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ABSTRACT: Conjugated organic polymers have substantial poten- /7, o Seese00 Rogrssonwin v assersa gsns

tial for multiple applications but their properties are strongly | © « ——— ) .
— o Kiers ~

000
influenced by structural defects such as homocoupling of monomer ) 8 8
units and unexpected end-groups. Detecting and/or quantifying these — 00000000000 B
defects requires complex experimental techniques, which hinder the o° P - ERG "‘” o ‘ | i HHH‘*
optimization of synthesis protocols and fundamental studies on the N s :
influence of structural defects. Mass spectrometry offers a simple way / Somi-quantiatve annotation of
to detect these defects but a manual analysis of many complex spectra e
is tedious and provides only approximate results. In this work, we oY 3/ ‘
develop a computational methodology for analyzing complex mass O A | S —
spectra of organic copolymers. Our method annotates spectra | ™
similarly to a human expert and provides quantitative information \_ R N MR
about the proportions of signal assigned to each ion. Our method is
based on the open-source Masserstein algorithm, which we modify to handle large libraries of reference spectra required for
annotating complex mass spectra of polymers. We develop a statistical methodology to analyze the quantitative annotations and
compare the statistical distributions of structural defects in polymer chains between samples. We apply this methodology to analyze
commercial and lab-made samples of a benchmark polymer and show that the samples differ both in the amount and in the types of
structural defects.

Homocoupling analysis

Bl INTRODUCTION disproportionative pathway, and causes deviations from the
desired perfectly alternating structure.”'* Second, the organo-
metallic or halide functionalities present in the monomers are
often not incorporated as the terminal groups of the final
polymer chains. Instead, side reactions such as trans-

Conjugated polymers—organic macromolecules characterized
by alternating double and single bonds—have received
substantial interest over the last decades due to their smooth
adjustability in terms of light-harvesting, charge transfer, charge 5

4 o & & & ’ & alkylation," ligand exchange'®'” '8

transport and/or emissive characteristics, and their potential terminate. th . e oat.dehélogzr.lﬁatlont czn
for large-scale solution processing at ambient temperatures.' ermmnate the growing chans, reswing i cuierent end-

9 ; .
Their interesting electronic properties arise from the formation groups. Bolth kinds of strgucturall de.fects, which qften seem
of delocalized 7-electrons due to conjugation between the system-specific, can result in a shift in the absorption profile

polymer’s repeat units. This allows applications in organic and impact crystallinity, blend morphology, and charge
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photovoltaics,4 organic field-effect transistors, organic electro- transport of the polymer sample. L
. . s . 6 . For some polymer systems, the characterization of
chemical transistors,” organic photodetectors,” and organic . . N
. . . 7 . . homocoupling and/or end-groups can be achieved using "H
light-emitting diodes.” Despite these advantages, conjugated

22-25 : o
polymers have not been commercialized on a mass scale yet, in hNMR sgekc)troscopy " b111.t '1ttsd brlo ld'l' app}lcabl.htyt 1;
part due to a number of drawbacks inherent to polymer ampered by aggregation or limited solubility of conjugate

. . . lymers, h th It infl d by limited itivi
materials such as batch-to-batch variations, product purity, and po €rs, hence the resuits are iffuenced by mited senst W,'lty
structural composition $S—10 and signal broadening. High-resolution scanning tunneling

State-of-the-art push—pull conjugated polymers are mainly
synthesized via Stille cross-coupling polymerization of Received: May 28, 2024
stannylated and brominated (hetero)aromatic monomers."' =" Revised:  August 2, 2024
In theory, this should yield perfectly alternating copolymers. In Accepted:  August 30, 2024
practice, however, the resulting polymer chains often contain Published: September 18, 2024
structural defects. First, homocoupling of the monomers is
observed, which can arise through an oxidative, reductive, or
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microscopy (STM) imaging does allow for pinpointing and
quantifying homocoupling defects but analyzing end-groups
with this technique is more difficult due to their relatively small
structural alteration to the polymer chain. Neither of these
techniques is suitable for a rapid screening of samples of
diverse polymer systems to quantify structural defects and fine-
tune synthesis protocols.

In 1999, McCullough and his team pioneered the use of
matrix-assisted laser desorption/ionization - time-of-flight
(MALDI-ToF) mass spectrometry (MS) to softly ionize
poly(3-hexylthiophene), allowing for characterization of
monomer counts and end-group compositions of individual
chains.”* MALDI-ToF MS allows for detecting homocoupling
in push—pull conjugated polymer chains where the difference
between the numbers of each monomer is greater than one.
Homocoupling and/or end-groups have been analyzed in
several polymer systems using MALDI-ToF MS, although
reports remain sparse.%_31

Compared to common synthetic polymers, conjugated
polymers are relatively short, usually not exceeding a few
tens of repeat units and could therefore be considered more of
an oligomeric nature. In MALDI-ToF MS, this view is
amplified, as shorter chains present in the sample are
preferentially detected and longer chains are masked, which
could therefore question how representative MALDI-ToF MS
structural analysis is.”> It was shown for poly[2,5-bis(3-
tetradecylthiophen-2-yl)thieno[3,2-b]thiophene] (PBTTT),
that upon removal of the shorter chains via preparative gel
permeation chromatography, defect representation in MALDI-
ToF MS was similar both for short and longer chains, thus
supporting the relevance of structural analysis on these shorter
chains.

One of the major issues in applying MALDI-ToF MS to the
analysis of polymer samples on a larger scale is the complexity
of the spectra of conjugated polymers, which makes manual
annotation difficult, time-consuming and error-prone. Fur-
thermore, as manual annotation is laborsome, already
annotated signals will rarely be revisited, which can result in
an incomplete or inconsistent annotation. Overcoming this
problem could potentially increase the applicability of MALDI-
ToF MS for rapid screening of multiple samples, making it
easier to adjust and fine-tune new experimental protocols to
synthesize polymers with higher quality.

Computational solutions can greatly reduce the manual
workload and process more complex spectra. One of such
methods, the regression of spectra (a type of deconvolution),
approximates the analyzed spectrum of a sample as a linear
combination of reference spectra of individual compounds in a
way that the coefficients of the combination are equal to the
proportions of the compounds.’”** PyMacroMS* and
COCONUT™ are examples of regression models developed
for polymer samples, which are based on the popular ordinary
least-squares approach. The Masserstein package® is an
example of a general-purpose tool based on a conceptually
different approach, i.e. minimizing the Wasserstein distance
between the spectrum and the combination. While the
ordinary least-squares approach compares the intensities of
peaks with the same mass to charge (m/z) values, the
Wasserstein distance measures the total shifts in m/z values
between corresponding signals,”’ thus better handling
measurement errors and different resolutions of the compared
spectra.38
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Regardless of the particular computational approach,
annotation of polymer spectra requires a complex pipeline
that involves preprocessing the spectra and postprocessing the
regression results. Even a perfect regression model will provide
inaccurate results if other steps of the pipeline are not
optimized, or if the parameters of the used programs are set
incorrectly. Furthermore, a thorough annotation requires the
use of large compound libraries. This raises the risk of false
annotations because combining more spectra allows the model
to better fit the data, even if the added spectra are not
chemically relevant. Developing a regression model that can
handle large libraries would decrease the risk of false positives
and increase the applicability of this approach.

In this work, we develop and optimize a computational
pipeline for analyzing MALDI-ToF MS spectra of alternating
conjugated polymers to statistically characterize their structural
defects without the need for detailed knowledge of the
polymer’s structure. Our method does not require chromato-
graphic separation of the sample nor tandem MS fragmenta-
tion of polymer chains. We compare the performance of
Masserstein and PyMacroMS®® on commercial and lab-made
samples of poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
b]thiophene] (PBTTT), a benchmark semicrystalline golyrner
which is known to show homocoupling defects.””"" We
develop a statistical methodology to use the automated
annotation for analyzing the prevalence of homocoupling and
the end-group composition of conjugated polymer chains. We
also develop an extension for the Masserstein package to
handle large libraries of reference spectra. We give a detailed
description of how to properly tune the software parameters
and preprocess the spectra in order to obtain optimal results.
Our pipeline, in the form of Jupyter notebooks, is available in
the Tutorials section at https://github.com/ciach/masserstein.

