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gene delivery,[4] analytical systems (such 
as stationary phases for chromatography) 
to emerging applications in solar cells.[5] 
Microspheres have been generated by a 
wide range of techniques, mostly ther-
mally driven and requiring additives 
during the synthesis process. Our group 
has pioneered access methods to micro-
spheres driven by light,[6–8] and most 
recently introduced a method that can 
produce microspheres entirely driven by 
sunlight, from simple monomers without 
any additives (refer to Figure 1).[9] Inter-
estingly, these (solid) microspheres can 
be further modified in their molecular 
structure by an elimination and subse-
quent oxidation, generating an extended 
conjugated system featuring delocalized 
electrons and a stable neutral radical. Such 
microspheres should—in principle—
be paramagnetic and possibly con-

ducting, critically expanding the scope of application. Herein, 
we answer the key question if chemical modification to solid 
microspheres translates through their entire bulk proper-
ties or—alternatively—generates core–shell structures, which 
is the currently assumed structure of microspheres that have 

It is demonstrated that the postfunctionalization of solid polymeric micro-
spheres can generate fully and throughout functionalized materials, contrary 
to the expectation that core–shell structures are generated. The full function-
alization is illustrated on the example of photochemically generated micro-
spheres, which are subsequently transformed into polyradical systems. Given 
the all-organic nature of the functionalized microspheres, characterization 
methods with high analytical sensitivity and spatial resolution are pioneered 
by directly visualizing the inner chemical distribution of the postfunctional-
ized microspheres based on characteristic electron energy loss signals in 
transmission electron microscopy (TEM). Specifically, ultrasonic ultrami-
crotomy is combined successfully with electron energy loss spectroscopy 
(EELS) and electron spectroscopic imaging (ESI) during TEM. These findings 
open a key avenue for analyzing all-organic low-contrast soft-matter material 
structures, while the specifically investigated system concomitantly holds 
promise as an all-radical solid-state functional material.

Research Article
﻿

1. Introduction

Microspheres—or microparticles—are integral to a wide range 
of applications, ranging from point-of-care diagnostics (such 
as home pregnancy[1] or coronavirus tests[2]), antigen[3] and 
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undergone postfunctionalization.[4,10] To the best of our knowl-
edge, past analyses of postmodified microspheres focused on 
changes in their surface chemistry, evidenced by techniques 
such as X-ray photoelectron spectroscopy (XPS) and  time-of-
flight secondary-ion mass spectrometry (ToF-SIMS).[7,11–16] 
Answering the question how postmodification affects the inner 
chemical distribution of microspheres is a far more challenging 
task, which we address herein.

We access the inner chemical spatial distribution of the 
microsphere with high resolution in the nanometer range by 

combining ultrasonic ultramicrotomy with electron energy 
loss spectroscopy (EELS) and electron spectroscopic imaging 
(ESI) during transmission electron microscopy (TEM) 
(Figure 2). By utilizing characteristic electron energy loss sig-
nals corresponding to specific optical excitations of the dif-
ferent functionalized materials, we overcome the challenge 
of insubstantial contrast differences in conventional images 
of materials with high chemical similarity—here, the initial 
polymer and its eliminated and polyradical derivates. We reveal 
homogeneous highly functionalized polyradical microspheres, 
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Figure 1.  Synthesis and properties of postfunctionalized paramagnetic microspheres with a stable neutral, delocalized polyradical in the backbone. 
a) Synthesis route to stable neutral polyradical microspheres via a Diels–Alder photopolymerization at ambient temperature (a.t.) and solid-state 
postfunctionalization by elimination and oxidation. The gray areas indicate delocalized electronic systems. b) Scanning electron microscopy image 
of the initial microspheres. c) SQUID measurement confirms the polyradical and the paramagnetism of the microspheres. d) The insolubility of the 
microspheres suggests a diffusion limitation for the elimination and oxidation during the solid-state postfunctionalization. A core–shell-type chemical 
distribution—as expected—would be detrimental for the applicability of the polyradical due to the limited functionalization.

