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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

This manuscript reports the effects of glycol sidechains on the electronic states and electronic
properties of a series of cyclopentadithiophene (CPDT) polymers, which have varying proportions of
monomer units with glycol sidechains. Increasing glycol sidechain content results in more disordered
packing, a reduction in n- n conjugation and hence a more localized n-electron density to within the
CPDT unit. Especially, glycolation is found to increase the total reorganisation energy of the polymer
upon ES formation, slower and larger degrees of vibrational cooling, and thus enhanced vibrationally-
assisted polaron pair formation from a hot excitonic state, which is not due to an enhanced dielectric
constant induced by the glycol sidechains, as has often been reported. The results are very interesting
and the FSRS technique used in this work is important. Thus, I recommend this manuscript be
accepted after revisions as suggested below:

1. The authors studied a series of cyclopentadithiophene (CPDT) polymers, which have varying
proportions of monomer units with glycol sidechains (0%, 25%,50% and 100%). I recommend to add
a polymer with 75% proportion of monomer units with glycol sidechains to provide a complete scan of
the series of CPDT polymers

2. According to SI, the Mw of CPDT-g(100%) is only 39 kDa, while the Mws of the other polymers are
much higher (1022 kDa, 817 kDa and 697 kDa). Since the molecular weight is a very important factor
for packing in solid state. I also recommend to synthesize a new CPDT-g(100%) with similar high
molecular weight to repeat the investigation in solid film, which may also reveal the effect of molecular
weight on the total reorganisation energy and polaron pair formation.

3. In Figure 2b, the DFT-calculated A values for a monomer, trimer and pentamer of the g0% and
g100% polymers are shown. I recommend to add the results of the g50% polymer at least to confirm
the effect of the glycol sidechains.

4. In Figure 2c, the experimental Stokes shift values (top) and Huang-Rhys Factors (bottom) of CPDT-
g(0%, 50% and 100%). I feel very strange why there is no Stokes shift values (top) and Huang-Rhys
Factors of CPDT-g25%, which I recommend to add the results of CPDT-g25% in the figure as well.

5. For Figure 3c, the relative peak intensities of peaks 1 and 3 for the CPDT polymers from g0% to
g100%. Are the values of X axis correct? It is the same distance between g25%-g50% and g50%-
g100%.

Reviewer #2 (Remarks to the Author):

This paper “Slow vibrational relaxation drives ultrafast formation of photoexcited polaron state in
glycolated conjugated polymers” systematically explored the glycol sidechain effect on excited state
formation in CPDT polymers from steady-state properties and kinetic characterization, which is
necessary for guiding the optoelectronic materials design. Besides, it emphasizes the role of the
structure relaxation process in organic polymers from the photophysical perspective allowing us to
comprehensively evaluate the weight of related parameters. The work merits publication. However, in
the manuscript, there are some questions and data analysis problems that need to be discussed or
revised.

1. As the author mentioned in the introduction part, minimizing the reorganization energy to decrease
the energy barrier to excited state and charge formation is necessary for organic optoelectronic
devices. In this work, the introduction of glycol sidechain leads to higher reorganization energy, more
disorder, and localized electron, but can accelerate the polaron pairs formation. How to balance the
trade-off between the fast polaron formation and the related side effects of larger reorganization
energy in material design? A potential direction can be added in the discussion part.

2.Compared with alkyl sidechains, the glycol sidechains present some advantages in the introduction



part. But, for example in the organic photovoltaic field, most of the donor and acceptor materials are
based on alkyl sidechains. The reason for the lagging development of glycol sidechains should be
added in the introduction part.

3.In the reorganization energy calculation part, why the Stokes shift and Huang-Rhys factor
information of g25% are missing in Figure 2(c)? It should be discussed as g25% indicates more
ordered aggregation in Figure 1.

4.How about the polymer molecular weight difference by increasing the glycol sidechain content? It is
also important for photophysical properties in solutions and solid films and should be discussed.

5.In the part of steady-state Raman spectroscopy, the author only discussed the difference in peak
intensity for polymers. How about the effect of the variation of peak shape?

6.1t would be more convincing to elaborate on the localization of n-electron density in the backbone by
cooperating with theory calculation or other characterization.

7.From kinetic analysis, how could we distinguish the effect between disorder and polaron formation
on faster singlet decay and photoluminescence quenching in g100% polymer thin film?

8.More description and explanations should be added in the supporting information for the second part
materials properties (Figure S25-S27, and Table S1).

9.Format and details of supporting information should be revised.

Reviewer #3 (Remarks to the Author):

I co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part of
the Nature Communications initiative to facilitate training in peer review and to provide appropriate
recognition for Early Career Researchers who co-review manuscripts.

Reviewer #4 (Remarks to the Author):

The paper by Pagano and coauthors describes the effect of polymer glycolation (when alkyl sidechains
are replaced by glycol sidechains) on the optoelectronic properties of a series of cyclopentadithiophene
(CPDT) conjugated polymers. They observe an enhanced polaron formation in polymers with larger
glycol sidechain content. While such an effect is commonly attributed to an enhanced dielectric
constant, the authors here attribute it to higher reorganization energy and enhanced vibrational
coupling between singlet excitons and polaron pair states. This is the key result of the paper. If
correct, than this is an important conclusion.

The observation of an enhanced polaron formation upon glycolation is fully supported by their
experiments. The authors performed an impressive set of measurements in a detailed and careful
manner, including ultrafast transient absorption spectroscopy and femtosecond stimulated Raman
spectroscopy, to monitor the structural relaxation dynamics of their polymers upon photoexcitation.
Their arguments to correlate the enhanced polaron formation with enhanced vibrational coupling are
plausible. I am, however, not sure whether I am at present fully convinced by their assignment to
reorganization energy, though this is a point that may be addressed in a revised version. My general
opinion is that the paper describes a very interesting study which is of considerable interest to the
field, hence I recommend publication once the following points have been addressed



1. To support their correlation between increased polaron pair formation and reorganization energy,
the authors quote (in Fig. 2c) the Stokes’ shift and Huang-Rhys parameter, as well as calculations for
oligomers up to length of 5 units. The calculations indeed show larger reorganization energies for the
glycolated compounds, yet straight line fits through both sets of data point indicate that the energies
converge for oligomers longer than about 7 repeat unit, so this only holds if the conjugation length is
sufficiently short. The Stokes’ shift is read out from Fig. S30. This is a central argument and therefore
this figure should be placed in the main manuscript. It would also help if it was plotted on an energy
scale and with a range that actually allows reading off values. At present — on a wavelength scale from
500 to 800 nm - it is not possible to judge the validity of the data presented in Figure 2c (the
distances between the 0-0 peaks differ by less than 1 mm in a A4 printout). Similarly, I am doubtful
about the Huang-Rhys parameter data. In different solvents, the spectra have different linewidth, and
the 0-0 and 0-1 peak overlap. So just taking the ratio between them may give erroneous values. It
may be that their data supports the conclusions, yet from the current presentation of the data it is not
possible to assess this. It would help if the authors could do decompose the spectra at least into a
sum of Gaussian peaks with equal width to clearly identify the 0-0 positions of absorption and
emission, and the correct height of the 0-0 and 0-1 peak. When doing this, it is important to plot the
reduced absorption and emission spectra, to correctly identify the the geometric reorganization energy
(as half of the distance between the two 0-0 peaks). A full Franck-Condon Analysis would, of course,
be even better, in particular since the Raman data for the materials are available.

2. The assignment to vibrational coupling is based on the time resolved PAS and Raman spectra, and
this seems convincing. My only point of critique relates to the relative position of S1 and the PP state
in Figure 6. The authors present data for a single compound in solution. For a single compound, the
charge-transfer state that forms upon transferring an electron to an adjacent chromophore is usually
at higher energy than the singlet state where it originates from, due to the coulomb attraction that
needs to be overcome when separating out electron and hole (and that is much larger than any
reduction due to additional reorganization energy) . This is currently not reflected in figure 6, where
the PP minimum is shown below the S1 state. Perhaps this could be corrected.

Minor issues:
3. Line 157: The authors claim that “A is the energy required for the molecular lattice to distort upon
ES formation”, however, in fact only Al is required for that. The same comment is applicable to Eq.(1)

- only Al energy is needed to form ES. The authors may wish to correct this

4. Lines 490-491: A reference to Fig.5(b), by which the values of 0.6nm and 1.25ns were obtained,
would be helpful.

5. In Fig. 4 and 5, longer ticks would be very helpful to read off values (in particular for the log scale
in Figure 4b)

6. Line 340: What does GA stand for?

Reviewer #5 (Remarks to the Author):

I co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part of
the Nature Communications initiative to facilitate training in peer review and to provide appropriate
recognition for Early Career Researchers who co-review manuscripts.



Responses to the reviewers’ comments

We thankall reviewers fortheirtime to read the manuscript and fortheirencouragingand
constructive comments. We believe that we have addressed all of the reviewers’ comments. Below
are our detailedreplies to the reviewers’ comments and questions. Our detailed point by point
responsesare in blue and the changesinthe manuscriptare highlighted in yellow. We hope thatour
revised manuscriptis now acceptable for publication in Nature Communications.

Reviewer#1 (Remarks to the Author):

This manuscript reports the effects of glycol sidechains on the electronicstates and electronic
properties of aseries of cyclopentadithiophene (CPDT) polymers, which have varying proportions of
monomer units with glycol sidechains. Increasing glycol sidechain content results in more disordered
packing, a reductioninm-m conjugation and hence amore localized rt-electron density to within the
CPDT unit. Especially, glycolation is found to increase the total reorganisation energy of the polymer
upon ES formation, slowerand larger degrees of vibrational cooling, and thus enhanced
vibrationally-assisted polaron pairformation from a hot excitonicstate, whichis notdue toan
enhanced dielectricconstantinduced by the glycol sidechains, as has often been reported. The
results are very interestingand the FSRS technique usedin thisworkisimportant. Thus, |
recommend this manuscript be accepted afterrevisions as sugge sted below:

Our response: We thank the reviewer for their encouraging comments stating that ‘theresults are
very interesting and the FSRS technique used in this work is important’.

1. The authors studied aseries of cyclopentadithiophene (CPDT) polymers, which have varying
proportions of monomer units with glycol sidechains (0%, 25%,50% and 100%). | recommend to add
a polymer with 75% proportion of monomer units with glycol sidechains to provide acomplete scan
of the series of CPDT polymers.

Our response: Ag75% polymerwas synthesised as part of the CPDT polymerseriesand included in
the preliminary, steady-state characterisation of the polymers. The thin film UV-Vis and Raman
spectraforthe full seriesare shownin Figure R1and Figure R2 below and in both sets of data the
g75% polymerlies out of trend. Thisis mainly due to its significantly lower molecular weight (Mn 13
kDa and Mw 24 kDa) compared to other polymers (Mn 20-23 kDa and Mw 49-66 kDa, see Table 1).