B MATERIALS AND METHODS

Data Set. A sample of PBTTT (C14), denoted P1, was
synthesized according to an adapted literature procedure
(Suppl. Figure S1), combining a dibrominated bithiophene
(BT) and a distannylated thieno[3,2-b]thiophene (TT).””*'
Additionally, two commercial samples (P2, P3) were
purchased from Sigma and Lumtec, respectively. The molar
mass characteristics can be found in Supplementary Table S1.
MALDI-ToF mass spectra were recorded on a Bruker
Daltonics UltrafleXtreme MALDI/TOF-TOF system. Ten
uL of the matrix solution consisting of 20 mg/mL trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]-
malononitrile (DTCB) in chlorobenzene was mixed with 3.5
uL analyte solution of 1 mg/mL in chlorobenzene. Then, 1 uL
of said mixed solution was spotted onto an MTP Anchorchip
600/384 MALDI plate. Mass spectra of the three samples,
denoted P1—P3, were recorded at a laser fluence setting of
15%. Additionally, one spectrum, denoted P3;, was recorded
from the same sample as P3 but at a laser fluence setting of 7%.

Extending the Masserstein Algorithm to Handle
Large Reference Libraries. Let y be the experimentally
measured spectrum of a mixture of polymer compounds,
referred to as the mixture spectrum. Let v, ..., ; be a library of
reference spectra (full isotopic envelopes) of individual
polymers with given end-groups, so that each v; spectrum is
associated with a unique molecular formula (with the spectra
either predicted theoretically or acquired experimentally).
Assume that all the spectra are normalized by their total
intensity.

https://doi.org/10.1021/jasms.4c00225
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Following ideas outlined in previous works,* we construct a
model spectrum v, = piv; + pyl; + - + pilyy where p; is the
proportion of v; in u to be estimated. To account for a signal
present in ¢ but absent in vy (background noise, contaminants,
analytes not included in the library, etc.), we construct an
"augmented model spectrum” v, + pyw, where @ labels the
excess signal in y and p, is its proportion. To account for signal
missing in g but present in v, (signals below the limit of
detection, contaminants in experimentally acquired library
spectra, etc.), we construct an “augmented mixture spectrum”
(1-pp)u + po&, where € is the signal missing in p (equivalently,
contaminating signal in ,), and pj is the proportion of such
signal.

Labeling signal as contaminating or missing is controlled by
two user-specified denoising penalties Kiyre a0d Keomponents
the former being equal to the cost of removing unit signal from
#, and the latter from v,. Both parameters correspond to the
expected maximum distance, expressed in m/z units, between
the matching experimental and theoretical signals.****
However, as we will show, an optimal value of K.omponents 1S
slightly higher than k... especially in the case of
theoretically predicted reference spectra. The reason is that
surplus signals in experimental spectra (ie., any signals not
included in the reference library, e.g. background noise,
additional polymer chains) often add up to a higher amount
of intensity compared to missing signals (i.e., fragments of
isotopic envelopes of ions which are present in both the
experimental spectrum and the reference library, e.g. signals
below the limit of detection). Thus, unless the experimentally
measured spectrum is free from any background noise and
contaminants, and the reference library is fully comprehensive,
the amount of signal that needs to be removed from the
experimental spectrum is likely to be higher than the amount
of signal that needs to be added to it (if any) in order to obtain
agreement with the model spectrum. Setting Kcomponents higher
than Ky also reflects the prior belief that while the model
can focus on a selected subset of the experimentally measured
data, it should not be allowed to assume the presence of any
additional signals in the data unless this assumption is
necessary to obtain agreement with theory and well-supported
by other observations (e.g, when a signal is part of an
otherwise present isotopic envelope but is on the level of
background noise).

To accommodate for large libraries, we modify the model
above as follows. Assuming that there is a proportion p; of
compound i in the mixture spectrum inflicts an additional cost
equal to p;c, where the annotation penalty ¢; is a user-defined
parameter. This way, ¢; reflects the prior knowledge about how
unlikely the i-th compound is to be found in a spectrum, and
the default value of ¢; = 0 can be interpreted as “no prior
argument against the occurrence of this compound”. This prior
knowledge makes the model robust against spurious
annotations. Notably, this approach still allows the model to
annotate the spectra with less likely compounds, but only if the
experimental evidence for their presence is sufficiently robust.
Therefore, it is more flexible than simply discarding the less
likely compounds from the library. The total penalty for
annotation is equal to ¢ = P16y + 0+ PrGe

Now, we can estimate the vector of proportions p, the
proportion of excess signal p, the proportion of additional
signal pg, and the spectra of contaminating and missing signals
® and ¢ by fitting the "augmented model spectrum” to the
“augmented mixture spectrum”. This can be accomplished by
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minimizing the Wasserstein distance between the two
augmented spectra plus the additional penalty for large
libraries:

p* = argmin{W((1 — p))u + p&, y+pw) +el ()
The values of the annotation penalties ¢; can be estimated in a
straightforward manner: for two competing spectra, say v; and
vy, setting ¢; — ¢, > W(vy, 1,) guarantees that the spectrum is
annotated with v,; setting ¢, — ¢; > W(vy, 1,) guarantees that
the spectrum is annotated with v,; and setting lc; — ¢, < W(y,,
v,) allows the model to have a more flexible choice between v,
and v,. Therefore, the range of reasonable penalties for such
competing compounds lies between zero and W(v;, 1;).

In the Supporting Information, we provide a more rigorous
description of the optimization problem (1). We implemented
an algorithm solving it with the Simplex method and added it
to the open-source Python 3 package Masserstein available at
https://github.com/mciach/Masserstein/.

Semiquantitative Annotation of Spectra. A fully
quantitative mass spectrometric analysis is difficult or
impossible for many polymer systems due to multiple factors,
such as differences in ionization tendencies of different
molecules.”*> However, the proportion of signal attributed to
a given polymer species can be used as a rough, semi-
quantitative measurement of its concentration. The main steps
of the pipeline for annotation of spectra and estimation of the
polymer proportions are shown schematically on the workflow
in Figure 1. The same workflow was used for the Wasserstein
regression with Masserstein and the Ordinary Least Squares
regression with pyOpenMS."* The steps of the workflow are
described in detail in the following paragraphs.

An interval to analyze is
selected (min m/z, max m/z)

—

Baseline signal level is
estimated and removed

_—

Possible end-groups are
decided

_—

Gaussian smoothing filter is
applied with selected standard

Max count difference between
subunits is selected

_—

Centroiding (max width and
peak height fraction are

Set of theoretical spectrais
generated with IsoSpecPy

Peaks with low intensity are Each theoretical spectrum is
filtered out (threshold is normalized
spectium is normalkzed by total Library of reference spectra
ion current
—

Preprocessed

experimental spectrum

Figure 1. Workflow of our pipeline for preprocessing the experimental
spectra, generating theoretical spectra, and performing a Wasserstein
regression of spectra with Masserstein.

https://doi.org/10.1021/jasms.4c00225
J. Am. Soc. Mass Spectrom. 2024, 35, 2366—2375


https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00225/suppl_file/js4c00225_si_001.pdf
https://github.com/mciach/Masserstein/
https://pubs.acs.org/doi/10.1021/jasms.4c00225?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00225?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00225?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00225?fig=fig1&ref=pdf
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.4c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Preprocessing Experimental Spectra. We restricted the
spectra to the 3000—4500 m/z mass range to exclude regions
with low signal-to-noise ratio and excessive baseline. Next, we
removed the baseline signal by visually inspecting the spectra
for the noise level and subtracting it from the spectra. After
that, a Gaussian filter (¢ = 0.1) was applied to smooth out the
spectra and decrease the electronic noise. Following the
smoothing, the spectra were centroided using the centroiding
function from the Masserstein package.”* The centroiding
procedure from Masserstein integrates the peaks within regions
delineated by a user-specified fraction of the apex intensity (set
here as 0.5, corresponding to integration within the full width
at half maximum, fwhm), and discards peaks as spurious if
their width is excessive (fwhm threshold 0.75 Da). In principle,
this step is not necessary, because Masserstein by design allows
for using spectra in profile mode and even mixing profile and
centroided spectra. However, centroiding increases the
computational efficiency and decreases the risk of false positive
results.”* After centroiding, in each spectrum, peaks with
intensity below a fraction of 0.001 of the highest peak were
discarded. Finally, all the spectra were normalized by their total
intensity.