Figure 2.  Sample preparation and experimental strategies of EELS and ESI. Sample preparation: The microspheres are embedded in an epoxide resin 
(EPON) and cut with ultrasonic ultramicrotomy to generate electron transparent sections for TEM with a nominal thickness of 80 nm. EELS: The 
transmitted inelastically interacting beam electrons loose energy by exciting electronic transitions in the sample. A spectrometer separates the beam 
electrons according to their energy loss into an EEL spectrum. ESI: Beam electrons of a certain energy loss are selected by an energy slit of 0.8 eV 
width to form the ESI image.
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opposing an expected shell-only functionalization in the solid 
state. The throughout functionalization of the microspheres 
is vital proof for the applicability of the described chemical 
modification scheme to form complex polyradical structures, 
devices, and metamaterials, as even relatively large micrometer-
sized structures can be functionalized efficiently throughout.

2. Results

2.1. Synthesis of Polyradical Microspheres via Additive-Free 
Precipitation Photopolymerization and Solid-State 
Postfunctionalization

As a basis for the polyradical postfunctionalized microspheres, 
we synthesized the initial nonfunctionalized microspheres 
along the lines of our previously published synthesis platform.[9] 
The solely light-driven precipitation photopolymerization allows 
for an additive-free synthesis of microspheres at ambient con-
ditions. The precipitation photopolymerization is based on the 
Diels–Alder cycloaddition of methylisophthalaldehydes (AA) 
and bis-maleimides (BB) (refer to Figure  1a, and Section  S3 
in the Supporting Information for the detailed monomer 
synthesis). Upon light irradiation at 385  nm (centered light-
emitting diode (LED) emission), the AA monomer forms suc-
cessively two highly reactive ortho-quinodimethane (o-QDM) 
units, which react as dienophile toward the BB monomer. 
When the linear photopolymer reaches a critical molecular 
weight (Mn,crit), it precipitates spontaneously forming micro-
spheres.[9] To increase the critical molecular weight, we selected 
acetone as the reaction solvent and N,N′-bismaleimide as 
highly soluble BB monomer (cAA  ≈ cBB  = 10  mmol L−1). With 
this formulation, we achieved a yield of 77% in a batch reactor 
after isolating the microspheres by centrifugation from the 
turbid reaction solution. The obtained microspheres are narrow 
dispersed (Ð  = 1.05) with a number-average diameter (Dn) of 
1.48 µm (refer to Section S10 in the Supporting Information).

The optimized N,N′-bismaleimide-based formulation fur-
thermore results in the solubility of the photopolymer in dime-
thyl sulfoxide (DMSO), which allowed us for the first time to 
characterize the photopolymer by size-exclusion chromatog-
raphy (SEC) and 1H-NMR spectroscopy (refer to Figures S14 and 
S12  in the Supporting Information). The 1H-NMR spectra 
allowed us to confirm the formation of the expected polyhexa-
hydro-phenalene-1,6-diol diimide (p-HPDD) backbone and the 
SEC chromatograms revealed a molecular weight Mn

of 25 kDa with a dispersity Ð of 4.12 (based on the calibration 
with narrow dispersed poly(methyl methacrylate) (PMMA) cali-
bration standards). By comparison with the SEC results from 
the centrifugate containing the soluble low-molecular-weight 
polymer fraction, we estimate that Mn,crit for the nucleation is 
about 15–20 kDa. However, the molecular weight overlap of the 
residual polymer from the centrifugate and the isolated micro-
spheres spans over a wide range of 1–65  kDa. We therefore 
conclude that the microparticles consist of a highly dispersed 
polymer, even partially below its Mn,crit.