In the UV-Vis absorption, the g75% spectrum maximum shows the largest blueshift relative to the
g0% spectrumand a large lossinvibronicfeatures, which suggests that the g75% film has the most
disordered packing structure with low levels of crystallinity, likely induced by its low Mw rather than
the fraction of glycol side chains. Similarly, the g75% Raman spectrum lies out of trend, with peaks 2
and 3 showingthe lowest relative intensities. Because of this, the g75% data was notincludedinthe
manuscriptas itwas believed that there were synthesisissues with the polymer. The molecular
weights of the g0%, g25%, g50%, g75% and g100% polymers were remeasured at higher
temperature (40°C) in chloroform, asis detailed below in response to Q2. The highertemperature
prevents aggregation effectsimpactingthe measurements and hence yields more accurate values of
molecularweight. The results show that compared to the g0%, g25%, g50% and g100% polymers,
the g75% has a significantly lower molecular weight. The g75% polymerbeingan outlierin molecular
weight explains the g75% data falling out of trend and justifies our exclusion of it from the steady-



state characterisation of the CPDT polymer series. It is outside of the scope of this work to re-
synthesiseahigher molecularweight g75% polymerand we believe thatthe trendsseeninthe data

and conclusions drawn from them hold well without the g75% polymer and thusitsinclusionis not
essential.
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Figure R1: Normalised thin-film UV-Vis spectra of the CPDT polymer series, including the g75% polymer, which shows more
blueshift relative to the g0% spectrum and loss of vibronic features than the g100% spectrum. The g75% spectrum clearly
lies out of trend, maximum shows the largest blueshift relative to the g0% spectrum and has a large loss in vibronic
features, which we attribute to its much lower Mw.
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Figure R2: Raman spectra of the CPDT polymer series, including g75%, normalised to the 1380 cm mode. The g75% clearly

lies out of trend, with peaks 2 and 3 having the lowest relative intensities. We attribute this to g75% having a much lower
Mw.



2. Accordingto the SI, the Mw of CPDT-g(100%) is only 39 kDa, while the Mws of the other polymers
are much higher (1022 kDa, 817 kDa and 697 kDa). Since the molecularweightisaveryimportant
factor for packingin solid state. | also recommend to synthesizeanew CPDT-g(100%) with similar
high molecular weighttorepeat the investigationin solid film, which may also reveal the effect of
molecularweight on the total reorganisation energy and polaron pairformation.

Our response: We thankthe reviewerfor pointing outthe importance of the molecular weight of
the conjugated polymers. The initial GPC measurements were conducted atroom temperature in
chloroformsolventandyielded large PDIs for many of the polymers. This likely occurred due to
aggregation effects because of the low temperature that the measurements were conductedin. To
ensure an accurate measure of the molecular weight givenitsimportance to our conclusions, we
have enrolled the help of specialistsin the GPC of polymers to remeasure the molecular weights.
GPC measurements were done at40°C in chloroform, the elevated temperature improves reliability
of the measurement by reducing aggregation effects. The results are summarised in the table below
and show that the g0%, g25%, g50% and g100% polymers have very similarmolecular weights. We
can therefore be confident that the results presented, and conclusions drawn throughout the
manuscript do not arise from molecular weight differences.

Table R1: Summary of the Mn and Mw values for the CPDT polymer series, measured with GPC at 40°C in chloroform.

Polymer Mn (kDa) Mw (kDa) PDI
g0% 22 49 2.2
g825% 22 50 2.3
g50% 23 55 2.4
g75% 13 24 1.8
g£100% 20 66 34

We have updated the polymer molecular weights in the supplementary information, section 1
(Experimental Synthesis), which are highlighted in the text (Lines 148-179), and added a summary
table of the measurements tosection 1(Line 251):

Table S1: Summary of the Mn and Mw values for the CPDT polymer series, measured with GPC at 40°C in chloroform.

Polymer Mn (kDa) Mw (kDa) PDI
g0% 22 49 2.2
825% 22 50 2.3
g50% 23 55 2.4

g100% 20 66 34

We have added Adam Marsh as a co-authoronthe paperas he carried out the GPC measurements.
Line4 and 17:

Adam V. Marsh,”



> Physical Science and Engineering Division, KAUST Solar Center (KSC), King Abdullah University of
Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia.

3. In Figure 2b, the DFT-calculated A values fora monomer, trimerand pentamer of the g0% and

g100% polymersare shown. |l recommend to add the results of the g50% polymeratleastto confirm
the effect of the glycol sidechains.

Ourresponse: We acknowledgethe reviewer’s suggestion and performed further calculations with
smaller contents of glycol sidechains. We simulated trimers of g30% and g60% to clarify the
reorganisation energy changes upon glycolationin DFT. We use the ground-state dihedralanglesas a
guide. The average ground-state dihedralangle is generallythe largest component determining
reorganisation energy valuesin DFT calculations. Hence, we use the average ground-state dihedral
angle to predictthe trendinreorganisation energy. Figure R3shows the average ground -state
dihedral angle forthe trimers, which shows that the average ground-state dihedral angle increases
withincreasingglycol content. Thisis indicative of anincreasing singlet reorganisation energy asa
largerdihedral angle change isrequired when the singletis formed. As the computational
simulations are intended as guidelines, we believethat showing the two extremesin the trend inthe
manuscriptis sufficientto supportthe experimental datathat shows clear evidence of increasing
reorganisation energy with glycol content. Note thatthe full calculations of the singlet state and
hence the reorganisation energy valuesinthese trimers requirealong computational time without
providing any additional information.
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Figure R3: Average ground-state dihedral angles of g0%, g30%, g60% and g100% trimers simulated in DFT.

4. In Figure 2c, the experimental Stokes shift values (top) and Huang-Rhys Factors (bottom) of CPDT-
g(0%, 50% and 100%). | feel very strange why there is no Stokes shift values (top) and Huang-Rhys
Factors of CPDT-g25%, which lrecommendto add the results of CPDT-g25% in the figure as well.



Ourresponse: We thank the reviewerfortheircommentand while we agree that it would be good
to have the Stokes shiftand Huang-Rhys factorvalues for the g25% polymer for completeness,
unfortunately, it was not possible to obtain this data. There was very limited g25% material
remaining and usingitforthe repeat GPC measurements was prioritised. We attempted to measure
the PLand absorption spectrawith some old solutions, but the results were anomalous due to
solution deterioration. Synthesis of an additional batch of polymers with the same Mw is beyond the
scope of thiswork and so although we agree with the reviewerthatit would be good to have the
g25% data, we do not believe thatit would provide furtherimprovement on the conclusions madein
the paper.

5. For Figure 3¢, the relative peakintensities of peaks 1and 3 for the CPDT polymers from g0% to
g100%. Are the values of X axis correct? It is the same distance between g25%-g50% and g50%-
g100%.

Our response: We thankthe reviewer for bringing this to ourattention and the graph has been
corrected by addition of the axes breaks (Line 278):
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Figure 3: (a) Raman peak assignments of the two vibrational modes of interest. Peak 1, at around 1370 cm -, corresponds to
the C-C intra mode on the cyclopentane ring. Peak 4, at around 1520 cm+1, corresponds to the C=C intra thiophene mode,
and the neighbouring C-C inter mode between the CPDT units. (b) Raman spectra for the CPDT polymers, normalised to the
1380 cm™ mode peak 2*, thin films on prefabricated Fraunhofer OFET substrates, using 785 nm excitation wavelength. (c)
Relative peak intensities of peaks 1 and 4 for the CPDT polymers.

Reviewer #2 (Remarks to the Author):

This paper “Slow vibrational relaxation drives ultrafast formation of photoexcited polaron state in
glycolated conjugated polymers” systematically explored the glycolsidechain effect on excited state



formation in CPDT polymers from steady-state properties and kinetic characterization, which is
necessary for guiding the optoelectronicmaterials design. Besides, it emphasizes the role of the
structure relaxation processin organic polymers from the photophysical perspective allowing us to
comprehensively evaluatethe weight of related parameters. The work merits publication. However,
inthe manuscript, there are some questions and data analysis problems that need to be discussedor
revised.

Our response: We thankthe reviewerfortheirvery positiveand encouraging comments.

1. As the author mentionedinthe introduction part, minimizing the reorganization energy to
decrease the energy barrierto excited state and charge formationis necessary fororganic
optoelectronicdevices. Inthis work, the introduction of glycol sidechain leads to higher
reorganization energy, more disorder, and localized electron, but can accelerate the polaron pairs
formation. How to balance the trade-off between the fast polaron formation and the related side
effects of largerreorganization energy in materialdesign? A potential direction can be addedin the
discussion part.

Our response: We thank the reviewer for this very interesting suggestion to provide material design
guidelines based on ourstudy. How to balance the trade-off between the fast polaron pairformation
and the related side effects of larger reorganization energy is one of the key considerations for
conjugated polymers for optoelectronicapplications. In this work, we aim to reveal the
intramolecularandintermolecularimpact of incorporating glycolsidechains into the conjugated
backbone. Through simulation and experiment we show thatincorporation of glycol sidechains leads
to a highersinglet state reorganisation energy, which subsequently allows for accelerated polaron
pair formation due to enhanced vibrational coupling to the polaron pair state. Ourresults presenta
designrule thatallows for tuning of the reorganisation energy and accelerated polaron pair
formation withoutthe need for modification of the conjugated backbone structure. As pointed out
by the reviewer, this balance between increasing reorganisation energy, whichis detrimental to
charge transport, and enhanced polaron pairformation does complicate dictating design rules. Itis
therefore vital to considerthe application when defining design rules.

In the alkylated and lowerglycol content polymers, the lower degree of polaron pair formation is
balanced by the associated lowerreorganisation energy, which is beneficial in applications such as
organicfield effect transistors (OFETs) wherethe energetic barrier to charge transportshould be
minimised. In contrast, as our results show, a higherreorganisation energy facilitates accelerated
polaron pairformation such as in the g100% polymer. Therefore, glycolated polymers will be more
useful when higher orfaster charge generationis required, forexamplein hydrogen-evolution
photocatalysts. While alargerreorganisation energy is considered detrimental for certain
applications such as OFETs, here we demonstrate thatit can be surprisingly beneficial for other
applications thatrequire fast and efficient polaron formation. The higherreorganisation energy
allows more time for structural relaxation, which allows for efficient polaron pair formation during
the relaxation.