Generating Reference Spectra. Since both Masserstein
and pyMacroMS support generating libraries of reference
spectra, we generated a library for each package using its built-
in functions. For Masserstein, we generated a library of
reference spectra consisting of the full theoretical isotopic
envelopes of all polymer species (charge = 1, no adduct ions)
with masses within 3000—4500 Da with a maximum count
difference between monomers equal to 5 (359 spectra). We
considered the following end-groups: bromine (default BT
end-group), trimethylstannyl (default TT end-group), methyl,
hydrogen, and phenyl (side reaction end-groups). We excluded
polymers with inconsistent end-group and monomer compo-
sition, such as 10TT+2Br. We discarded isotopic envelopes
encompassing less than 0.1% of the total experimental intensity
by setting the MDC parameter of Masserstein to 0.001 in order
to speed up the computations. Since the estimated proportions
of such ions are bounded by 0.1%, they have a minor
contribution to the overall statistical results, and we decided to
ignore them in our study design.

For pyMacroMS, the molecule library was simulated using
the Polymer class for the custom end-groups database and
custom monomer database for the PBTTT polymers (charge =
1, no adduct ions), created similarly to the analysis performed
by De Bruycker et al.*> Both pyMacroMS and Masserstein use
the IsoSpec algorithm™® to calculate isotopic distributions.

Tuning Masserstein Parameters. To find appropriate
values of parameters needed to run Masserstein, the reference
library was fitted to spectra P1 and P2 for all combinations of
Kmixture 30d Kcomponents values from a range of 0.1, 0.2, ..., 0.9.
The fitted model was assessed visually in the m/z regions
3335—3374, 4244—4273 in the P1 spectrum and 3190—3240,
3333—-3377, 3410—3442 in the P2 spectrum. Parameter values
Kmixtare = 0.6 and Keomponents = 0.7 provided a good visual
agreement between the fitted model and the experimental
spectra. Spectra P3 and P3;, were not used during fitting but
were used to evaluate the method later on. After estimating
polymer proportions, polymer species with estimated propor-
tions below a threshold of 0.2% of the total experimental signal
were discarded. The purpose of this step was to decrease the
number of false annotations by removing polymers with an
estimated intensity close to the level of background noise.
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Without added ¢ penalties for annotation, Masserstein
struggled with discerning between polymer species with
formulas mBT+nTT+H+Methyl and mBT+(n — 1)TT
+2Phenyl. This was because of the high similarity in the
masses of such compounds, with the difference in exact
monoisotopic masses equal on average to only 0.05 Da, and
the Wasserstein distance (interpreted as a combined difference
in exact masses of all peaks) equal on average to 0.190S Da for
n, m between 1 and 8 (see Suppl. Figure S2 for an example pair
of isotopic envelopes with n = m = S, Wasserstein distance
0.191 Da). Such ions are difficult to unambiguously annotate
using many commonly used instruments. For example, for m =
n = §, the theoretically predicted monoisotopic masses of these
compounds are 3211.979 and 3212.066. Any visible separation
of such masses would require a resolving power over 37 000 at
3.2 kDa. An unambiguous assignment and quantification of
intensity would require it to be significantly higher - for
example, obtaining a valley separating the two peaks of at least
half the peak height would require a resolving power of 53 000
at 3.2 kDa.

With the added penalty ¢ = 0.1905 for all polymers with two
phenyl end-groups, a clear pattern was observed where mBT
+nTT+H+Methyl compounds were neighboring with mBT
+nTT+2H and mBT+nTT+2Methyl compounds, and, as
would be expected, mBT+nTT+H+Methyl ones had twice as
high intensity than the other two. Without the added penalty,
no such pattern was observed neither for mBT+nTT+H
+Methyl nor for mBT+(n — 1)TT+2Phenyl compounds
(Suppl. Figure S2). Therefore, for annotations and down-
stream analyses, we set a penalty of 0.1905 for polymers with
two phenyl end-groups, keeping other penalties equal to zero.
Note that different experimental conditions may require a
different value of this penalty.

Tuning pyMacroMS Parameters. A grid search was
performed for the parameters minRelAbundance ranging
from 0.005 to 0.05, and ppmDev from 5 to 20. The ppmDev
parameter is the maximum allowed deviation between
matching experimental and theoretical peaks (i.e., similar to
the k parameters of Masserstein but expressed in ppm rather
than m/z units), and the minRelAbundance parameter is
the threshold below which experimental signal is considered as
noise. The minRelAbundance parameter is also used
when generating reference spectra so that only the isotopes
with a relative abundance larger than minRelAbundance
are included.

The annotations seemed relatively stable for a broad range
of parameters, with no single set of values that would give a
clearly better performance than others (Suppl. Figure S8). We
selected ppmDev = 16 since it seemed to give stable enough
results independent of the selected minRelAbundance
value, minRelAbundance = 0.03, and resolution
80000.

Evaluating Performance of Regression Approaches.
We compared the automatic annotation with an annotation
generated manually by an expert using the Jaccard score,
defined as the size of the intersection divided by the size of the
union of the sets of polymer species annotated by the expert
and by the software. The Jaccard score is equal to 1 when both
annotations are identical, and equal to 0 when they are fully
disjoint. We also calculated the sensitivity of the annotation,
defined here as the number of polymer species annotated by
both the software and the expert divided by the number of
polymer species annotated by the expert. The sensitivity is

https://doi.org/10.1021/jasms.4c00225
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Figure 2. Annotation of a fragment (3300—3650 m/z) of PBTTT polymer mass spectrum P2 done by a human expert (A) and Masserstein (B).
Examples of Masserstein annotations of complex clusters of overlapping isotopic envelopes are shown in (C) and (D). Cluster 2 in (D) was
annotated in the same way by both Masserstein and the expert, while in (C) the software detected additional polymer chains 4BT+7TT+H

+Methyl. Horizontal dimension bars in (B) highlight the locations of the zoomed-in clusters.

equal to its maximum value of 1 when the software detects all
the polymer species annotated by the expert (possibly
including some additional polymers missed by the expert),
and is equal to its minimum value of 0 when the software fails
to detect any annotations of the expert.

Homocoupling Analysis. Estimating polymer proportions
with Masserstein produces results in the form of (#TT, #BT,
E, p;), where #TT, is the number of TT subunits in the i-th
polymer, #BT; is the number of BT subunits, E; is the set of
end-groups (we do not differentiate between the two ends of a
polymer chain), and p; is the proportion of the overall signal in
the spectrum matched to the i-th polymer. In order to remove
the influence of unassigned signals from p; we normalize the
proportions as p*"=p,/ Z]p}, so that p{”™ is the proportion of
the i-th polymer among the annotated polymer species rather
than among all ions in the spectrum. To calculate the total
proportion of polymers with m TT subunits and n BT
subunits, denoted as P(#TT = m, #BT = n), we sum the
corresponding normalized proportions over all end-groups:

Z pinorm

i#TT=m#BT=n 2)

P(#HTT = m, #BT = n) =

To quantify the total proportion of polymers with m TT
subunits, P(#TT = m), the values of P(#TT = m, #BT = n) are
summed over all values of n. Note that #T'T can be interpreted
as the number of TT subunits in a randomly selected polymer
chain. Similarly, to quantify the total proportion of polymers
with n BT subunits, P(#TT = m, #BT = n) are summed over all
values of m. Finally, to quantify the proportion of polymer
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species with a given difference between the numbers of
subunits, P(A = d), the proportions of all the corresponding
polymers are summed:

P(A=d)= ) PHIT =m, #BT = n)
n,m:ln—ml=d (3)

For a perfectly alternating copolymer, the proportion of species
with A =1 (i.e, an excess of 1 TT subunit, corresponding to a
TT subunit at both ends of the polymer) is expected to be

equal to —. Symmetrically, P(A = —1) = v corresponding to

a BT subumt at both ends, and P(A = 0) = %, corresponding

to different subunits at both ends. However, if the analyzed
sample contains homocoupled polymers, we expect to see
shifts in the distribution of the A statistic, in particular toward
values above 1 and/or below —1. This allows us to statistically
analyze homocoupling defects without detailed knowledge of
the structure of each polymer species observed in the
spectrum.

