single-point electronic energy calculations, and the calculation of ∆ET−S were performed as

described in the Computational Methods section below. Thus, for each oligomer, both
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singlet and triplet states were optimized to find the lowest energy geometry and correspond-

ing ground-state energy.

To find key predictors of ground state triplets, we compared the a variety of electronic and

geometric properties as predictors of the energy difference between the triplet and singlet

energies. In addition, we considered different strategies to favor triplet stabilization, such as

changing the heteroatom in the polymer backbone, and forcing quinoidal bonding character.

This work can aid in the discovery of new and novel open shell materials by increasing the

search speed and decreasing the search space of potential candidates.

Acceptors Donors

A1 A2 A3 A4

A5 A6 A7 A8

A9 A10 A11 A12

D1 D2 D3 D4

D5 D6 D7 D8

D9 D10 D11

Figure 1: The acceptors and donors used to create the tetramers.

As mentioned, one of the working hypotheses for the stability of a triplet ground-state is

through a bi-radical system, in which each unpaired electron is in different singly-occupied

molecular orbitals (SUMO), and the formation of a semi-quinoidal bonding pattern in the

polymer backbone.13,15,16 This suggests that the bond between the monomers should have

some double-bond character — and thus be shorter to stabilize the triplet ground-state.
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We measured the inter-monomer bond length of the oligomers, i.e. the bond between each

donor and acceptor monomer (D-A-D-A-D-A-D-A), as a metric of quinoidal character, and

compared this geometric measure to the difference between the electronic energies of the

triplet and singlet species ∆ET−S (Figure 2).
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Figure 2: Correlation between ∆ET−S, in eV, and the inter-monomer bond length, in Å,
grouped by (a) acceptor number and (b) donor number.

Our calculations, however, show very little correlation between the inter-monomer bond

length and the stability of the triplet ground state across all 132 oligomers. While there is a

weak trend for some families of oligomers that share the same acceptor (Figure 2(a)), there

are a few exceptions. In some cases, such as for the oligomer of donor D3 and acceptor A7,

while it had a stable triple ground state - its calculated inter-monomer bond length was the

longest at 1.47 Å. In contrast, the oligomer of donor D3 and A12 does not yield a stable

triplet ground state, but has one of the shortest calculated inter-monomer bond lengths at

1.40 Å.

Furthermore, oligomers with acceptor A5 yield a negative slope between the inter-monomer

bond length and ∆ET−S, while all other families have a positive slope (Table S1). Thus,

while looking at some specific acceptors we can see a trend, there is no overall correlation
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between the stability of the triplet ground state and the inter-monomer bond length. In

addition, there is no correlation between the inter-monomer length and the donor number

(Figure 2(b)).

While the pro-quinoidal design rule might work for specific cases, the stability of the triplet

ground state instead comes from a broader property — narrowing of the singlet HOMO-

LUMO gap. While it has been shown that one strategy to lower the HOMO-LUMO gap is

by quinoidal bonding,23,24 it is by far not the only design rule.

A small HOMO-LUMO gap has been shown to promote a lower triplet energy level, increasing

the likelihood of a high-spin ground state as the frontier molecular orbitals (MO) become

closer energetically.16,25,26 We therefore compared the energy difference between the singlet

and triplet of each oligomer (∆ET−S) versus the HOMO-LUMO gap of the corresponding

singlet-state oligomer, both in eV (Figure 3). Figures 3(a) and 3(b) show the same correlation

and only differ by grouping of the acceptor number and donor number, respectively. Out

of 132 oligomers, 35 had ground-state triplet states, based on the optimized geometries and

ωB97X-D3/def2-SVP single-point energies. A significant correlation between those energies

can be seen, with a correlation of determination (R2) of 0.96 and a linear relation with an

x-axis intercept at 3.84 eV (Eq. S1).

As seen in Figure 3(b), there is very little correlation between the donor identity and ∆ET−S.

However, from Figure 3(a) it can be seen that oligomers that share the same acceptor

monomer are grouped in close proximity, indicating that a high-spin system is strongly

dependant on the identity of the acceptor.

While a spin-polarized singlet state may be lower in energy than the restricted singlet con-

sidered here, the strong trend indicates that as the singlet HOMO-LUMO gap decreases,

the triplet state becomes increasingly stabilized. In some systems, broken-symmetry DFT

calculations can predict the energetics of the spin-polarized singlet, although they require

specifying a particular atomic radical center.27 In contrast, these oligomers access the triplet
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Figure 3: Correlation plots between the difference of the Triplet and Singlet energies of each
oligomer versus its the HOMO-LUMO gap of the singlet species, both in eV, grouped by (a)
the acceptor number and (b) the donor number. Linear best-fit line is shown as a dashed
gray line.

state specifically because of the delocalized π system. Furthermore, multi-reference methods

such as MR-MP228) would not properly capture the small HOMO-LUMO gap which sta-

bilize the ground state triplet state. Consequently, we believe these systems will be useful

target compounds for continuing electronic structure method development.