Thisdemonstrates that the balance required will depend on the application and thata different
percentage content of glycol sidechains will allow for the control of this balance. The incorporation
of glycol sidechainis one molecular design rule forthe control of reorganisation energy and there
are otherstudies showingthat reorganisation energy can be controlled viaother molecular design
mechanisms. Forexample, our previous work shows that a lowersidechain density alongthe



conjugated backbone lowers polaron reorganisation energy and hence facilitates an alternative
mechanism of polaron formation.!

The discussion has beenrevised to emphasise and clarify this point (Line 555):

Our results provide adesign rule thatallows for the tuning of the reorganisation energy viavariation
of sidechain nature, without modification of the conjugated backbone structure . While alarger
reorganisation energy is considered detrimental for applications such as OFETs, where any energetic
barrierto charge transport should be minimised, here we demonstrate how such modulation of the
reorganisation energy can be used as a tool to control the timescale of photophysical processes such
as PP formation. This can be beneficialforapplications that require ultrafastand a high density of
charge state formation, without optimised charge transport properties. While both minimised
reorganisation energy and enhanced PP formation are vital for device performance, abalance
between the two can be struck by using specific percentages of glycol sidechains. The desired
application therefore dictates the implementation of the design rule.

2.Compared with alkyl sidechains, the glycol sidechains present some advantages in the introduction
part. But, for example inthe organicphotovoltaicfield, most of the donorand acceptor materials are
based on alkyl sidechains. The reason forthe lagging development of glycol sidechains should be
addedinthe introduction part.

Ourresponse: We thankthe reviewer fortheirsuggestion.

Organicsemiconductorsintrinsically have low dielectric constants, which limits their efficiencyin
devices such as organic solar cells. Photogenerated excitons are strongly Coulombically bound and
therefore recombine easily, limiting charge generation. There has therefore been interestin
incorporating glycol sidechainsinto donor-acceptor type OPV materials as a mechanismto enhance
the material dielectricconstant and improve charge generation for photovoltaicapplications.??
However, in photovoltaics charge generation, transport and recombination processes are equally
importantand all need to be optimised for good device performance. Whileincorporation of glycol
sidechains has been shown to modulate the dielectricconstant (mostly at low frequency kHz-MHz
ranges), theirrole for charge generationis unclear. The incorporation of glycol sidechains can often
disruptthe packingand order of the polymers, which can worsen charge transport properties and
recombination losses, and hence leading to lower device performance. So, the overall performance
of glycolated materials has notseen considerable gainsinthe OPV field and as such their
developmenthas notbeen prioritised.

More importantly, there are synthesis challenges that have inhibited the fast development of
glycolated donor-acceptortype OPV materials. Synthesis of the glycol sidechainitselfin addition to
the synthesis process of incorporating the glycol sidechains into the donor-acceptor type materials
require many more steps than with alkyl sidechains, and the synthesisis often not possible. This has
resultedin very limited synthesis of donor-acceptor type OPV materialsincorporating glycol
sidechains.

Text has beenaddedtothe introduction summarising these points (Line 77):

The incorporation of glycol sidechains into donor and acce ptor materials, or donor-acceptortype
non-fullerene acceptors (NFAs) and copolymers typicallyusedin OPVs, however, lags the
development of glycolated homopolymers. This is because the benefit of an enhanced dielectric
constant, which can improve charge generation, can be accompanied by poorer charge transport



properties. For photovoltaics, charge generation, transport and recombination processes are equally
importantandall needto be optimised for good device performance. Therefore, as photovoltaic
applications have been the driving force forthe development of glycolated donor, acceptorand
donor-acceptortype materials, the need forgood charge transport propertiesin addition to
enhanced charge generation has meantthat their developmentis slow. In addition to this, the
complicated synthesis process of incorporating glycol sidechains into the donorand acceptor
materials requires many more steps than with alkyl sidechains and is often not possible. This has
furtherlimited the development of glycolated OPV materials.

3.In the reorganization energy calculation part, why the Stokes shift and Huang-Rhys factor
information of g25% are missingin Figure 2(c)? It should be discussed as g25% indicates more
ordered aggregationin Figure 1.

Our response: We thankthe reviewerfortheircomment. As we responded toreviewer 1's
comment4, while we agree thatit would be good to have the Stokes shiftand Huang-Rhys factor
valuesforthe g25% polymerforcompleteness, it was not possible to obtain this data. There was
very limited g25% material remainingand usingitforthe repeat GPC measurements was prioritised.
We attempted to measure the PLand absorption spectrawith some old solutions, but the results
were anomalous due to solution deterioration. Synthesis of an additional batch of polymers with the
same Mw is beyond the scope of this work and so although we agree with the reviewerthatitwould
be good to have the g25% data, we do not believe thatit would provide furtherimprovement on the
conclusions made in the paper.

4.How aboutthe polymermolecularweight difference by increasingthe glycol sidechain content? It
isalso importantfor photophysical propertiesin solutions and solid films and should be discussed.

Ourresponse: We thankthe reviewerfortheircommentandfor highlighting the importance of the
molecularweight of the conjugated polymers. As we responded toreviewer 1’s comment 2, the
initial GPCmeasurements were conducted at room temperature in chloroform solvent and yielded
large PDIs for many of the polymers. This likely occurred due to aggregation effects because of the
low temperature that the measurements were conducted in. To ensure an accurate measure of the
molecularweight givenitsimportance to ourconclusions, we have enrolled the help of specialistsin
the GPC of polymers toremeasure the molecular weights. GPC measurements were doneat40°C in
chloroform, the elevated temperatureimproves reliability of the measurement by reducing
aggregation effects. The results are summarisedin the table below and show that the g0%, g25%,
g50% and g100% polymers have similar molecular weights. We can therefore be confident thatthe
results of the photophysical properties in solution and thin film presented, and conclusions drawn
throughout the manuscriptdo not arise from molecular weight differences, but from the effect of
the glycol sidechain content.

Table R1: Summary of the Mn and Mw values for the CPDT polymer series, measured with GPC at 40°C in chloroform.

Polymer Mn (kDa) Mw (kDa) PDI
g0% 22 49 2.2
g25% 22 50 2.3
g50% 23 55 2.4
g75% 13 24 1.8

g100% 20 66 3.4




We have updated the polymer molecular weightsinthe supplementary information, section 1
(Experimental Synthesis), which are highlighted in the text (Lines 148-179), and added a summary
table of the measurementstosection 1(Line 251):

Table S1: Summary of the Mn and Mw values for the CPDT polymer series, measured with GPC at 40°C in chloroform.

Polymer Mn (kDa) Mw (kDa) PDI
g0% 22 49 2.2
825% 22 50 2.3
g50% 23 55 2.4
g100% 20 66 34

We have added Adam Marsh as a co-authoronthe paperas he carried out the GPC measurements.
Line4 and 17:

Adam V. Marsh,’

> Physical Science and Engineering Division, KAUST Solar Center (KSC), King Abdullah University of
Science and Technology (KAUST), Thuwal 23955-6900, Saudi Arabia.

5.In the part of steady-state Raman spectroscopy, the author only discussed the difference in peak
intensity for polymers. How about the effect of the variation of peak shape?

Our response: Figure 3shows the normalised ground state Raman spectraforthe CPDT polymers.
Relative peakintensities provide information on m-electron density to agiven bond in the backbone.
Peak shapeisinfluenced by packing structure and order/disorderinthe polymerfilms, with a
broader peak beingindicative of amore disordered packing structure due toa widerrange of
effective conjugation lengths being presentin the film.* Forthe datashown in Figure 3(b), there is
little to novariationin peak shapes and any apparentdifferencesin peak shapeisdue to changesin
relative intensity of the peaks. To clarify this, the normalised Raman mode has beenlabelledin
Figure 3 (Line 278) and peaks 1-3 relabelled as peaks 1-4in the figure and throughout the text (Line
251):

Peak 1 at 1370cm?, the shoulderof the main Raman peak at around 1380cm™?, isassigned to the C-C
intra-ring mode on the central cyclopentane ring of the CPDT unit. Peak 3 at around 1420 cm™ is
assigned tothe C-Cintra-ring mode on the thiophene rings. Peak 4 at around 1520cm ! is assigned to
the outer C=C mode on the thiophene rings and the neighbouring C-Cinter-ring mode between the
CPDT units.
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Figure 3: (a) Raman peak assignments of the two vibrational modes of interest. Peak 1, at around 1370 cm L, corresponds to
the C-C intra mode on the cyclopentane ring. Peak 4, at around 1520 cm*, corresponds to the C=C intra thiophene mode,
and the neighbouring C-C inter mode between the CPDT units. (b) Raman spectra for the CPDT polymers, normalised to the
1380 cm™ mode peak 2*, thin films on prefabricated Fraunhofer OFET substrates, using 785 nm excitation wavelength. (c)
Relative peak intensities of peaks 1 and 4 for the CPDT polymers.

Forincreasingglycol content, thereis anincrease inrelative intensity of peak 1and a decrease in
peaks 3 and 4. Thereisalsoa slight downshiftin peak 4above g25%, whichisindicative of an
increase in bond length, which arises due to a loss of m-electron density from the thiophene C=C
intraand C-Cinterbondsasit becomes more localised to the centre of the CPDT unit. Thisis
accompanied by a slight broadening of the peak, which isindicative of amore disordered packing
structure inthe higherglycol content films. These are the main changesinthe Raman spectraseen
with increasing glycol content and the textin the manuscript has been revised to emphasisethis and
highlight changesin peak shape (Line 262):

In additionto the relative peakintensity changes seeninthe spectra, peak 4 shows a slight
downshift forglycol contents above g25%. Thisisindicative of anincrease in bond length, which
arises due to a loss of m -electron density from the thiophene C=Cintraand C-Cinterbonds as it
becomes more localised to the centre of the CPDT unit. A slight broadening of peak 4 can also be
seen, whichis reflective of the more disordered packing structure in the higherglycol content films.

6. It would be more convincingto elaborate on the localization of t-electron density in the backbone
by cooperating with theory calculation or other characterization.

Ourresponse: We thankthe reviewer forthisinteresting suggestion. To supportthe conclusions
made experimentally regarding a more localised m-electron density in the ground state g100%
polymerbackbone, we carried out further DFT calculations to simulate the electrostatic potential
distribution (ESP)alongthe backbone of the ground state g0% and g100% trimers. This provides



further insight into the impact of the glycol sidechains on the intrinsic, intramolecular t-electron
distribution along the conjugated backbone. The ESPs of the g0% and g100% trimers were simulated
accordingto the Merz-Kollman (MK) schemeand ESP was then calculated foreach bond alongthe
backbone and averaged according to bond type across the trimers. Sl Figure S34 has been added,
which shows the average ESP for each bond type along the backbone forthe g0% and g100% trimers
inthe ground state and the differencein the average ESP for each bond upon glycolation of the
trimer. The results show that compared to the alkylated trimer, the glycolated trimer has less -
electrondensitylocalised to the externalthiophenerings and more n-electron density localised to
theinternal cyclopentanering. Thisis consistent with the experimental results shownin Figure 3and
supportsthe conclusion of t-electron density being more localised to the central cyclopentane ring
inthe g100% polymer. The main manuscripttext has been revised to reference these DFT
simulations (Line 269):

To further support this, DFT was used to simulate the electrostatic potential distribution (ESP)
according to the Merz-Kollman (MK) scheme?* along the backbone of ground state g0% and g100%
trimers (Figure S34). The results show that compared to the g0% trimer, the gl00% trimer has less m-
electron density localised to the outerthiophene rings, and more m-electron density localised to the
central cyclopentane ring. This is consistent with the experimental results shown in Figure 3and

supports the conclusion of the m-electron density being more localised to the centre of the CPDT unit
inthe g100% polymer.