B RESULTS AND DISCUSSION

Separating Complex Clusters of PBTTT Molecular
Species by Fitting Isotopic Envelopes. The Jaccard score
of Masserstein annotation ranged from 46% for P1 to 65% for
P3 (Figure 2, Suppl. Figures S3—S7). Most of the molecular
species annotated by the expert but missed by Masserstein
were below the proportion threshold of 0.002. These species
constituted a minor proportion of the total signal, and
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Figure 3. Distribution of the difference of subunit counts, A = #T'T — #BT, in all polymer species annotated with Masserstein in spectra P3 (left)
and P3;, (right). The bars are colored according to the end-group composition of polymers. Values of A above zero (top half) indicate an excess of
TT subunits, while values of A below zero indicate an excess of BT subunits; values greater than 1 or lower than —1 indicate homocoupling. The
distribution of A for P3;,, obtained on the same sample but with a lower laser luminosity, is slightly shifted to lower values compared to P3. At the
same time, the end-group compositions are similar for both spectra, indicating little to no effect of luminosity.

consequently, between 82% and 94% of the total signal in the
spectra was annotated correctly. On the other hand, the
Jaccard score for annotations obtained with pyMacroMS was
considerably lower, ranging from 0% to 44% (Suppl. Figure
S7). While other combinations of minRelAbundance and
ppmDev parameters improved the score for individual spectra,
no combination improved the overall score in all spectra
(Suppl. Figure S8). Consequently, for subsequent statistical
analyses of structural defects, we use the results obtained with
Masserstein.

Due to the number of possible end-groups, the isotopic
envelopes of different molecular species of PBTTT can overlap
to the extent that they appear as single visually identifiable
peaks, making it challenging to accurately annotate the spectra
manually using only the masses of polymers. In contrast, fitting
whole isotopic envelopes of all components with Masserstein
provided a detailed annotation of complex clusters and,
additionally, a quantification of the proportions of individual
components. The fitted models agreed visually with the
experimental spectra. (Figure 2). The fact that a human expert
tends to assign one annotation to a single visually identifiable
peak, while Masserstein provided detailed annotations,
decreased the overall Jaccard score of the annotation. The
sensitivity of annotation was noticeably higher, ranging from
70% for P1 to 75% for P3.

To double-check these conclusions, an expert has evaluated
randomly selected annotations provided by Masserstein. Out
of 42 inspected annotations, 33 were confirmed, 7 were
ambiguous, and one was deemed incorrect (SBT+2TT+Br
+Phenyl). The ambiguous ions were mostly polymers
containing stannyl end groups. As we discuss later on in the
section about end-group analysis, these ions are generally
difficult to annotate, but an additional analysis suggested that
these annotations are correct.

Both programs returned some number of annotations that
seem unlikely from a chemical point of view, such as 2BT
+14TT+Br+Methyl returned by pyMacroMS or 4BT+9TT
+2Br returned by Masserstein. The former formula would
indicate a very high degree of homocoupling, which in turn

2371

would suggest a block structure rather than an alternating one,
which is not an expected product of the Stille condensation
reaction. The latter formula is unlikely because bromine is the
default end-group for BT subunits, effectively also suggesting a
block copolymer. This signifies that while the automatic
assignment tools can greatly simplify the annotation of spectra
and discover more molecular species in complex clusters, their
results still require manual verification for chemical plausibility.

A Statistical Analysis of Homocoupling Patterns and
Polymer End-Group Composition. In this subsection, we
use polymer proportions estimated with Masserstein for a
statistical analysis of the structural characteristics of polymer
samples.

Differences in Complexity of Polymer Samples. We
detected between 57 and 90 different molecular species in
the PBTTT spectra (Supplementary Table S2), corresponding
to between 83% and 91% of the total signal. Spectrum P2 had
both the highest number of molecular species detected and the
highest amount of signal that could not be matched by any
polymer species from the library, indicating a highly complex
sample. On the contrary, spectrum P1 had both the highest
amount of signal matched to the library and the lowest amount
of detected molecular species, indicating a sample with a more
homogeneous composition. Spectra P3 and P3,,, obtained for
the same sample but with different laser luminosities, had
nearly identical annotations, indicating a relatively low
variation of the measurement and estimation procedures.

Differences in Prevalences and Types of Homocoupling
Defects. The statistical methodology introduced in the
Methods section allows us to rigorously compare structural
defects between samples. As expected, the numbers of BT and
TT units in polymer chains were linearly correlated in all
samples, but some structural defects were present as well
(Suppl. Figure S9). The proportion of homocoupled polymer
molecules (IAl > 1) was lowest for P1 and highest for P3
(P(IAl > 1) = 22% for P1, 28% for P2, 52% for P3 and 41%
for P3,,).

In samples P3 and P3;, a shift of the Adistribution toward
values above 1 suggests that homocoupling was mostly caused
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by the excess of TT units (Figure 3, Suppl. Figure S9). This is
further corroborated by the distributions of the counts of TT
and BT units (Suppl. Figure S10). However, these results
should be interpreted with caution, as MALDI-ToF MS may
overestimate the amount of TT homocoupling.”’. In the P2
spectrum, homocoupling of BT subunits seemed more
common, visible as a left-skew of the distribution of A. The
distributions of subunit counts also show that #TT has a
considerable variance, while #BT was relatively stable in these
samples (Suppl. Figure S10).

Sample P1 had a profoundly different shape of the histogram
of the Astatistic, with prominent peaks for polymers without
evidence for homocoupling, especially for BT-capped chains
(P(A = —1) = 52%; P(A =0) = 24% and
P(A = 1) = 2%). However, the distribution also showed an
unexpected, separate subpopulation of polymer chains with an
excess of three to five TT subunits, constituting 10% of signal
(Suppl. Figures S9, S10). We suspect that this subpopulation
may be an artifact caused by spurious annotations by the
software or an incomplete library of reference spectra. This
finding points to the importance of inspecting histograms of
distributions in addition to simple statistics to detect
anomalous results.

Analyzing End-Group Composition of Polymers. The most
common end-groups of polymer species in Pl were two
hydrogen groups (25% of the annotated polymer signal), two
bromine groups (17%), and hydrogen—bromine groups
(30%); a noticeable amount of polymers also contained one
or two methyl end-groups (21% of signal; Suppl. Figures S11,
S12). In the remaining samples, the polymer species capped
with one hydrogen and one methyl end-group were the most
common (32—39%), followed by two hydrogens (14—19%)
and two methyls (14—31%); the two bromine end-groups were
almost absent (<1%). Spectra P3 and P3,, had a nearly
identical end-group composition, indicating that laser
luminosity does not significantly influence which end-groups
are more prevalent in the spectrum (Figure 3, Suppl. Figure
S11). This also supports the conclusion that differences
observed between the samples are due to variations in
synthesis methods rather than measurement errors. We also
detected polymer species containing a phenyl end-group in all
the spectra (6—15%).

In P1, the aforementioned subpopulation of polymer chains
with an excess of three to five TT subunits had bromine end-
groups (Suppl. Figure S12). Since bromine is the default end-
group for the BT subunit (Suppl. Figure S1), this result
supports the hypothesis that this subpopulation may be an
artifact of the annotation. However, inspecting the fitted model
for these polymers shows that they agree very well with the
data (Suppl. Figure S13), and we found no other polymer
species in our data set that had similar masses to those chains.
Therefore, if this result is indeed a mistake of the software, it is
not an obvious one.