The postfunctionalization of the initial photopolymerized 
microspheres toward the polyradical and paramagnetic micro-
spheres is based on our previous work[17] on small molecules in 

solution. Therein, the initial HPDD cycloadduct was converted 
to tetrahydrophenalen diimides (THPDs) by the E1 elimination 
of two hydroxy groups and in a second step oxidized to form 
phenalenyldiimide neutral radicals (PLYDs). Herein, we apply 
the same chemical transformations to the beforementioned 
photopolymerized microspheres in the solid state in order to 
obtain microspheres with a stable neutral delocalized radical in 
the polymer backbone (refer to Figure 1a). Therefore, we post-
treated the p-HPDD or “initial” microspheres with p-toluensul-
fonic acid (p-TsOH) for 30 h at 115 °C in toluene to generate the 
“eliminated” p-THPD microspheres and subsequently oxidized 
them with 2,3-dichlor-5,6-dicyano-1,4-benzochinon (DDQ) in 
toluene to form “polyradical” p-PLYD microspheres. Notewor-
thily, the microspheres retain their shape and size during this 
postfunctionalization (Dn,polyradical = 1.46 µm).

The presence of the stable neutral radical in the polyradical 
microspheres is substantiated by superconducting quantum 
interference device (SQUID) measurements and electron 
paramagnetic resonance (EPR) spectroscopy, evidencing the 
paramagnetism of the microspheres (refer to Figure  1c and 
Figure  S15 in the Supporting Information). Directly after the 
elimination, the postfunctionalized microspheres become 
completely insoluble in any conventional solvent, which com-
plicates following the reaction progression. Following the reac-
tion progression—i.e., assessing the inner chemical distribu-
tion of the microspheres—is, however, of utmost interest for 
the application and optimization of the material system, as 
the insolubility of the eliminated and the polyradical polymer 
suggests a diffusion limited penetration of the reactants into 
the microspheres and an incomplete postfunctionalization. 
Such a diffusion-limited postfunctionalization would manifest 
in a core–shell structure with a nonfunctionalized core and 
a polyradical or mixed eliminated/polyradical shell (refer to 
Figure 1d). When assessing a possible core–shell structure, the 
nanometer-sized features and the near-identical chemical struc-
ture and composition of the initial, eliminated, and polyradical 
polymers pose significant challenges. We meet the required 
high analytical sensitivity and spatial resolution by directly visu-
alizing the inner chemical distribution of the postfunctional-
ized microspheres based on characteristic electron energy loss 
signals in the TEM.

2.2. Characteristic Optical Excitations in the TEM Reveal 
Homogeneous Chemical Distribution

Even though the presence of the stable neutral radicals is evi-
dent from the paramagnetism of the microspheres, we herein 
answer the key question if the elimination and oxidation trans-
late fully through the microspheres and if the postfunction-
alization is diffusion-limited to form core–shell-like chemical 
distribution.

The experimental procedure to reveal the inner chemical 
distribution of the microspheres is depicted in Figure  2. 
After embedding the microspheres in an epoxide matrix 
(EPON), we employed ultramicrotomy to prepare ultrathin 
electron transparent sections for TEM. The employed TEM is 
equipped with a monochromator and an electron spectrometer, 
allowing us to record high-resolution low-loss EEL spectra of 
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the microspheres (refer to Figure 3a). The most intense fea-
ture of the low-loss EELS spectra is the volume plasmon peak 
with around 22  eV energy loss. By utilizing volume plasmon 
signals, we were previously able to visualize the chemical dis-
tribution of organic heterostructures with low-contrast mate-
rial combinations and track solid-state reactions time-resolved 
with nanometer resolution.[18,19] This is, however, not possible 
for the present polymers, as their volume plasmon signals are 
almost identical, reflecting their highly similar chemical com-
position and structure. Only the very low energy loss signals 
corresponding to optical excitations show characteristic spectral 
differences, as revealed by EELS and UV–visible spectroscopy 
(UV-vis, Figure 3b). The initial microspheres exhibit overall the 
lowest EELS and UV–vis signal in the range from 1.5 to 4.1 eV. 
The polyradical microspheres show in both spectra a consist-
ently stronger spectral signal than the initial none postmodi-
fied microspheres. The minor excitations of the polyradical 
microspheres with an energy loss of 1.7–3.4  eV coincide very 
well with the respective absorption peaks in UV–vis spectros-
copy. The resemblance between UV–vis and EELS is, however, 
broken by the characteristic EELS excitation of the eliminated 
microspheres at 4.1 eV, while only intermediate UV–vis absorp-
tion occurs. We rationalize the deviations between UV–vis and 
EELS by the different excitation probabilities for high-energy 
electrons used in TEM and photons.[20] The characteristic EELS 
excitation at 4.1  eV energy loss is unique for the eliminated 
polymer. The complete absence of this peak in the spectrum 
of polyradical microspheres indicates a high level of conversion 
for the oxidation.