The supplementary information has beenrevised toincludethe ESP figure and explanatory text (Line
390):
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Figure S34: (a) Bond labels for the g0% and g100% oligomers. (b) Average ESP for g0% and g100% trimers for each bond
along the backbone and C-C sidechain, being the first carbon-carbon bond in the sidechain. (c) Difference in average ESP
between the g0% and g100% trimers, showing the impact of full glycolation on the ESP along the backbone.



To supportthe conclusions made experimentally regarding m-electron density being more localised
to the cyclopentane ringinthe ground state g100% polymer backbone, we carried out further DFT
calculations to simulate the electrostatic potential distribution (ESP) along the backbone of the
ground state g0% and g100% trimers. This provides furtherinsightinto the impact of the glycol
sidechains on the intrinsic, intramolecular m-electron distribution along the conjugated backbone.
The ESPs of the g0% and g100% trimers were simulated according to the Merz-Kollman (MK) scheme
and ESP was then calculated foreach bond alongthe backbone and averaged according to bond type
across the trimers. Figure S34 shows the average ESP for each bond alongthe backbone forthe g0%
and g100% trimersin the ground state and the change inthe average ESP for each bond upon
glycolation of the trimer. The results show that compared to the alkylated trimer, the glycolated
trimerhas less m-electron density localised to the outerthiophene ring C=C;,...and C-Cintra; bonds
and more m-electron density localised to the central cyclopentane ring C-Cintra, and C-Csidechain
bonds. So, the g100% trimer has greater m-electron density concentration in the internal ring of the
CPDT unit. Thisis consistent with the experimental results shownin Figure 3and supports the
conclusion of a more localised m-electron density in the g100% polymer.

7. From kineticanalysis, how could we distinguish the effect between disorderand polaron
formation on fastersinglet decay and photoluminescence quenchingin g100% polymer thin film?

Our response: We thank the reviewer for raising an interesting point. Itis difficult to fully distinguish
between the impact of disorder and enhanced polaron pairformation on the fastersingletsignal
decayand PL quenching seen forthe g100% polymer thinfilm. The best way to gain insightinto the
processes’ relative contributions would be to compare the time constants of the TAS singlet signal
decay and polaron pairsignal rise in the kineticanalysis. If enhanced polaron pair formation were
the only factor causing fastersinglet decay and PLquenching, the time constants for singlet signal
decay and polaron pairsignal rise would match well.

This comparison of time constants, however, does notaccountforthe fact that disorder will also
contribute to the enhanced polaron pairformation seen. Inthe manuscript we conclude thatthere is
enhanced polaron pairformationin the g100% polymerdue toits higherreorganisation energy,
which allows longertime for structural relaxation and hence enhances vibroniccoupling to the
polaron pairstate. The disorderinduced by the glycol sidechains willfacilitate recombination of
singlet excitons and hence quench the singlet TAS signal and PLintensity, asis stated on line 405 of
the manuscript: ‘The faster geminate recombination may be due to the more disordered
morphology of the g100% polymer, as outlined in section 2.1. This will likely inhibit delocalisation of
the PPsand hence facilitate faster recombination.t%®, It will also, however, contribute to the higher
reorganisation energy seen forthe g100% polymerviathe intermolecular component, whichin turn
facilitates polaron pair formation.

So, as the two effectsare interlinked itis difficult to make a comment on or quantify their
contributions tosinglet decay and PLquenching. The main point of interestinthe TAS datais that
thereisenhanced polaron pair formationin the glycolated polymer, induced by ahigher
reorganisation energy. So, whereas it may be interestingto commenton the relative contributions
of disorderand enhanced polaron pairformation to singlet signal decay and PLquenching, we
believeittonot be critical for supporting the conclusions we are making here.

8. More description and explanations should be added inthe supportinginformation forthe second
part materials properties (Figure S25-S27, and Table S1).



Our response: We thank the reviewer for pointing this out and have revised the Sl accordingly.
More text has been added referencing Figures $25-527(Line 259):

Solution and film UV-Vis-NIR absorption spectrawere recorded by using a Cary 5000 UV-Vis-near IR
double-beam spectrophotometerand are shownin Figure S25. Cyclicvoltammetry (CV) was
performed ata room temperatureina0.1 M solution of tetrabutylammonium perchloratein
acetonitrile under nitrogen gas at a scan rate of 50 mV/s. A glassy carbon electrode as the working
electrode, a Pt wire was used as the counterelectrode and an Ag/AgCl electrode as the reference
electrode. The CV scans of the CPDT polymers are shownin Figure S26. Figure S27 shows the
thermogravimetry analysis (TGA) and differential scanning calorimetry (DSC) curves of the CPDT
polymers. As of glycol sidechain contentincreases, Tyand T,, gradually decrease while crystallinity
distinctly appearswith T.and T,,,.

The figure captions of Figures S25-S27 have also beenrevised (Line 281, 296 and 330):

Figure S25: Solution and thin-film UV-vis absorption spectra of the CPDT polymers. For both solution and thin film
measurements chloroform was used as the solvent.

Figure S26: Cyclic voltammogram (CV) curves of the CPDT polymers.

Figure S27: Thermogravimetry Analysis (TGA) and differential scanning calorimetry (DSC) curves of the CPDT polymers.

Information has beenaddedtoTable S1 (Line 338 and 339):
9 HOMO level was calculated from oxidation onset.

¢ LUMO level was obtained from HOMO and Eg.

9. Format and details of supportinginformation should be revised.

Our response: Formatting and details of the supportinginformation have been revised as detailedin
theresponse above.

Reviewer #3 (Remarks to the Author):

| co-reviewed this manuscript with one of the reviewers who provided the listed reports. Thisis part
of the Nature Communications initiative to facilitate trainingin peerreview and to provide
appropriate recognition for Early Career Researchers who co-review manuscripts.

Reviewer #4 (Remarks to the Author):

The paper by Pagano and coauthors describes the effect of polymer glycolation (when alkyl
sidechains are replaced by glycol sidechains) on the optoelectronic properties of aseries of
cyclopentadithiophene (CPDT) conjugated polymers. They observe an enhanced polaron formation
in polymers with larger glycol sidechain content. While such an effectis commonly attributed to an
enhanced dielectricconstant, the authors here attribute it to higherreorganization energy and
enhanced vibrational coupling between singlet excitons and polaron pair states. Thisis the key result
of the paper. If correct, thenthisisan important conclusion.



The observation of an enhanced polaron formation upon glycolation is fully supported by their
experiments. The authors performed animpressive set of measurementsin adetailed and careful
manner, including ultrafast transient absorption spectroscopy and femtosecond stimulated Raman
spectroscopy, to monitor the structural relaxation dynamics of their polymers upon photoexcitation.
Theirargumentsto correlate the enhanced polaron formation with enhanced vibrational coupling
are plausible.lam, however, notsure whetherlam at present fully convinced by the irassignment to
reorganization energy, though thisis apointthat may be addressedinarevisedversion. My general
opinionisthatthe paperdescribesaveryinteresting study which is of considerableinteresttothe
field, hence Irecommend publication once the following points have been addressed.

Ourresponse: We thankthe reviewerfortheirtime takento reviewour manuscriptand their
recognition of the important experimentalresults of our work, which highlights the impact of
reorganisation energy on polaron pair formation.

1. To supporttheircorrelation between increased polaron pair formation and reorganization energy,
the authors quote (in Fig. 2c) the Stokes’ shift and Huang-Rhys parameter, as well as calculations for
oligomers up tolength of 5 units. The calculationsindeed show larger reorganization energies for
the glycolated compounds, yet straight line fits through both sets of data pointindicate thatthe
energies convergeforoligomerslongerthan about 7 repeat unit, so this only holds if the conjugation
lengthis sufficiently short. The Stokes’ shiftis read out from Fig. S30. Thisis a central argumentand
therefore thisfigure should be placed in the main manuscript. It would also helpif it was plotted on
an energy scale and with a range thatactually allows reading off values. At present —on a
wavelength scale from 500 to 800 nm — itis not possible tojudge the validity of the data presented
in Figure 2c (the distances between the 0-Opeaks differ by lessthan 1 mmin a A4 printout).
Similarly, lam doubtful about the Huang-Rhys parameter data. In different solvents, the spectra
have differentlinewidth, and the 0-0and 0-1 peak overlap. Sojust takingthe ratio between them
may give erroneous values. It may be that their data supportsthe conclusions, yetfromthe current
presentation of the dataitis not possible to assess this. [twould helpif the authors could do
decompose the spectraatleastinto a sum of Gaussian peaks with equal width to clearly identify the
0-0 positions of absorption and emission, and the correct height of the 0-0 and 0-1 peak. When
doingthis, itisimportantto plotthe reduced absorption and emission spectra, to correctly identify
the geometricreorganization energy (as half of the distance between the two 0-0 peaks). A full
Franck-Condon Analysis would, of course, be even better, in particularsince the Raman datafor the
materials are available.

Our response: We thankthe reviewerfortheir pointsand fortheirsuggestions on how toimprove
the presentation of the data.

Regarding the reorganisation energies converging at large oligomerlengths, while the datashow
that the differencesinreorganisation energy are largest at shorteroligomerlengths, these short
effective conjugation lengths are still relevant to the solid-state thin film systems that we have
studied. The absorption and GIWAXS data show that packingin both the g0% and g100% filmsis not
highly ordered, which means that the average conjugation lengthislikely to be low. This will be
exacerbatedinthe g100% film, which has a more disordered packing structure relative to the g0%
film. Asthe computational simulations are intend as guidelines, we believe that they are sufficient to
supportthe experimental datathat shows clearevidence of reorganisation energy differencesin the
Stoke’s shiftand Huang-Rhys factor values (see below).