In both P3 and P3;, the software detected a small amount
of BT-homocoupled polymer chains with a stannyl end-group
(Figure 3). This result is seemingly counterintuitive, as stannyl
end-groups are associated with TT subunits (Suppl. Figure
S1), and might suggest a possible mistake of the software,
especially since the proportions of those chains are close to the
noise level. However, a closer examination of the distribution
of the A statistic for all polymers with one or two stannyl end-
groups, including the discarded species below the proportion
threshold of 0.002, showed that heavily BT-homocoupled
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chains tend to have only one such end-group (Suppl. Figure
S14), while higher values of A (up until A = 0) were associated
with higher proportions of chains with two, rather than one,
stannyl end-groups, as would be expected. This association
suggests that these may be bona fide annotations and thus a
low proportion of heavily BT-homocoupled chains with a
stannyl end-group may be present in the sample. However, we
would like to stress that in general, stannyl end-capped species
are difficult to accurately assign due to their broad isotopic
envelopes. A crosscheck with other characterization techniques
such as NMR might be relevant if these species are the specific
focus of the MALDI-ToF MS analysis. Nevertheless, this
statistical association between homocoupling defects and end-
group composition, if confirmed, would reveal an additional
layer of complexity of polymer samples. Capturing the full
picture of this association would require more elaborate
mathematical modeling that is beyond the scope of the present
work.

Optimizing the Pipeline for Regression of Spectra. As
shown in the workflow in Figure 1, estimating polymer
proportions with regression of spectra requires a series of
preprocessing steps that form a complex pipeline. Since errors
can propagate through the pipeline, a proper execution of each
step, including parameter tuning, is necessary to obtain proper
results. To facilitate the use of regression of spectra in future
analyses, we finish this article by describing our results in
optimizing the pipeline.

Masserstein Annotation Is Robust for a Wide Range of
Parameters. Our results were obtained for K. and
Kcomponents Selected manually by inspecting different values
and selecting the ones that give a visual agreement between the
model and the experimental spectrum in manually selected
clusters of overlapping isotopic envelopes. This way, the
parameters can be selected without looking at the expert
annotation, avoiding bias and limiting the associated manual
workload. In this section, we run additional experiments to
ensure that this procedure gives correct parameter values and
investigate what level of precision is required when tuning
them and whether a single set of parameters can be used for all
the spectra.

To examine the influence of Kpyure a0d Keomponents 0N the
results, we calculated the Jaccard scores for parameter values
ranging from 0.1 to 0.9. The results showed that the manually
selected parameter values provided accurate results for all the
samples. We observed a “basin of optimality” of the parameter
values, where the Jaccard score remained stable for a relatively
broad range of parameters (Suppl. Figure S15). However, a
gross misspecification of the parameters resulted in highly
incorrect results. This shows that a manual tuning of the
Masserstein parameters is necessary before using the software,
but does not require excessive precision and can be done by a
simple visual inspection of the fitted model.

The optimal values of the x parameters may depend on
multiple factors, such as the peak width (resolving power), the
number of peaks in the isotopic envelope and its size, the
molecule’s charge, signal-to-noise ratio, and ion statistics. The
default parameter values in Masserstein are a reasonable
starting point, but it is always highly recommended to inspect
fitted models for at least a handful of parameter values.
Alternatively, the parameters can be tuned by optimizing the
Jaccard score on a handful of manually annotated spectra of
the same system measured under the same conditions. For
most applications in mass spectrometry, the reasonable range
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of k values to inspect is between zero (perfect agreement
between theoretical and experimental spectra) and one (up to
1 Da difference between matching theoretical and experimental
peaks), typically keeping K omponents Moderately higher than
Kmixture:

Low-Intensity Compounds Are Difficult to Annotate,
Especially in the Presence of Overlapping Isotopic
Envelopes. One of the reasons why the automatic annotation
struggled with low-intensity compounds was that we discarded
compounds whose proportions were below the minimum
threshold. While disabling the threshold allowed the sensitivity
to reach almost 100% for P2, it also produced numerous
seemingly spurious annotations which overall resulted in a
decrease, rather than an increase, of the Jaccard score. One of
the reasons is that regression-based approaches tend to add
additional, low-intensity compounds to complex clusters of
signals in order to fill the clusters as well as possible. Optimal
Jaccard scores were obtained for threshold values between
0.001 and 0.004 in all four spectra (Suppl. Figure S16).

Proportion Threshold and Annotation Penalty Comple-
ment Each Other. The proportion threshold and the
annotation penalty are two ways to limit the number of false
positive annotations: the penalty sets a constraint on the
number of annotated polymer species during the estimation,
while the threshold discards polymer species with insufficient
proportions after the estimation. While both these parameters
have the same goal, they achieve it in different ways which
complement each other. As a consequence, the optimal Jaccard
score is typically achieved when both are used jointly.
However, good results are obtained for a wide range of
parameter values as long as at least one of these filters was used
(Suppl. Figure S17). Currently, the recommended way to
select the parameter values is to fit a model, inspect it visually,
assess the presence of false low-intensity annotations, set the
threshold and/or the annotation penalty accordingly, and
repeat the procedure to check for improvement. Alternatively,
as with the k parameters, the proportion threshold and
annotation penalty can be tuned by optimizing the Jaccard
score on a handful of manually annotated spectra. Further
research is necessary to optimize the protocols for tuning the
penalty and threshold parameters in a more convenient way.

A Proper Library Is Crucial for Proper Results, and Its Size
Has a Bias-Variance Trade-Off. While large libraries of
reference spectra allow for discovering more molecular species,
using them is computationally expensive and can lead to false
positive annotations. The reference spectrum of a molecule
absent from the sample always has some chance of matching a
random noise signal, an isobaric interference, or a complex
cluster of isotopic envelopes producing a false positive.
Nevertheless, selecting too small of a library can lead to false
negative results where some analytes are not detected.

These considerations point to a bias-variance trade-off in
library-based quantification methods: insufficient libraries
systematically underestimate the number of polymer species,
while excessive libraries have a higher risk of spurious
annotations caused by assignments of analytes to random
signals. We tested this trade-off empirically by generating an
“extended” reference library, with a maximum difference of
subunit counts up to 10 (570 spectra), and a “restricted”
reference library, with a maximum difference of up to 2 (163
spectra). As expected, the extended library resulted in
additional annotations. However, these additional annotations
were often added to complex clusters of isotopic envelopes and
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only marginally improved the visual agreement between the
experimental spectrum and the model, while containing rather
unlikely, highly homocoupled polymer chains such as 3BT
+13TT, artificially inflating the homocoupling measures
(Suppl. Figure S18). Conversely, the truncated library resulted
in missing some obvious signals and resulted in underestimated
homocoupling. The library with a maximum count difference
up to S resulted in optimal annotations and was therefore
selected for this work.

B CONCLUSIONS

Understanding the structure of alternating conjugated
polymers can be challenging, often relying on assumptions
based on the introduced monomers. These assumptions are
not always satisfied, as side reactions can complicate the
structure of the polymer chains, leading to unexpected species
in the final sample. Despite its importance for the quality of the
end product, the structural quality of the synthesized polymers
is rarely assessed thoroughly, partly due to the complexity and
limitations of the required instrumentation and analysis
methods.*"*°

MALDI-ToF MS offers a way to gain insight into the
composition of the sample by differentiating polymeric species
based on their masses. However, a manual analysis of the often
complex spectra of conjugated polymers can be laborious and
time-consuming. Our contribution addresses this issue by not
only annotating complex clusters of overlapping isotopic
envelopes but also providing semiquantitative information
about the signal contribution of each species, a step rarely
taken with manual assignments. This automation eliminates
the tedium of manual analysis, allowing for the discovery of
more molecular species and reducing the likelihood of
oversimplified assignments. We thoroughly analyzed the
potential sources of errors associated with our methodology
and developed an optimized protocol to avoid them.