Outside the UV–vis range, the initial microspheres show 
a pronounced excitation at an energy loss of 6.45  eV, which 
is slightly shifted to 6.5 and 6.55  eV in the eliminated and 
polyradical microspheres, respectively. We attribute this shift 
to a denser packing of the polymers after the elimination and 
oxidation, which may lead to a better electronic coupling in 
the materials and thus an observed slightly higher excitation 
energy.

The polyradical microspheres show a pronounced excita-
tion at about 5.5  eV energy loss, which represents, together 
with the minor excitations from 1.7 to 3.4 eV, the characteristic 
spectral feature of the polyradical. The small shoulder on this 
peak at 4.4 eV coincides with a shoulder in the spectrum of the 
initial microspheres at the same energy loss and overlaps with 
the pronounced excitation of the eliminated polymer at 4.1 eV. 
Without additional analysis, which would be well beyond the 
scope of this study, we cannot conclude whether this shoulder 
corresponds to a common excitation of all three polymers or 
indicates incomplete conversion from the initial polymer. How-
ever, when comparing the overall peak intensities (refer to 
Figure 3a,b) with the high intensity of the characteristic excita-
tion at 5.5 eV in the polyradical microspheres, it is most likely 
that this signal derives from one single material, indicating an 
overall high conversion for the elimination.

In contrast to UV–vis spectroscopy, where the electronic 
excitations are probed as an ensemble, EELS allows probing 
the electronic excitations locally, and therefore, allows access 
to the chemical distribution of the microspheres. Thereby, the 
characteristic excitations of the eliminated polymer at 4.1  eV 
and of the polyradical up to 3.4 and at 5.5 eV can serve as spec-
tral fingerprints of the materials and allow their unambiguous 
identification.

In a first attempt to reveal the chemical distribution of 
the postmodified microspheres, we acquired EEL spectra 
(Figure 3a) from the center and the edge of the microspheres 
via a selective aperture, which restricts the acquisition area 
on the sample to a diameter of 350 nm (Figure 4a). To ensure 
probing the chemical distribution at the center of the micro-
spheres, we only acquired spectra from particle cross sections 
with a diameter close to or above the average diameter (cf. 
acquisition area mapping; Figure S18, Supporting Informa-
tion). No spectral differences between the edge and center exist 
in the initial microspheres. In the eliminated and polyradical 
microspheres, the intensities of the characteristic excitations at 
4.1 and 5.5  eV, respectively, slightly deviate between the edge 
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Figure 3.  EELS and UV–vis spectroscopy of the microspheres reveal characteristic optical excitations. a) Low-loss EEL spectra. To obtain a quantita-
tive comparison, the spectra are normalized over the integral of the volume plasmon peaks (10–50 eV energy loss). b) UV–vis (top) and EEL spectra 
(bottom) in the optical range. For this comparison, the zero-loss peaks of the EEL spectra are removed by an exponential fit (cf. Figures S19–S21, Sup-
porting Information). The gray energy regions indicate the energy windows for ESI (cf. Figure 5a) of the specific excitations of the eliminated (4 ± 0.4 eV) 
and polyradical polymer (3 and 5 ± 0.4 eV). The errors of the EEL spectra were calculated from the standard deviation from the average of ten (initial) 
or eight (eliminated and polyradical) spectra and are displayed as semi-transparent colored areas around the spectra.
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and the center. However, these minor deviations lie well within 
the error of the experiment. We therefore conclude that the 
eliminated and polyradical microspheres are basically homoge-
neous, opposing the assumption of a core–shell structure (refer 
to Figure 4b).