We have increased the detail of the labelling on Figure S30and changed the x-axis to energy. Line
354 inthe SI:



3
T T T T T T T ¥ T T T ¥ T T T T T T T m
- 1 0 -1 aALLLLILLLLET T TN - 10 ~
= ""“;5;;;-. 3
S i =
_ 3
O 054 -0.5 S
: 0
g el
=} s’ <.
DA § o -0.0 g
—rT - T - T 17T T T T 17 71" IC—)
1.04 g100% prm—, 10 =
" i i
0.5 Toluene [ 0.5
7 \ —CB
i —CF
00 _M ——— DCM | 00
— 77777
1.70 1.75 1.80 1.85 190 1.95 2.00 2.05 210 2.15 2.20 2.25

Energy (eV)

Figure S30: Normalised absorbance and PL spectra of the g0% (top), g50% (middle) and g100% (bottom) polymers in
solution. Spectra were taken in toluene, chlorobenzene (CB), chloroform (CF) and dichloromethane (DCM), and polymers
were at a concentration of 0.01mg/ml. A shoulder of emission can be seen in the g0% DCM absorption spectrum, which
likely arises due to the poor solubility of the alkylated polymers in the polar solvent.

The extracted Stoke’s shift values are plotted as a function of glycol pe rcentage in Figure 2(c) so that
they can be compared with the H-R factors and calculated reorganisation energies without
dominating Figure 2. We think this optionis bestto concisely convey the importantinformation,
while includingthe full datasetsinthe Sl is sufficient to ensure the detailis there and to supportour
extracted data.

As perthe reviewer’s suggestion, we have decomposed the solution absorption and emission
spectraintoa sum of Gaussian peaks with equal width and spacing toidentify the heights of the 0-0
and 0-1 peaksin the absorption spectrato extract HR factors and identify the 0-Opositions to extract
Stokes shiftvalues. Up to three Gaussian peaks of equal FWHM and spacing provided sufficient
fittingtothe data, see an example forthe g0% polymerin DCM Figure R4 and Figure R5 below.
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Figure R4: (a) An example of the Gaussian fitting done to the solution absorption data, with g0% in DCM. The experimental
spectrum was decomposed into three Gaussian peaks with equal width and spacing and gives a sufficient fit, allowing us to

extract the 0-0 and 0-1 peak positions and intensities. Details of the peak fittings are shown in (b).
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Figure R5: (a) An example of the Gaussian fitting done to the solution PL data, with g0% in DCM. The experimental
spectrum was decomposed into three Gaussian peaks with equal width and spacing and gives a sufficient fit, allowing us to
extract the 0-0 peak position. Details of the peak fittings are shown in (b).

These examples have been added to the Sl (Line 365):

An example forthe g0% polymerin DCM is shownin Figure S31 Figure S32 below.
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Figure S31: (a) An example of the Gaussian fitting done to the solution absorption data, with g0% in DCM. The experimental
spectrum was decomposed into three Gaussian peaks with equal width and spacing and gives a sufficient fit, allowing us to
extract the 0-0 and 0-1 peak positions and intensities. Details of the peak fittings are shown in (b).
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Figure S32: (a) An example of the Gaussian fitting done to the solution PL data, with g0% in DCM. The experimental
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spectrum was decomposed into three Gaussian peaks with equal width and spacing and gives a sufficient fit, allowing us to
extract the 0-0 peak position. Details of the peak fittings are shown in (b).

New HR-factors and Stoke’s shift values were extracted from the fittings (see below) and are similar
to our previousresults. The values obtained show the same trend with increasing glycol content and
thus does not differlargely from our previous dataanalysis or the conclusions drawn.




The main manuscripthas beenrevised to describe the fittings done to the data when HR factor and
Stoke’s shift calculations are introduced (Line 227):

To accurately extract the positions and intensities of the 0-0 and 0-1 peaks from the solution
absorption and PL spectra, Gaussian fittings were applied to the data (see Sl for details).

The details of the fittings are described in the Sl (Line 358):

For HR-factor and Stoke’s shift calculations, the solution absorption and PLspectrashownin Figure
S30 were deconvoluted into a sum of Gaussian peaks of equal width and spacingin orderto
accurately identify and extract the positions and intensities of the 0-0and 0-1 vibronic peaks. Up to
three Gaussian peaks of equal FWHM and spacing provided sufficient fitting to the data, with the
peak spacing roughly equal to the energy of the highest intensity ground state Raman mode.

Figure 2 in the main manuscript has beenrevised toinclude the newly calculated HR-factors and
Stokes shiftvalues (Line 187):
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Figure 2: (a) Schematic of the PESs for the ground (So) and excited (S1) states showing the vertical transitions that occur during
the electronic transitions, the PES minima displacement (AQ), and the reorganisation energies associated with vibrational
relaxation to the PES minimum after an electronic transition occurs. E%g is the energy of the ground state molecule at the
optimised geometry of the ground state molecule, E1yis the energy of the excited-state molecule at the optimised geometry
of the ground state molecule, E14; is the energy of the ES molecule at the optimised geometry of the ES molecule and E%; is
the energy of the ground state molecule at the optimised geometry of the ES molecule. A; and A are the reorganisation
energies associated with IVR on the S and So PESs, respectively. (b) DFT-calculated singlet A values for a monomer, trimer
and pentamer of the g0% and g100% polymers. (c) Stokes shift values (top) taken as the energy difference between the
positions of the 0-0 peak of the solution absorption and PL spectra. Huang-Rhys Factors (bottom) calculated as the ratio of
the 1-0/0-0solution absorption peak intensities.



We take the excited-state geometric reorganisation energy (RE) to be half of the Stoke’s shift (SS)
and compare them to the DFT-calculated excited-state reorganisation energy values, which are
definedinthe Experimental Methods section asA; = E'g, - E!g;, inthe table below. The simulated
values are largerthan the halved experimental Stoke’s shift values, which is due to limitations to
shorteroligomerlengthsin the simulations. Despite this discrepancy between the values, the trend
with increasing glycol percentage is consistent.

Table R2: DFT-calculated A, values and halved Stoke’s shift values for each solvent for the g0% and g100% polymers.

Polymer DFT- £ (eV)
2
calculated
excited-
stateRE, 1,
(eV)

Toluene | Chlorobenzene | Chloroform DCM
g0% 0.18 0.053 0.057 0.060 0.049
g100% 0.24 0.062 0.064 0.065 0.069

2. The assignmentto vibrational couplingis based on the time resolved TAS and Raman spectra, and
this seems convincing. My only point of critique relates to the relative position of Sland the PP state
inFigure 6. The authors present datafor a single compoundin solution. Forasingle compound, the
charge-transferstate that forms upon transferring an electron to an adjacent chromophore is usually
at higherenergy than the singlet state where it originates from, due to the coulomb attraction that
needsto be overcome when separating out electron and hole (and thatis much largerthan any
reduction due to additional reorganization energy). Thisis currently not reflected in Figure 6, where
the PP minimumis shown belowthe S1state. Perhaps this could be corrected.

Our response: While the reviewer raises avalid point regarding the relative positions of the S; and
PP state minimafora single compoundinsolution, the datawe presentis notforsolutions but for
thin films of the g0% and g100% polymers. Thisis highlighted in the caption of Figure 4 (line 328,
‘Raw TA spectra forthin film samples of ...”) and on line 386 (‘Enhanced PP formation inthe higher
glycol contentfilms...”).

To clarify this, we have added texttoline 315:
TAS measurements of thin films of the g0% and g100% polymerswere carried out...
Line 410:

FSRS spectraof the g0% and g100% polymers in thin films were collected and are shownin Figure
5(a).

And have updated the figure captions of Figure 5 (Line 417) and Figure 6 (Line 522):

Figure 5: (a) FSRS Raman gain spectra of the g0% (top) and g100% (bottom) polymers in thin films. Negative peaks at ~1390
cm and ~1550 cm! are indicative of ground state bleaching of the polymer upon photoexcitation. The positive peak at
~1350cm is indicative of ES formation. The two main modes of interest, 1390 cm1and 1350 cm* are labelled GSB (ground
state bleach) and ES (excited state), respectively. (b) Time-resolved normalised Raman gain intensity of the 1390 cm- GSB
(top), 1350 cm™ ES (middle) modes and time-resolved peak shifts of the 1350 cm- ES mode (bottom). Vertical dashed lines
indicate when the maximum relative Raman gain intensities are reached and when ES peak shifting stops for each polymer.



Figure 6: PES schematic showing the processes of vibrational cooling (thermalisation) and polaron pair state formation in
thin film of (left) the g0% polymer, which thermalises in 0.6 ps to the minimum of the S; state and subsequently forms
polaron pairs (labelled PP), thermalising to the minimum of the PP state by 1.25 ps and (right) the g100% polymer, where
vibrational coupling facilitates PP formation and the polymer thermalises in 5 ps to the minimum of the PP state. Green
arrows indicate measured vibrational cooling times. AQ is the offset of the So and S1 PESs and is larger for the g100%
polymer, as shown with the solvatochromic measurements. k;oand k:,100 are the radiative recombination rates for the g0%
and g100% polymers, respectively. The PESs of the g100% polymer are shown to be broader than those of the g0% polymer,
which is aresult of the higher structural disorder in the polymer.40.63

In Figure 6, we are describing polaron pair state formationin a solid-state system, notinsingle
compoundsinsolution. Online 349, we define polaron pairstates as ‘excitons with increased charge
transfer character, with the electron-hole pairbeing spatially separated and bound with aweaker
Coulomb attraction.’ Importantly, the polaron pairs are not charge separated states, the electron
and hole are still Coulombically bound, and theirformationisinduced viavibrational coupling from
the S; state, which acts to stabilise the state. So, there is no hopping process of the electron
between adjacentchromophores. As thisisa thinfilm homopolymer system, the polaron pair state
is predominantly intermolecularin nature, being delocalised between packed polymer chains.> The
spatially delocalised, interchain nature of the state means thatthe minimum of the polaron pair
state is below the minimum of the S, state in Figure 6. Thisis similarto how a CT-stateina donor-
acceptor blend systemis stabilised relativeto the S, state.®

A sentence has beenadded tothe main manuscriptto make this clearer when polaron pairs are first
introduced (Line 351):

As thisisa thin film homopolymer system, the PP state is likely predominantly intermolecularin
nature, being delocalised between packed polymer chains.> This stabilises the state relative to the

singlet exciton, similarto how a CT-state in a donor-acceptorblend system is stabilised relative to
the singlet state.?

Minor issues:

3. Line 157: The authors claimthat “Aisthe energy required forthe molecularlattice to distort upon
ES formation”, however, infactonlyAlis required forthat. The same commentis applicable to
Eg.(1)— onlyAlenergyisneededtoformES. The authors may wish to correct this.

Our response: We thank the reviewer for bringing this to our attention and have rectified the text to
specify thatA isthe energy required for both excited state formation and decay (Line 172):

As outlinedinthe introduction,Aisthe energy required forthe molecularlatticeto distort upon ES
formation and decay.