The statistical methodology developed as a part of this work
allows for transforming the semiquantitative annotations into
robust comparative studies of MALDI-ToF mass spectra,
offering insights into the technique’s properties and the
chemistry of the polymers. By identifying specific end-groups
and homocoupling defects, this approach can be used to gain a
deeper understanding of the material's composition and
behavior. This can be particularly powerful to probe the
activeness of chains after a prepolymerization step as for
instance required in the multistep synthetic protocol for
conjugated block copolymers.” Our streamlined approach
allows for efficient characterization of polymer samples, making
it a valuable tool for researchers seeking to gain insights into
polymer structures without the need for complex experimental
techniques.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jasms.4c00225.

Full results, supplementary figures, and the derivation of
the algorithm for estimation of analyte proportions
through the Wasserstein regression with penalty for
annotations with large libraries (PDF)

https://doi.org/10.1021/jasms.4c00225
J. Am. Soc. Mass Spectrom. 2024, 35, 2366—2375


https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00225/suppl_file/js4c00225_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00225/suppl_file/js4c00225_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00225/suppl_file/js4c00225_si_001.pdf
https://pubs.acs.org/doi/10.1021/jasms.4c00225?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jasms.4c00225/suppl_file/js4c00225_si_001.pdf
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.4c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

B AUTHOR INFORMATION

Corresponding Author
Anna Gambin — Faculty of Mathematics, Informatics and
Mechanics, University of Warsaw, Warsaw 02-097, Poland;
orcid.org/0000-0003-3476-3017; Email: a.gambin@
uw.edu.pl

Authors

Maria Bochenek — Faculty of Mathematics, Informatics and
Mechanics, University of Warsaw, Warsaw 02-097, Poland

Michat Aleksander Ciach — Faculty of Mathematics,
Informatics and Mechanics, University of Warsaw, Warsaw
02-097, Poland; Data Science Institute, Hasselt University,
Hasselt 3500, Belgium; Department of Applied Biomedical
Science, Faculty of Health Sciences, University of Malta,
Msida MSD 2080, Malta

Sander Smeets — Institute for Materials Research (IMO),
Hasselt University, Diepenbeek 3590, Belgium; IMEC,
Associated lab IMOMEC, Diepenbeek 3590, Belgium;
Energyville, Genk 3600, Belgium

Omar Beckers — Institute for Materials Research (IMO),
Hasselt University, Diepenbeek 3590, Belgium; IMEC,
Associated lab IMOMEC, Diepenbeek 3590, Belgium;
Energyville, Genk 3600, Belgium

Jochen Vanderspikken — Institute for Materials Research
(IMO), Hasselt University, Diepenbeck 3590, Belgium;
IMEC, Associated lab IMOMEC, Diepenbeek 3590, Belgium;
Energyville, Genk 3600, Belgium; ® orcid.org/0000-0001-
7059-015S8

Blazej Miasojedow — Faculty of Mathematics, Informatics and
Mechanics, University of Warsaw, Warsaw 02-097, Poland;

orcid.org/0000-0002-3691-9372

Barbara Domzal — Faculty of Mathematics, Informatics and

Mechanics, University of Warsaw, Warsaw 02-097, Poland;
orcid.org/0000-0001-6098-9138

Dirk Valkenborg — Data Science Institute, Hasselt University,
Hasselt 3500, Belgium

Wouter Maes — Institute for Materials Research (IMO),
Hasselt University, Diepenbeek 3590, Belgium; IMEC,
Associated lab IMOMEC, Diepenbeek 3590, Belgium;
Energyville, Genk 3600, Belgium; © orcid.org/0000-0001-
7883-3393

Complete contact information is available at:
https://pubs.acs.org/10.1021/jasms.4c00225

Notes

The authors declare no competing financial interest.

The Python package with algorithm implementation and the
Jupyter notebooks with our analysis are available at https://

github.com/ciach/masserstein.

B ACKNOWLEDGMENTS

This work was supported by the Polish National Science
Centre Grant No. 2021/41/B/ST6/03526. The authors also
acknowledge the HORIZON-WIDERA-2022 Grant BioGeMT
(ID:101086768) and the FWO Vlaanderen for continuing
financial support (Ph.D. Grants 1S99620N and 1SS0822N,
MALDI-ToF project I006320N, Scientific Research Commun-
ity “Supramolecular Chemistry and Materials” — W000620N).

2374

B REFERENCES

(1) Diao, Y.; Shaw, L.; Bao, Z.; Mannsfeld, S. C. B. Morphology
control strategies for solution-processed organic semiconductor thin
films. Energy Environ. Sci. 2014, 7, 2145—2159.

(2) Helgesen, M.; Carlé, J. E.; dos Reis Benatto, G. A.; Sendergaard,
R. R;; Jorgensen, M.; Bundgaard, E.; Krebs, F. C. Making Ends Meet:
Flow Synthesis as the Answer to Reproducible High-Performance
Conjugated Polymers on the Scale that Roll-to-Roll Processing
Demands. Adv. Energy Mater. 2015, S, 1401996.

(3) Kim, T.; Kim, J.-H.; Kang, T. E,; Lee, C.; Kang, H.; Shin, M,;
Wang, C; Ma, B; Jeong, U,; Kim, T.-S,; Kim, B. ]J. Flexible, highly
efficient all-polymer solar cells. Nat. Commun. 20185, 6, 8547.

(4) Tarique, W. B,; Uddin, A. A review of progress and challenges in
the research developments on organic solar cells. Materials Science in
Semiconductor Processing 2023, 163, 107541.

(5) Niu, Y; Qin, Z; Zhang, Y.; Chen, C; Liu, S; Chen, H.
Expanding the potential of biosensors: a review on organic field effect
transistor (OFET) and organic electrochemical transistor (OECT)
biosensors. Materials Futures 2023, 2, 042401.

(6) Lan, Z.; Lee, M.-H.; Zhu, F. Recent Advances in Solution-
Processable Organic Photodetectors and Applications in Flexible
Electronics. Advanced Intelligent Systems 2022, 4, 2100167.

(7) Woo, J. Y.; Park, M.-H,; Jeong, S.-H.; Kim, Y.-H.; Kim, B.; Lee,
T.-W.; Han, T.-H. Advances in Solution-Processed OLEDs and their
Prospects for Use in Displays. Adv. Mater. 2023, 35, 2207454.

(8) Katsouras, A.; Gasparini, N.; Koulogiannis, C.; Spanos, M,;
Ameri, T.; Brabec, C. J.; Chochos, C. L.; Avgeropoulos, A. Systematic
Analysis of Polymer Molecular Weight Influence on the Organic
Photovoltaic Performance. Macromol. Rapid Commun. 2015, 36,
1778—1797.

(9) Pirotte, G.; Verstappen, P.; Vanderzande, D.; Maes, W. On the
“True” Structure of Push—Pull-Type Low-Bandgap Polymers for
Organic Electronics. Advanced Electronic Materials 2018, 4, 1700481.

(10) Krebs, F. C.; Nyberg, R. B.; Jorgensen, M. Influence of Residual
Catalyst on the Properties of Conjugated Polyphenylenevinylene
Materials: Palladium Nanoparticles and Poor Electrical Performance.
Chem. Mater. 2004, 16, 1313—1318.

(11) Espinet, P.; Echavarren, A. M. The Mechanisms of the Stille
Reaction. Angew. Chem., Int. Ed. 2004, 43, 4704—4734.

(12) Cordovilla, C.; Bartolomé, C.; Martinez-Ilarduya, J. M,;
Espinet, P. The Stille Reaction, 38 Years Later. ACS Catal. 2015, S,
3040—-30S3.

(13) Carsten, B; He, F; Son, H. J; Xu, T, Yu, L. Stille
Polycondensation for Synthesis of Functional Materials. Chem. Rev.
2011, 111, 1493—1528.

(14) Rudenko, A. E.; Thompson, B. C. Optimization of direct
arylation polymerization (DArP) through the identification and
control of defects in polymer structure. J. Polym. Sci, Part A: Polym.
Chem. 2018, 53, 135—147.