For comparison, and to further strengthen our conclusions, we also ran single-point energy

calculations using the CAM-B3LYP functional29 (Figure S1). While the scale of the axes

have slightly changed, as well as the crossing point between singlet and triplet stability, a

similar linear relationship between the HOMO-LUMO gap of the singlet species and ∆ET−S

is observed.

From this correlation we can see that acceptor A5 appears to have the lowest singlet HOMO-

LUMO gap and the most stable triplet state, followed by acceptor A7. Acceptors A4 and

A6 both have several oligomers with stable triplet ground states; six oligomers for acceptor

A4 and eight oligomers for acceptor A6. Interestingly, acceptor A5, which is the hydro-

genated version of acceptor A4, was possibly made due to a human error. Nonetheless, this
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unintentional discovery resulted in a monomer that promoted a stable ground state triplet.

However, we acknowledge that, realistically, the synthesis of acceptor A5 might prove to be

a difficult endeavor.

In addition, we have examined the correlation between the singlet HOMO-LUMO gap cal-

culated using the ωB97X-D DFT method and the GFN2-xTB semi-empirical method (Fig-

ure S2). Oligomers that contain acceptor A5 are outliers, showing no correlation with the

rest of the set. Due to the low synthetic viability of acceptor A5, we removed those oligomers

from the comparison. We fit the data points to linear, logarithmic, and radical functions,

and found that the logarithmic function has the highest R2 at 0.96, compared to 0.89 and

0.94 for the linear and square root functions, respectively. In short, while the HOMO-LUMO

eigenvalues from density functional theory are unphysical, and gaps from ωB97X-D may be

too large, and from GFN2-xTB may be too small compared to experiment, there is still a

strong correlation between the two computational methods. This correlation can thus be

used in the discovery of new ground state triplet oligomers, as only a single semi-empirical

calculation is needed, skipping multiple time-consuming DFT calculations.

To further consider why the stability of a triplet ground state is dependent on the acceptor

identity, the HOMO and LUMO eigenvalues of each acceptor and donor monomers were

calculated, following the same process as the oligomers, as described in the Methods section

(Figure S3). The HOMO eigenvalues on the donor monomers are, of course, generally less

negative (above -8 eV) than the HOMO energies of the acceptor monomers (below -8 eV,

with the exception of acceptors A5, A10, and A12.) Acceptors A4, A6, and A7, which

yielded some oligomers with ground-state triplets, have similar HOMO energies at -8.30 eV,

-8.34 eV, and -8.34 eV respectively. Acceptor A11 has a similar HOMO eigenvalue, at -8.32

eV, but does not show triplet ground-state stability.

Acceptor A5 is the exception in this case, as it has a relatively high HOMO eigenvalue,

at -6.66 eV — higher than all the other acceptor and donor monomers. This suggests
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that acceptor A5 might act as a very good donor. It would be interesting, to find other

synthetically-accessible monomers with similar HOMO and LUMO eigenvalues and compare

their performance to acceptor A5. However, this is beyond the scope of this work.

As we have shown, the most reliable predictor for the stability of the triplet ground state

is the HOMO-LUMO gap of the singlet species. We therefore considered different general

strategies to lower gap. Previous studies have shown that the identity of the heteroatom in

the backbone of an oligomer as well as the identity of the side group affect the HOMO-LUMO

energy gap.30,31 We chose sulfur (S), nitrogen (N) and selenium (Se) as the representative

heteroatom of a 5-membered aromatic heterocycle; since we expected the HOMO-LUMO

gap of the oligomer to decrease as the HOMO-LUMO gap of the heteroatom decreases.30,32

The side group, always on the 3- and 4- position in the heteroycle, representatives are a fused

benzene ring for its potentially stabilizing effect on the quinoidal form,33 an ethylenedioxy

group for its electron-donating effects,34 and no side group as a reference.

This set consists of 12 monomers — pyrrole, thiophene, selenophene, their 3-4-ethylenedioxy-

derivatives (EDOP, EDOT, and EDOS respectively) and their benzo- derivatives (BP, BT,

and BS respectively). In addition, we constructed a quinoidal version of the thiophene-based

oligomers by forcing inter-monomer double bonds by adding methylidene (H2C––) terminat-

ing groups (q-Thiophene, q-EDOT, and q-BT respectively), as can be seen in Figure 4(a).

By forcing a quinoidal bonding structure we can have a straightforward comparison with the

aromatic bonding structure. We constructed the hexamer of each system, as previous studies

show a high correlation with the calculated electronic energies of longer oligomers,35,36 and

followed the same geometry optimizations and single-point calculations of both singlet and

triplet species as described in the Computational Methods section below.