In equation 1, we want to describe relaxation to the PES minimum of both the ground and excited
statesto describe the total innerreorganisation energy. We have made this clearerin the text (Line
197 andLine 201):

The energy change associated with nuclear relaxations to the minima of the ground and excited-
state PESs isthe intramolecular (inner) A, A;:

Where 1, and 4, are the excited-state and ground-state reorganisation energies, respectively.

4. Lines 490-491: A reference to Fig.5(b), by which the values of 0.6nmand 1.25ns were obtained,
would be helpful.



Our response: A reference to Figure 5(b) has been added on line 514:

For the g0% polymer, the structural relaxation tothe minimum of the S, state occurs in 0.6 ps. Thisis
followed by PP formation, after which there is vibrational cooling until 1.25 ps (blue and green
vertical dashedlinesin Figure5(b)).

5.In Fig.4 and 5, longerticks would be very helpfulto read off values (in particular for the log scale
inFigure 4b).

Our response: The figures have beenrevised with longer ticks, see below (Lines 328 and 417).
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Figure 4: Raw TA spectra for thin film samples of the (a) g0% and (c) g100% polymers at different pump-probe delay times,
probed from 630 nm-1060 nm after photoexcitation at 600 nm, 17uJ/cm?2. Spectra are averaged over the delay times
indicated. The negative band corresponds to ground-state bleach (640 nm) and stimulated emission from the excited-state
(720 nm). The broad, positive band in the NIR region is attributed to the photoinduced absorption of the photoexcited state.
The shorter-lived signal centred at ~1050 nm is attributed to singlet excitons (labelled ‘S’) and the longer-lived signal
centred at ~980nm to polaron pairs (labelled ‘PP’). (b) Normalised kinetics of the deconvoluted singlet TA spectrum, fitted
with a biexponential decay (dashed lines). (d) Normalised kinetics of the deconvoluted PP TA spectrum, fitted with a multi-
exponential (dashed lines).
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Figure 5: (a) FSRS Raman gain spectra of the g0% (top) and g100% (bottom) polymers in thin films. Negative peaks at ~1390
cm and ~1550 cm™! are indicative of ground state bleaching of the polymer upon photoexcitation. The positive peak at
~1350cm is indicative of ES formation. The two main modes of interest, 1390 cm-1 and 1350 cm are labelled GSB (ground
state bleach) and ES (excited state), respectively. (b) Time-resolved normalised Raman gain intensity of the 1390 cm- GSB
(top), 1350 cm1 ES (middle) modes and time-resolved peak shifts of the 1350 cm~1 ES mode (bottom). Vertical dashed lines
indicate when the maximum relative Raman gain intensities are reached and when ES peak shifting stops for each polymer.

6. Line 340: What does GA stand for?

Our response: We thank the reviewer for bringing this to our attention and have defined the term on
line 361:

To furtherunderstand the ES dynamics, we apply global analysis (GA) to deconvolute the kinetics of
each ES speciesinthe TA spectra.

Reviewer #5 (Remarks to the Author):

| co-reviewed this manuscript with one of the reviewers who provided the listed re ports. Thisis part
of the Nature Communications initiative tofacilitate trainingin peerreview and to provide
appropriate recognition for Early Career Researchers who co-review manuscripts.
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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

The authors have addressed all my comments properly. Thus, I recommend the paper to be publish as
is.

Reviewer #2 (Remarks to the Author):

Manipulating the excitonic nature of organic semiconductors is still a major challenges. On the one
hand, stable tunable exciton energies are desired to optimize OLEDs.

On the other hand, controlling the lifetime of the excited state is understood as one powerful strategy
to decide on the fate of the excited state as required for the

optimization of solar cells. The paper by Pagano and coauthors describes the effect of polymer
glycolation on a series of cyclopentadithiophene (CPDT) conjugated polymers.

One key observation is the identification of a slightly favoured polaron formation for polymers with a
higher content of glycol side-chains. The current literature typically

discusses enhanced polaron formation in conjugated materials with polar side chains in terms of
epsilon and increased polarization. Here, the authors present experimental and

theoretical evidences that the higher reorganization energy of glycol substituted CPDT is the root
cause for an enhanced polar formation. This is assisted by enhanced vibrational

coupling between singlet excitons and the polarons. Although the variations in formation energy and
reaction kinetics reported are rather small, this finding is of outmost importance, as it opens up an
excitingly new opportunity to manipulate the excited state in conjugated semiconductors. Being able
to manipulate the reorganization energy independently from polaron formation has the potential to
balance transport and excited state dynamics. Here, the authors provide convincing evidence that this
can be achieved almost "seamless"

by the variation of the percentages of glycol sidechains.

Glycol substituted conjugated donor and acceptor materials have not become a mainstream research
direction yet, though they were frequently discussed as a strategy to reduce

the exciton binding energy of fullerenes, NFAs or donor-type conjugated polymer. That was to far
impeded by the risk that a larger dielectric constant may enhance charge generation

in parallel to reducing charge carrier transport. In summary, Pagano et al present strong evidence that
polar sidechains not only change the effective dielectric constant but as well impact the reorganization
energy for photoinduced excited state formation. The revised version is sensitively discussing their
model as a function of glycol sidechain percentage and properly address the influence of molecular
weight variations. The vibronic coupling between the excitonic and the polaronic state is sound and
should be followed for other materials with more complex donor-acceptor character.

Overall, the paper fulfills the requirements for publication in Nat. Comm..

Reviewer #3 (Remarks to the Author):

I co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part of
the Nature Communications initiative to facilitate training in peer review and to provide appropriate
recognition for Early Career Researchers who co-review manuscripts.

Reviewer #4 (Remarks to the Author):

I have considered the authors' rebuttal letter. I am afraid, I feel that our points 1 and 2 have not
entirely been addressed adequately (the technical issues 3-6 have been resolved satisfactorily). I like



the data and still feel it merits publication, but I am not convinced by the already mentioned
shortcomings in their analysis and interpretation, and in this respect the manuscript currently falls
short of the standard expected by a Nature Communications paper. Let me illustrate this.

Regarding point 1 concerning the analysis of the reorganization energy. A central claim of the paper is
that a larger reorganization energy in glycolated polymers would assist polaron formation. I still have
serious reservations on this. To make the argument more convincing, we suggested that the authors
may undertake a careful analysis of the reorganization energy through a Franck-Condon analysis. The
attempt presented in the rebuttal letter is not convincing. (i) the authors did not use the reduced
absorption and absorption spectra (number of photons per energy intervall), which is important for
correct determination of vibrational peak heights, (ii) the spacing used for the Gaussian peaks is not
equal, and does not correspond to the energies of the dominant Raman modes, (iii) the authors
present their analysis only for the non-glycolated polymer, yet not for the glycolated one (and only for
a small range of the spectra). This prevents a reader from forming his own opinion on the validity of
their approach.

Regarding point 2 concerning the presentation of figure 6. Here, the authors further comments helped
to clarify my questions. If I understand correctly, the authors place the PP state at lower energy than
the S1 state as the consider the delocalisation in an excimer (and the associated stabilization)
overcompensates the destabilization resulting from a larger spacing. This is possible, yet it also raises
the question whether the difference in PP formation between the glycolated and non-glycolated
polymer may rather be a result from the different morphologies and associated excimer content than a
result from the differences in reorganization energy (the experimentally derived reorganization
energies differ by only 10 meV, i.e. less than kT, which makes it hard to believe that this should make
much difference). A critical evaluation of this aspect, e.g. in the discussion, might be worthwhile.

I do not wish to render publication of this manuscript difficult. I have detailed here my concerns to
that the authors have a chance to consider them, assuming they also wish for their work to be
presented in a way accessible and convincing to many readers.

Reviewer #5 (Remarks to the Author):

I co-reviewed this manuscript with one of the reviewers who provided the listed reports as part of the
Nature Communications initiative to facilitate training in peer review and appropriate recognition for
co-reviewers



Slow Vibrational Relaxation Drives Ultrafast Formation of Photoexcited Polaron Pair States in
Glycolated Conjugated Polymers

Manuscript: NCOMMS-23-34380A
Responses to the reviewers’ comments

We thank all reviewers for their time to read the manuscript and for their encouraging and
constructive comments. We believe that we have addressed all of the reviewers’ comments. Below
are our detailed replies to the reviewers’ comments and questions. Our detailed point by point
responses are in blue and the changes in the manuscript are highlighted in cyan. We hope that our
revised manuscript is now acceptable for publication in Nature Communications.

Reviewer #1 (Remarks to the Author):

The authors have addressed all my comments properly. Thus, | recommend the paper to be publish
as is.

Our response: We thank the reviewer for their comments and contribution.

Reviewer #2 (Remarks to the Author):

Manipulating the excitonic nature of organic semiconductors is still a major challenge. On the one
hand, stable tunable exciton energies are desired to optimize OLEDs. On the other hand, controlling
the lifetime of the excited state is understood as one powerful strategy to decide on the fate of the
excited state as required for the optimization of solar cells. The paper by Pagano and coauthors
describes the effect of polymer glycolation on a series of cyclopentadithiophene (CPDT) conjugated
polymers. One key observation is the identification of a slightly favoured polaron formation for
polymers with a higher content of glycol side-chains. The current literature typically discusses
enhanced polaron formation in conjugated materials with polar side chains in terms of epsilon and
increased polarization. Here, the authors present experimental and theoretical evidences that the
higher reorganization energy of glycol substituted CPDT is the root cause for an enhanced polar
formation. This is assisted by enhanced vibrational coupling between singlet excitons and the
polarons. Although the variations in formation energy and reaction kinetics reported are rather
small, this finding is of outmost importance, as it opens up an excitingly new opportunity to
manipulate the excited state in conjugated semiconductors. Being able to manipulate the
reorganization energy independently from polaron formation has the potential to balance transport
and excited state dynamics. Here, the authors provide convincing evidence that this can be achieved
almost "seamless" by the variation of the percentages of glycol sidechains. Glycol substituted
conjugated donor and acceptor materials have not become a mainstream research direction yet,
though they were frequently discussed as a strategy to reduce the exciton binding energy of
fullerenes, NFAs or donor-type conjugated polymer. That was to far impeded by the risk that a larger
dielectric constant may enhance charge generation in parallel to reducing charge carrier transport.
In summary, Pagano et al present strong evidence that polar sidechains not only change the
effective dielectric constant but as well impact the reorganization energy for photoinduced excited
state formation. The revised version is sensitively discussing their model as a function of glycol
sidechain percentage and properly address the influence of molecular weight variations. The



vibronic coupling between the excitonic and the polaronic state is sound and should be followed for
other materials with more complex donor-acceptor character. Overall, the paper fulfils the
requirements for publication in Nat. Comm.