(15) Groenendaal, L.; Peerlings, H. W. I; Havinga, E. E.; Vekemans,
J. A J. M,; Meijer, E. W. Oligoheterocycles by the Stille-coupling
reaction. Synth. Met. 1995, 69, 467—470.

(16) Dhanabalan, A.; van Hal, P. A.; van Duren, J. K. J.; van Dongen,
J. L.J.; Janssen, R. A. J. Design and synthesis of processible functional
copolymers. Synth. Met. 2001, 119, 169—170.

(17) Dhanabalan, A; van Dongen, J. L. J,; van Duren, J. K. J;
Janssen, H. M.; van Hal, P. A, Janssen, R. A. J. Synthesis,
Characterization, and Electrooptical Properties of a New Alternating
N-Dodecylpyrrole-Benzothiadiazole Copolymer. Macromolecules
2001, 34, 2495—-2501.

(18) Jayakannan, M.; van Dongen, J. L. J; Janssen, R. A. J.
Mechanistic Aspects of the Suzuki Polycondensation of Thiophene-
bisboronic Derivatives and Diiodobenzenes Analyzed by MALDI-
TOF Mass Spectrometry. Macromolecules 2001, 34, 5386—5393.

(19) Vangerven, T.; et al. Elucidating Batch-to-Batch Variation
Caused by Homocoupled Side Products in Solution-Processable
Organic Solar Cells. Chem. Mater. 2016, 28, 9088—9098.

(20) Hendriks, K. H.; Li, W.; Heintges, G. H. L.; van Pruissen, G. W.
P; Wienk, M. M,; Janssen, R. A. J. Homocoupling Defects in

https://doi.org/10.1021/jasms.4c00225
J. Am. Soc. Mass Spectrom. 2024, 35, 2366—2375


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Gambin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3476-3017
https://orcid.org/0000-0003-3476-3017
mailto:a.gambin@uw.edu.pl
mailto:a.gambin@uw.edu.pl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Bochenek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Micha%C5%82+Aleksander+Ciach"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sander+Smeets"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omar+Beckers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jochen+Vanderspikken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7059-0155
https://orcid.org/0000-0001-7059-0155
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="B%C5%82az%CC%87ej+Miasojedow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3691-9372
https://orcid.org/0000-0002-3691-9372
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+Domz%CC%87a%C5%82"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6098-9138
https://orcid.org/0000-0001-6098-9138
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dirk+Valkenborg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wouter+Maes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7883-3393
https://orcid.org/0000-0001-7883-3393
https://pubs.acs.org/doi/10.1021/jasms.4c00225?ref=pdf
https://github.com/ciach/masserstein
https://github.com/ciach/masserstein
https://doi.org/10.1039/C4EE00688G
https://doi.org/10.1039/C4EE00688G
https://doi.org/10.1039/C4EE00688G
https://doi.org/10.1002/aenm.201401996
https://doi.org/10.1002/aenm.201401996
https://doi.org/10.1002/aenm.201401996
https://doi.org/10.1002/aenm.201401996
https://doi.org/10.1038/ncomms9547
https://doi.org/10.1038/ncomms9547
https://doi.org/10.1016/j.mssp.2023.107541
https://doi.org/10.1016/j.mssp.2023.107541
https://doi.org/10.1088/2752-5724/ace3dd
https://doi.org/10.1088/2752-5724/ace3dd
https://doi.org/10.1088/2752-5724/ace3dd
https://doi.org/10.1002/aisy.202100167
https://doi.org/10.1002/aisy.202100167
https://doi.org/10.1002/aisy.202100167
https://doi.org/10.1002/adma.202207454
https://doi.org/10.1002/adma.202207454
https://doi.org/10.1002/marc.201500398
https://doi.org/10.1002/marc.201500398
https://doi.org/10.1002/marc.201500398
https://doi.org/10.1002/aelm.201700481
https://doi.org/10.1002/aelm.201700481
https://doi.org/10.1002/aelm.201700481
https://doi.org/10.1021/cm035205w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm035205w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm035205w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200300638
https://doi.org/10.1002/anie.200300638
https://doi.org/10.1021/acscatal.5b00448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100320w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100320w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pola.27279
https://doi.org/10.1002/pola.27279
https://doi.org/10.1002/pola.27279
https://doi.org/10.1016/0379-6779(94)02530-C
https://doi.org/10.1016/0379-6779(94)02530-C
https://doi.org/10.1016/S0379-6779(00)01316-3
https://doi.org/10.1016/S0379-6779(00)01316-3
https://doi.org/10.1021/ma001732e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma001732e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma001732e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0100403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0100403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0100403?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b04143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b04143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.6b04143?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505574a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.4c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Society for Mass Spectrometry

pubs.acs.org/jasms

Diketopyrrolopyrrole-Based Copolymers and Their Effect on Photo-
voltaic Performance. J. Am. Chem. Soc. 2014, 136, 11128—11133.

(21) Verstappen, P.; Cardinaletti, I; Vangerven, T.; Vanormelingen,
W.; Verstraeten, F.; Lutsen, L.; Vanderzande, D.; Manca, J.; Maes, W.
Impact of structure and homo-coupling of the central donor unit of
small molecule organic semiconductors on solar cell performance.
RSC Adv. 2016, 6, 32298—32307.

(22) Lombeck, F.; Matsidik, R.; Komber, H.; Sommer, M. Simple
Synthesis of P(Cbz-alt-TBT) and PCDTBT by Combining Direct
Arylation with Suzuki Polycondensation of Heteroaryl Chlorides.
Macromol. Rapid Commun. 2015, 36, 231-237.

(23) Lombeck, F.; Komber, H.; Fazzi, D.; Nava, D.; Kuhlmann, J.;
Stegerer, D.; Strassel, K; Brandt, J.; de Zerio Mendaza, A. D.; Miiller,
C.; Thiel, W.; Caironi, M.; Friend, R.; Sommer, M. On the Effect of
Prevalent Carbazole Homocoupling Defects on the Photovoltaic
Performance of PCDTBT:PC71BM Solar Cells. Adv. Energy Mater.
2016, 6, 1601232.

(24) Broll, S; Niibling, F.; Luzio, A,; Lentzas, D.; Komber, H,;
Caironi, M.; Sommer, M. Defect Analysis of High Electron Mobility
Diketopyrrolopyrrole Copolymers Made by Direct Arylation Poly-
condensation. Macromolecules 2015, 48, 7481—7488.

(25) Wakioka, M.; Takahashi, R.; Ichihara, N.; Ozawa, F. Mixed-
Ligand Approach to Palladium-Catalyzed Direct Arylation Polymer-
ization: Highly Selective Synthesis of 7-Conjugated Polymers with
Diketopyrrolopyrrole Units. Macromolecules 2017, 50, 927—934.

(26) Liu, J.; Loewe, R. S.; McCullough, R. D. Employing MALDI-
MS on Poly(alkylthiophenes): Analysis of Molecular Weights,
Molecular Weight Distributions, End-Group Structures, and End-
Group Modifications. Macromolecules 1999, 32, 5777—5785.

(27) Kuwabara, J.; Fujie, Y.; Maruyama, K; Yasuda, T.; Kanbara, T.
Suppression of Homocoupling Side Reactions in Direct Arylation
Polycondensation for Producing High Performance OPV Materials.
Macromolecules 2016, 49, 9388—9395.

(28) Brebels, J; Klider, K. C. C. W. S.; Kelchtermans, M.;
Verstappen, P.; Van Landeghem, M.; Van Doorslaer, S.; Goovaerts,
E.; Garcia, J. R;; Manca, J,; Lutsen, L.; Vanderzande, D.; Maes, W.
Low bandgap polymers based on bay-annulated indigo for organic
photovoltaics: Enhanced sustainability in material design and solar
cell fabrication. Org. Electron. 2017, 50, 264—272.

(29) Pirotte, G.; Kesters, J; Cardeynaels, T.; Verstappen, P.;
D’Haen, J.; Lutsen, L.; Champagne, B.; Vanderzande, D.; Maes, W.
The Impact of Acceptor—Acceptor Homocoupling on the Optoelec-
tronic Properties and Photovoltaic Performance of PDTSQxff Low
Bandgap Polymers. Macromol. Rapid Commun. 2018, 39, 1800086.