Figure 4(b), demonstrates that lower singlet HOMO-LUMO gap correlates with a lower

∆ET−S and a more stable triplet ground state. As expected, we also see correlation between

the singlet HOMO-LUMO gap energy of the heteroatom and the singlet HOMO-LUMO gap
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Figure 4: (a) The 12 monomers used in finding a strategy to lower the HOMO-
LUMO gap — Pyrrol, 3-4-Ethyldioxypyrrole (EDOP), Benzopyrrole (BP), Thio-
phene, 3-4-Ethyldioxythiophene (EDOT), Benzothiophene (BT), Selenophene, 3-4-
Ethyldioxyselenophene (EDOS), Benzoselenophene (BS), and the quinoidal versions of the
thiophene-based monomers – denoted with ”q-”, (b) The singlet HOMO-LUMO gap of
the hexamers (on the top), and their ∆ET−S (on the bottom), both in eV. The different
monomers, with ”X” denote the different heteroatom as shown in the legend, are on the
x-axis.

energy of the hexamer, where nitrogen yields a higher gap, followed by sulfur, and lastly

selenium with the lowest gap, consistent with previous results.

However, the side group identity has a large effect on the HOMO-LUMO gap energy as well.

Figure 4b illustrates how the benzo- derivatives have a significantly lower HOMO-LUMO

gap energy than the ethylenedioxy- derivatives, which itself has only a moderate reduction

of the HOMO-LUMO gap energy over the parent oligomers with no side group.

In contrast to the findings above, the forced-quinoidal form of the thiophene-based oligomers
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show an opposite trend compared to its aromatic counterpart. While the quinoidal form of

thiophene hexamer has a significantly lower HOMO-LUMO gap than the aromatic thiophene

hexamer and a more moderate reduction compared to the ethylenedioxy- derivatives, this re-

lationship reverses when it comes to the benzo- derivatives. While some promote a quinoidal

bonding scheme as a strategy to induce a triplet ground state,13,15,16 we show here that this is

not the case. This conclusion reinforces the discussion above, that a pro-quinoidal molecular

design is guaranteed to make a polymer with a stable tripled ground state. The best overall

strategy is to use monomers that promote a lower HOMO-LUMO gap, either by conjugation

or inductively.

In conclusion, polymers with a triplet ground state have unusual and interesting properties

that can open the door to novel and exciting applications. In this study we considered various

strategies to produce such materials. We examined the correlation between the calculated

stability of oligomers with a triplet ground state versus various electronic and geometric

properties. We have found a high correlation between the energy difference between the

triplet and singlet states of the oligomer (∆ET−S) and the HOMO-LUMO gap of the singlet

state. We can use this correlation in order to find new candidates with triplet character

by calculating just the HOMO-LUMO gap of the singlet. Moreover, general strategies to

produce low band gap π-conjugated polymers can be used to find novel ground-state triplet

materials.

Again, spin-polarized singlet states may complicate the correlation, a strong trend is ob-

served between the decreasing HOMO-LUMO gap with two functionals, and the increasing

stability of the triplet ground state. Additional development of electronic structure methods

to treat these delocalized compounds and particularly the spin-polarized singlet state would

be desirable.

While pro-quinoidal design strategies may yield ground-state triplet polymers, our exami-

nation over 132 oligomers suggests there is no overall correlation between quinoidal bond
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character and the stability of the triplet state. In addition, we have found that the HOMO

and LUMO energies of the donors and acceptor monomers are also poor predictors for the

stability of the triplet ground state. Instead, heteroatom substitution (e.g., sulfur to sele-

nium) and side-group substitutions appear to yield increased stability of the triplet state

without necessarily inducing quinoidal character.

These design rules can, in turn, be used for both experimental and computational design of

new ground-state triplet conjugated materials. For example, use of a genetic algorithm or

other generative method can sample a large number of potential oligomers through compu-

tational design.37,38

Computational Methods

As mentioned above, the data set consists of 11 donor monomers and 12 acceptor monomers

(Figure 1) studied by the Azoulay group.9,18–22 Long alkyl chains were replaced with shorter

methyl groups in order to reduce computational needs with negligible effect on the electronic

properties. A tetramer (octamer in Azoulay’s notation) of every possible donor-acceptor pair

(i.e. DADADADA, where D = donor monomer and A = acceptor monomer) was created from

their respective Simplified molecular-input line-entry system (SMILES) string,39–41 giving a

set of 132 oligomers.

The geometry optimization of every oligomer was done in steps in order to reduce computa-

tional costs, starting with a conformer search and optimization using MMFF9442 or UFF43

with OpenBabel version 3.1.0,38 followed by GFN2-xTB,44 and ending with the B97-3c DFT

functional45 using Orca version 4.2.0.46,47

The single-point energy of each oligomer was calculated on the final optimized B97-3c ge-

ometry using the dispersion-corrected ωB97X-D3 DFT functional48 with the def2-SVP basis

set49 using Orca. This process was done for both singlet and triplet species of each oligomer.
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Single-point energy calculations using the dispersion-corrected CAM-B3LYP functional were

done in the same way. The output files were processed using Python with the cclib library50

for the electronic, highest occupied molecular orbital (HOMO) and lowest unoccupied molec-

ular orbital (LUMO) eigenvalues, and the Open Babel library38 for the extraction of the

inter-monomer bond lengths. The difference between the triplet and singlet energies was

calculated as

∆ET−S = ETriplet − ESinglet (1)
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