Our response: We thank the reviewer for their very positive and encouraging comments.
Reviewer #3 (Remarks to the Author):

| co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part
of the Nature Communications initiative to facilitate training in peer review and to provide
appropriate recognition for Early Career Researchers who co-review manuscripts.

Reviewer #4 (Remarks to the Author):

| have considered the authors’ rebuttal letter. | am afraid, | feel that our points 1 and 2 have not
entirely been addressed adequately (the technical issues 3-6 have been resolved satisfactorily). | like
the data and still feel it merits publication, but | am not convinced by the already mentioned
shortcomings in their analysis and interpretation, and in this respect the manuscript currently falls
short of the standard expected by a Nature Communications paper. Let me illustrate this.
Regarding point 1 concerning the analysis of the reorganization energy. A central claim of the paper
is that a larger reorganization energy in glycolated polymers would assist polaron formation. I still
have serious reservations on this. To make the argument more convincing, we suggested that the
authors may undertake a careful analysis of the reorganization energy through a Franck-Condon
analysis. The attempt presented in the rebuttal letter is not convincing. (i) the authors did not use
the reduced absorption and absorption spectra (number of photons per energy interval), which is
important for correct determination of vibrational peak heights, (ii) the spacing used for the
Gaussian peaks is not equal, and does not correspond to the energies of the dominant Raman
modes, (iii) the authors present their analysis only for the non-glycolated polymer, yet not for the
glycolated one (and only for a small range of the spectra). This prevents a reader from forming his
own opinion on the validity of their approach.

Our response: We thank the reviewer for their comments and guidance on our fitting methods.
Extraction of exact Huang-Rhys factors is not the main focus of this work and is instead used to
provide additional confirmation of an increasing reorganisation energy with increasing glycol
content, which was shown in our DFT simulations. Although detailed Franck-Condon analysis is
beyond the scope of this work, we have considered the fitting again and now account for there being
specific vibrational modes coupling to the optical transition. These are the 1380 cm™ and 1520 cm™?
modes, corresponding to peak 1 and peak 4 in the steady-state Raman spectra, respectively. Peaks 1
and 4 show the largest changes upon increasing glycol content and also show large ground-state
bleaching in the FSRS spectra, therefore contributing most to the structural change upon
photoexcitation as expected. We therefore fit the solution absorption spectra with a sum of two sets
of gaussian peaks, with the peak spacing in one set corresponding to the energy of the 1380 cm™
mode (0.17 eV) and the peak spacing in the other set corresponding to the energy of the 1520 cm
mode (0.19 eV). Examples for the g0% and g100% absorption spectra in chlorobenzene are shown in
Figures R1-R4 below:
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Figure R1: Gaussian fitting of the g0% absorption spectrum in chlorobenzene. The experimental data (black crosses) were fit
with the sum of two sets of gaussian peaks, each with a unique, fixed spacing corresponding to a mode in the steady-state
Raman spectra.

The sum of the first peaks in each set of gaussians results in a peak with a position very similar to
what was defined as the 0-0 peak in the first iteration of the manuscript, i.e., the lowest energy
feature in the spectrum at ~1.98 eV. The same applies for the 0-1 peak. This is shown in Figure R2
below:

1.0 ¥ Data
— Fit
== y;=1370 cm~1(0.17eV)
== =1520 cm~(0.19eV)
=== (-0 Peak Sum

0-1 Peak Sum

g0% CB

e o o
L [} [oe]
1 1

Norm. Intensity (a.u.)

e
[N
:

0.0 1

Energy (eV)

Figure R2: Demonstration of how summing the first and second peaks of the first two sets of gaussians results in peaks with
positions very close to those defined as the 0-0 and 0-1 peaks in the first iteration of the manuscript.



The same applies for the g100% absorption spectrum in chlorobenzene, as is shown in Figure R3 and
R4 below:
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Figure R3: Gaussian fitting of the g100% absorption spectrum in chlorobenzene. The experimental data (black crosses) were
fit with the sum of two sets of gaussian peaks, each with a unique, fixed spacing corresponding to a mode in the steady-
state Raman spectra.
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Figure R4: Demonstration of how summing the first and second peaks of the first two sets of gaussians results in peaks with
positions very close to those defined as the 0-0 and 0-1 peaks in the first iteration of the manuscript.

We therefore propose that our original analysis of the data, assigning the 0-0 and 0-1 peaks to the
two vibronic features in the 1.9-2.2 eV range of the spectrum is sufficient. It is not possible,
however, to plot the reduced absorption and emission spectra as requested. The solution PL and
absorption spectra were collected at room temperature using a Shimadzu RF-5301PC fluorescence



spectrometer and Shimadzu UV-2550 spectrometer, respectively. These instruments do not have
integrating spheres and so it is not possible to correct the raw spectra obtained. We therefore
instead show the HR factor values for each solvent normalised to the g0% polymer value in order to
show the relative increasing trend with increasing glycol content:
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Figure R5: HR factors normalised to the g0% value for each solvent to demonstrate the increasing trend with increasing
glycol content. Values are from the original analysis methodology presented in the first iteration of the manuscript.

Figure 2 in the main manuscript has been revised to show the normalised HR factor values (Line
188):
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The Sl has been revised to describe the above fittings (Line 358):




1.0 ¥ Data
— Fit gO% CB
= y; =1370 cm~1(0.17eV)
w1, =1520 cm~1(0.19eV)
0.8 1
S
I
> 0.6
B~
v
c
(]
+—
=
. 0.4 1
£
—_
o
=2
0.2 4
0.0
T T T T T

1.6 1.8 2.0 2.2 2.4 2.6
Energy (eV)

Figure S31: Gaussian fitting of the g0% solution absorption spectrum in chlorobenzene. The experimental data (black
crosses) were fit with the sum of two sets of gaussian peaks, each with a unique, fixed spacing corresponding to a mode in
the steady-state Raman spectra.

The sum of the first peaks in each set of gaussians results in a peak with a position very similar to the
lowest energy feature in the spectrum at ~1.98 eV. The same applies for the 0-1 peak. This is shown
in Figure S32 below:
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Figure S32: Demonstration of how summing the first and second peaks of the two sets of gaussians results in peaks with
positions very close to the two vibronic features in the 1.9 — 2.2 eV range of the raw data.

We thus assign the 0-0 and 0-1 peaks to the two vibronic features in the 1.9 — 2.2 eV range of the
raw spectrum. The same applies for the g100% spectrum:
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Figure $33: Gaussian fitting of the g100% absorption spectrum in chlorobenzene. The experimental data (black crosses)
were fit with the sum of two sets of gaussian peaks, each with a unique, fixed spacing corresponding to a mode in the
steady-state Raman spectra.

1.0 - X Data
— Fit 9100% CB
== p; =1370 cm~1(0.17eV)
= y; =1520 cm~}(0.19eV)
= (0-0 Peak Sum
0.8 0-1 Peak Sum

>

)

> 0.6 A

=

0

c

Q

+—

=

. 0.4 1

£

—_

[=]

=2

<
S}
)

0.0 1

1.6 1.8 2.0 2.2 2.4 2.6
Energy (eV)

Figure S34: S34 Demonstration of how summing the first and second peaks of the two sets of gaussians results in peaks

with positions very close to the two vibronic features in the 1.9 — 2.2 eV range of the raw data.

HR factors are calculated and normalised to the g0% value for each solvent to show the increasing
trend with glycol content.



In actuality, for a more proper and thorough Franck-Condon analysis, additional temperature
dependent PL and absorption spectra would be required,*™ which is beyond the scope of this work.
Performing the measurements at room temperature will result in thermal broadening of peaks
causing peak FWHM to vary. There will also be other modes contributing that would otherwise be
frozen out at low temperature. Despite the above, we believe that the analysis presented here is
sufficient. The uncertainty associated with the room temperature measurements is consistent
throughout all of the samples and our results give a good estimate and indication of the relative HR
factor values. We identify the specific vibrational modes that couple to the optical transition and
contribute most to the reorganisation energy, which is backed up by the steady-state Raman and
FSRS measurements.

Regarding point 2 concerning the presentation of figure 6. Here, the authors further comments
helped to clarify my questions. If | understand correctly, the authors place the PP state at lower
energy than the S1 state as the consider the delocalisation in an excimer (and the associated
stabilization) overcompensates the destabilization resulting from a larger spacing. This is possible,
yet it also raises the question whether the difference in PP formation between the glycolated and
non-glycolated polymer may rather be a result from the different morphologies and associated
excimer content than a result from the differences in reorganization energy (the experimentally
derived reorganization energies differ by only 10 meV, i.e. less than kT, which makes it hard to
believe that this should make much difference). A critical evaluation of this aspect, e.g. in the
discussion, might be worthwhile.

| do not wish to render publication of this manuscript difficult. | have detailed here my concerns to
that the authors have a chance to consider them, assuming they also wish for their work to be
presented in a way accessible and convincing to many readers.

Our response: From our data, we conclude that increasing polymer glycol content increases the total
reorganisation energy upon excited-state formation. Computational calculations and solvatochromic
measurements show that glycolating the polymer induces a larger inner reorganisation energy.
Steady-state analysis reveals that in thin films, increasing glycol sidechain content results in more
disordered packing and a more localised n-electron density to within the CPDT unit, which will
contribute to a larger outer reorganisation energy. So, the reviewer is correct in saying that
morphology will impact PP formation in the thin films. A larger reorganisation energy leads to longer
vibrational cooling times and enhances coupling to the PP state. In order to explain these
observations and the timescales on which they occur, we propose the schematic in Figure 6 with the
PP state minimum lower in energy. The PP state described here is not a hot state as it has undergone
vibrational cooling and it is more stable relative to the singlet exciton state. The spatially delocalised,
interchain nature of the state means that the minimum of the PP state is below the minimum of the
S1 state in Figure 6.° As the polymers we discuss display disordered packing structures, it is unlikely
that excimer species are forming. An excimer is defined as an interchain excitation whereby two
identical repeat units on neighbouring chains form a dimer with the excitation spread over the two
units. The formation of an excimer requires very closely packed backbones and specific molecular
alignment in order to allow for delocalisation of the wavefunction between the two chains.® Here,
we are dealing with polymers that do not show very ordered or close packing in the thin film, as is
shown by GIWAXS data in Figure 1 and Table S3. So, we do not consider excimers to be forming in
these thin film systems and describe the excited-state species as PP states.