(30) Heintges, G. H. L.; Janssen, R. A. ]. On the homocoupling of
trialkylstannyl monomers in the synthesis of diketopyrrolopyrrole
polymers and its effect on the performance of polymer-fullerene
photovoltaic cells. RSC Adv. 2019, 9, 15703—15714.

(31) Jones, A. L.; De Keersmaecker, M.; Pelse, L; Reynolds, J. R.
Curious Case of BIEEDOT: MALDI-TOF Mass Spectrometry Reveals
Unbalanced Monomer Incorporation with Direct (Hetero)arylation
Polymerization. Macromolecules 2020, 53, 7253—7262.

(32) Vanderspikken, J.; Verstappen, P.; Maes, W. Extracting
Structural Data from MALDI-ToF Mass Spectrometry Analysis of
Alternating Conjugated Polymers — A Case Study on PBTTT
Derivatives. Macromolecules 2024, 57, 7138.

(33) Peckner, R; Myers, S. A; Jacome, A. S. V.; Egertson, J. D.;
Abelin, J. G.; MacCoss, M. J.; Carr, S. A,; Jaffe, J. D. Specter: linear
deconvolution for targeted analysis of data-independent acquisition
mass spectrometry proteomics. Nat. Methods 2018, 15, 371—378.

(34) Ciach, M. A.; Miasojedow, B.; Skoraczynski, G.; Majewski, S.;
Startek, M.; Valkenborg, D.; Gambin, A. Masserstein: Linear
regression of mass spectra by optimal transport. Rapid Commun.
Mass Spectrom. 2021, No. e8956.

(35) De Bruycker, K; Krappitz, T.; Barner-Kowollik, C. High
Performance Quantification of Complex High Resolution Polymer
Mass Spectra. ACS Macro Lett. 2018, 7, 1443—1447.

(36) Engler, M. S.; Crotty, S.; Barthel, M. J.; Pietsch, C.; Knop, K;
Schubert, U. S.; Bocker, S. COCONUT—An Efficient Tool for

2375

Estimating Copolymer Compositions from Mass Spectra. Anal. Chem.
2015, 87, 5223—-5231.

(37) Majewski, S.; Ciach, M. A, Startek, M.; Niemyska, W,;
Miasojedow, B.; Gambin, A. The Wasserstein Distance as a
Dissimilarity Measure for Mass Spectra with Application to Spectral
Deconvolution. 18th International Workshop on Algorithms in
Bioinformatics (WABI 2018), 2018.

(38) Seifert, N. A.; Prozument, K; Davis, M. J. Computational
optimal transport for molecular spectra: The fully continuous case. J.
Chem. Phys. 2023, 159, 164110.

(39) Vanderspikken, J; Liu, Q; Liu, Z.; Vandermeeren, T.;
Cardeynaels, T.; Gielen, S.; Van Mele, B.; Van den Brande, N,;
Champagne, B.; Vandewal, K; et al. Tuning electronic and
morphological properties for high-performance wavelength-selective
organic near-infrared cavity photodetectors. Adv. Funct. Mater. 2022,
32, 2108146.

(40) Vanderspikken, J.; et al. On the Importance of Chemical
Precision in Organic Electronics: Fullerene Intercalation in Perfectly
Alternating Conjugated Polymers. Adv. Funct. Mater. 2023, 33,
2309403.

(41) McCulloch, L; Heeney, M.; Bailey, C.; Genevicius, K;
MacDonald, I; Shkunov, M.; Sparrowe, D.; Tierney, S.; Wagner,
R.; Zhang, W.; Chabinyc, M. L,; Kline, R. J.; McGehee, M. D.; Toney,
M. F. Liquid-crystalline semiconducting polymers with high charge-
carrier mobility. Nat. Mater. 2006, 5, 328—333.

(42) Domzal, B.; Nawrocka, E. K,; Golowicz, D.; Ciach, M. A;
Miasojedow, B.; Kazimierczuk, K; Gambin, A. Magnetstein: An
Open-Source Tool for Quantitative NMR Mixture Analysis Robust to
Low Resolution, Distorted Lineshapes, and Peak Shifts. Anal. Chem.
2024, 96, 188—196.

(43) Wang, C.-C.; Lai, Y.-H.; Ou, Y.-M,; Chang, H.-T.; Wang, Y.-S.
Critical factors determining the quantification capability of matrix-
assisted laser desorption/ionization—time-of-flight mass spectrometry.
Philosophical Transactions of the Royal Society A: Mathematical, Physical
and Engineering Sciences 2016, 374, 20150371.

(44) Rést, H. L.; et al. OpenMS: a flexible open-source software
platform for mass spectrometry data analysis. Nat. Methods 2016, 13,
741—-748.

(45) Eacki, M. K.; Valkenborg, D.; Startek, M. P. IsoSpec2: Ultrafast
Fine Structure Calculator. Anal. Chem. 2020, 92, 9472—9475.

(46) Smeets, S.; Liu, Q.; Vanderspikken, J.; Quill, T. J.; Gielen, S,;
Lutsen, L.; Vandewal, K.; Maes, W. Structurally Pure and
Reproducible Polymer Materials for High-Performance Organic
Solar Cells. Chem. Mater. 2023, 35, 8158—8169.

(47) Theunissen, D.; Smeets, S.; Maes, W. Single-component
organic solar cells—Perspective on the importance of chemical
precision in conjugated block copolymers. Frontiers in Chemistry
2023, 11, 1326131.

https://doi.org/10.1021/jasms.4c00225
J. Am. Soc. Mass Spectrom. 2024, 35, 2366—2375


https://doi.org/10.1021/ja505574a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505574a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6RA06146J
https://doi.org/10.1039/C6RA06146J
https://doi.org/10.1002/marc.201400437
https://doi.org/10.1002/marc.201400437
https://doi.org/10.1002/marc.201400437
https://doi.org/10.1002/aenm.201601232
https://doi.org/10.1002/aenm.201601232
https://doi.org/10.1002/aenm.201601232
https://doi.org/10.1021/acs.macromol.5b01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.5b01843?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9905324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9905324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9905324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma9905324?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b02380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.6b02380?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.orgel.2017.07.037
https://doi.org/10.1016/j.orgel.2017.07.037
https://doi.org/10.1016/j.orgel.2017.07.037
https://doi.org/10.1002/marc.201800086
https://doi.org/10.1002/marc.201800086
https://doi.org/10.1002/marc.201800086
https://doi.org/10.1039/C9RA02670C
https://doi.org/10.1039/C9RA02670C
https://doi.org/10.1039/C9RA02670C
https://doi.org/10.1039/C9RA02670C
https://doi.org/10.1021/acs.macromol.0c01093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.0c01093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.4c00831?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmeth.4643
https://doi.org/10.1038/nmeth.4643
https://doi.org/10.1038/nmeth.4643
https://doi.org/10.1002/rcm.8956
https://doi.org/10.1002/rcm.8956
https://doi.org/10.1021/acsmacrolett.8b00804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5b00146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0166469
https://doi.org/10.1063/5.0166469
https://doi.org/10.1002/adfm.202108146
https://doi.org/10.1002/adfm.202108146
https://doi.org/10.1002/adfm.202108146
https://doi.org/10.1002/adfm.202309403
https://doi.org/10.1002/adfm.202309403
https://doi.org/10.1002/adfm.202309403
https://doi.org/10.1038/nmat1612
https://doi.org/10.1038/nmat1612
https://doi.org/10.1021/acs.analchem.3c03594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c03594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c03594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1098/rsta.2015.0371
https://doi.org/10.1098/rsta.2015.0371
https://doi.org/10.1038/nmeth.3959
https://doi.org/10.1038/nmeth.3959
https://doi.org/10.1021/acs.analchem.0c00959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c00959?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c01646?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fchem.2023.1326131
https://doi.org/10.3389/fchem.2023.1326131
https://doi.org/10.3389/fchem.2023.1326131
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.4c00225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