Reviewer #5 (Remarks to the Author):

| co-reviewed this manuscript with one of the reviewers who provided the listed reports as part of
the Nature Communications initiative to facilitate training in peer review and appropriate
recognition for co-reviewers.
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REVIEWER COMMENTS
Reviewer #4 (Remarks to the Author):

The manuscript argues that glycole side chains lead to a higher reorganization energy. In support of
this argument, the authors show transient absorption spectra and fs stimulated Raman spectra,
Calculations of the reorganization energy and Stokes’ shift, as well as steady state spectra of
absorption and emission (SI, Fig S30).

I agree with the authors that a Franck-Condon analysis is not the focus of the work. It is merely useful
as a tool check if the trends calculated for reorganization energy and Stokes’ shift are consistent with
the experimental data. I am confused by the presented FC-analysis, as the absorption data is fitted by
two independent progressions with different 0-0 peaks, rather than as one progression with two
modes and only one 0-0 peak. Also, the PL (or at least the 0-0 peak in the PL) is not fitted, which
makes it difficult to evaluate any trends in the Stokes’ shift upon glycation. Perhaps the authors could
look into this? I do not want to get hung up on this, as the Raman spectra indeed indicate a stronger
pi-electron localization upon glycolation, yet a good consistency between the calculations and the
experimental data would be reassuring.

Regarding the relative positions of the minima in the S1 state and the PP state, I accept their
reasoning that the GIWAX data do not show any long-range structure. The question then remains,
however, how the energy of a state characterized by a larger electron-hole distance (and hence lower
binding energy) can be lower than the more tightly bound state (with higher binding energy) from
which it originates. Could the authors clarify this?

Reviewer #5 (Remarks to the Author):
I co-reviewed this manuscript with one of the reviewers who provided the listed reports. This is part of

the Nature Communications initiative to facilitate training in peer review and to provide appropriate
recognition for Early Career Researchers who co-review manuscripts.



Slow Vibrational Relaxation Drives Ultrafast Formation of Photoexcited Polaron Pair States in
Glycolated Conjugated Polymers

Manuscript: NCOMMS-23-34380A
Responses to the reviewers’ comments

We thank all reviewers for their time to read the manuscript and for their encouraging and
constructive comments. We believe that we have addressed all of the reviewers’ comments. Below
are our detailed replies to the reviewers’ comments and questions. Our detailed point by point
responses are in blue and the changes in the manuscript are highlighted in green. We hope that our
revised manuscript is now acceptable for publication in Nature Communications.

Reviewer #4 (Remarks to the Author):

The manuscript argues that glycole side chains lead to a higher reorganization energy. In support of
this argument, the authors show transient absorption spectra and fs stimulated Raman spectra,
Calculations of the reorganization energy and Stokes’ shift, as well as steady state spectra of
absorption and emission (SI, Fig S30).

| agree with the authors that a Franck-Condon analysis is not the focus of the work. It is merely
useful as a tool check if the trends calculated for reorganization energy and Stokes’ shift are
consistent with the experimental data. | am confused by the presented FC-analysis, as the
absorption data is fitted by two independent progressions with different 0-0 peaks, rather than as
one progression with two modes and only one 0-0 peak. Also, the PL (or at least the 0-0 peak in the
PL) is not fitted, which makes it difficult to evaluate any trends in the Stokes’ shift upon glycation.
Perhaps the authors could look into this? | do not want to get hung up on this, as the Raman spectra
indeed indicate a stronger pi-electron localization upon glycolation, yet a good consistency between
the calculations and the experimental data would be reassuring.

Regarding the relative positions of the minima in the S1 state and the PP state, | accept their
reasoning that the GIWAX data do not show any long-range structure. The question then remains,
however, how the energy of a state characterized by a larger electron-hole distance (and hence
lower binding energy) can be lower than the more tightly bound state (with higher binding energy)
from which it originates. Could the authors clarify this?

Our response: We thank the reviewer for comments. To extract Stokes’ Shift values from the
solution absorption and PL spectra, we have taken the definition of Stokes’ Shift to be the energy
difference between the absorption and emission maxima.? We have corrected the data to show the
reduced absorption and emission. The corrected, normalised data is shown in Figure R1 below:
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Figure R1: Normalised absorbance and PL spectra (in photons per energy interval) of the g0% (top), g50% (middle) and
g100% (bottom) polymers in solution. Spectra were taken in toluene, chlorobenzene (CB), chloroform (CF) and
dichloromethane (DCM), and polymers were at a concentration of 0.01 mg/ml. A shoulder of emission can be seen in the
g0% DCM absorption spectrum, which likely arises due to the poor solubility of the alkylated polymers in the polar solvent.

The Sl has been revised accordingly (Line 354):
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We have re-extracted the Stokes’ shift and have made the extraction method clearer in Figure R2
and Table R1 shown below:
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Figure R2: Method of Stokes’ shift extraction. The Stokes’ shift is taken as the energy difference between the maxima of the
absorbance and PL spectra, which are indicated with vertical dashed lines for each spectrum. An example of Stokes’ shift
extractions is shown for the toluene spectra (top).



Table R1: Maxima positions of the absorbance and PL spectra for each polymer and the associated Stokes’ shifts.

Polymer Solvent Absorbance maximum PL maximum Stokes’ shift
(eV) (eV) (eV)
g0% Toluene 1.996 1.870 0.126
CB 1.977 1.845 0.132
CF 1.984 1.853 0.131
DCM 1.987 1.864 0.123
g50% Toluene 2.009 1.881 0.128
CB 1.990 1.853 0.137
CF 2.000 1.859 0.141
DCM 1.996 1.864 0.130
g100% Toluene 2.029 1.884 0.145
CB 2.006 1.864 0.142
CF 2.019 1.867 0.152
DCM 2.019 1.876 0.144

Regarding the Franck-Condon fittings to the data, we have attempted to re-fit the data with one
progression and two phonon modes, with poor results that did not allow for reliable extraction of
the HR factors. In actuality, for a more proper and thorough Franck-Condon analysis, additional
temperature dependent PL and absorption spectra would be required,*® which is beyond the scope
of this work. As the referee agreed, the Franck-Condon analysis is not the focus of the work.
Performing the measurements at room temperature will result in thermal broadening of peaks
causing peak FWHM to vary. There will also be other modes contributing that would otherwise be
frozen out at low temperature. There may also still be some aggregation, despite a low
concentration being used. We therefore propose to remove extraction of the HR factors from Figure
2, keeping the Stokes’ shift to support the conclusions made from the DFT calculations.

Figure 2 (Line 188) and the Sl (Line 359) have been revised to include these changes:
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Polymer Solvent Absorbance maximum PL maximum Stokes’ shift
(eV) (eV) (eV)
g0% Toluene 1.996 1.870 0.126
CB 1.977 1.845 0.132
CF 1.984 1.853 0.131
DCM 1.987 1.864 0.123
850% Toluene 2.009 1.881 0.128
CB 1.990 1.853 0.137
CF 2.000 1.859 0.141
DCM 1.996 1.864 0.130
g100% Toluene 2.029 1.884 0.145
CB 2.006 1.864 0.142
CF 2.019 1.867 0.152




DCM 2.019 1.876 0.144

The reviewer also asked about the relative positions of the minima of the singlet state and the
polaron pair state in our schematic diagram in Figure 6. We proposed a schematic diagram with the
polaron pair state minimum lying lower in energy than the singlet state. We define the polaron pair
state to be an exciton with ‘increased charge transfer, with the electron-hole pair being spatially
separated into different polymer chains but still bound with a Coulomb attraction.” Importantly, the
polaron pairs are not fully charge separated states, the electron and hole are still Coulombically
bound. This is evidenced by the fluence independence of the TAS data (Figure S39). Additionally, the
population of charges at later timescales (us) is very low (Figure S37). The polaron pair state is
predominantly intermolecular in nature, being delocalised between neighbouring polymer chains.’
The spatially delocalised, interchain nature of the state is reflected in the minimum of the polaron
pair state being below the minimum of the S; state. This is equivalent to a bound CT-state commonly
found in a donor-acceptor blend system, which is stabilised relative to the S; state.®

The polaron pairs can have a larger relaxation energy compared to the excitons, which can lower the
polaron pair state energy minimum. In addition, the polaron pairs can have a larger external
environment impact (e.g. the larger external reorganisation energy) due to their charged nature
compared to the excitons that are neutral. Additionally, if the polaron pair state were always higher
in energy than the singlet exciton state, free charge generation would be difficult, which is not
always true.% 12
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REVIEWERS' COMMENTS
Reviewer #4 (Remarks to the Author):

The revised version has clarified many of the issues. Regarding the energy of the polaron pair relative
to the singlet excited state, I still argue that in a homogeneous, one-component system, the state
formed by a pair of charges separated by some distance will always be higher in energy than that of
the charge pair at close distance, where they are more tightly bound. This is different from the case of
a charge-transfer state in a donor-acceptor system, and it is also different in a system made up by
one material if the material prevails in two different phases, e.g. amorphous and partially crystallized.
It is conceivable that such morphological homogeneities prevail in the samples investigated, which
would lower the energy of the pair state relative to the singlet, even if they are too small to be picked
up by structural techniques such as GIWAXS. A comment on this in the manuscript might be useful.

I feel the manuscript is suitable for publication without further review.



Slow vibrational relaxation drives ultrafast formation of photoexcited polaron pair states in
glycolated conjugated polymers

Manuscript: NCOMMS-23-34380A
Responses to the reviewers’ comments

We thank all reviewers for their time to read the manuscript and for their encouraging and
constructive comments. We believe that we have addressed all of the reviewers’ comments. Below
are our detailed replies to the reviewers’ comments and questions. Our detailed point by point
responses are in blue and the changes in the manuscript are highlighted in -

Reviewer #4 (Remarks to the Author):

The revised version has clarified many of the issues. Regarding the energy of the polaron pair
relative to the singlet excited state, | still argue that in a homogeneous, one-component system, the
state formed by a pair of charges separated by some distance will always be higher in energy than
that of the charge pair at close distance, where they are more tightly bound. This is different from
the case of a charge-transfer state in a donor-acceptor system, and it is also different in a system
made up by one material if the material prevails in two different phases, e.g. amorphous and
partially crystallized. It is conceivable that such morphological homogeneities prevail in the samples
investigated, which would lower the energy of the pair state relative to the singlet, even if they are
too small to be picked up by structural techniques such as GIWAXS. A comment on this in the
manuscript might be useful.

| feel the manuscript is suitable for publication without further review.

Our response: We thank the reviewer for their comments. We acknowledge their point regarding
the relative energies of the singlet and PP states and have added a sentence in the manuscript to
bring attention to this point (Line 378):

‘As this is a thin film homopolymer system, the PP state is likely predominantly intermolecular in

nature, being delocalised between packed polymer chains.54_
chains in different phases, for example amorphous and crystallised regions. This stabilises the PP

state relative to the singlet exciton, similar to how a CT-state in a donor-acceptor blend system is
stabilised relative to the singlet state.
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