We support the finding of homogeneous microspheres 
by directly imaging their chemical distribution via ESI. For 
ESI, the spatial resolution is not limited by a selective aper-
ture and the corresponding projected acquisition area. Thus, 
even an extremely thin potential shell below the resolution 
limit of the aperture would be resolved. Figure 5a shows 
ESI and standard TEM bright-field images of binary micro-
sphere mixtures of polymerized and eliminated microspheres 
(Figure  5a, top row), as well as of eliminated and polyradical 
microspheres (Figure  5a, bottom row). The dark ring at the 
edge of the bright-field images is caused by the support film 
of the TEM grid. The microspheres themselves appear as dark 
ellipses within the brighter embedding EPON matrix. The 
elliptical shape is a result of the compression during ultra-
microtomy. The bright-field intensities of the three polymers 
appear to differ slightly (refer to Figure  5a first column), as 
the initial microspheres appear slightly brighter than the 
eliminated microspheres, which again appear slightly brighter 
than the polyradical microspheres. This bright-field contrast 
is most likely a result of the different densities of the initial, 
eliminated, and polyradical polymers. However, the observed 

density contrast barely allows us to distinguish the different 
microspheres and is far too subtle to identify the chemical dis-
tribution within one microsphere. Furthermore, the density 
contrast is superimposed by thickness variations, e.g., from 
ultramicrotomy artifacts (refer to Figure S22 in the Supporting 
Information), underpinning the necessity to utilize ESI to 
visualize the chemical distribution of the microspheres, as it 
relies on material-specific electronic excitations and allows us 
to mitigate thickness influences.

Similar to bright-field imaging, thickness variations influ-
ence the ESI intensities and can be falsely interpreted as a vari-
ation in chemical distribution.[21] To minimize these thickness 
contributions, we normalized the ESI images pixelwise over the 
integral of the ESI images in the volume plasmon range from 
10 to 40  eV energy loss (refer to Figure  3a). Interestingly, we 
observed an unexpected,[22] inverse intensity relation between 
thickness and ESI intensity for the eliminated and polyradical 
states. We explain this inverse intensity relation by the spe-
cial ratio between elastically and inelastically scattered elec-
trons at the given experimental conditions.[23] Please refer to 
Section S13b (Supporting Information) for more details.

From the EEL spectra we derived the ideal ESI energy win-
dows for imaging the microspheres at 3, 4, and 5  eV energy 
losses (Figure  3b). These energy windows result in peak ESI 
intensities for the polyradical microspheres at 3 and 5 eV, and 
peak ESI intensities for the eliminated microspheres at 4  eV 
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Figure 4.  Spatially resolved EELS reveals quasi-homogeneous microspheres. a) EELS at the center (solid lines) and at the edge of the particles (dashed 
lines). The inset illustrates the position of the selected sample area on the ultrathin section during EELS acquisition. Please refer to Figure S18 (Sup-
porting Information) for the exact positioning of the selected sample area for each spectrum. The errors of the EEL spectra were calculated from the 
standard deviation from the average of five (initial) or four (eliminated and polyradical) spectra and are displayed as semitransparent colored areas 
around the spectra. An arbitrary offset was applied to separate the spectra in the plot. b) Illustration of a possible chemical distribution and the observed 
quasi-homogeneous microspheres.
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(refer to Figure 5a). The initial microspheres display the lowest 
intensity at each of the selected energy windows. The direct 
imaging of the characteristic optical excitation via ESI confirms 
the homogeneous chemical distribution of the microspheres. 
The microspheres in all three states appear as homogeneous 
ellipses in the ESI images. In fact, a mild, barely perceivable 
intensity gradient is present in the eliminated and polyradical 
microspheres (cf. Figure  5b). However, this gradient shows 
only an intensity difference of maximal 5% between the edge 
and center of a relatively large microsphere with a diameter 
of 1.8 µm. Thus, the EELS results are confirmed, the expected 
core–shell structure is ruled out, and the microspheres can be 
regarded as homogeneous.

3. Discussion

3.1. Probing Chemical Distributions in the TEM

Herein, we have directly visualized the chemical distribution of 
photopolymerized and postfunctionalized microspheres with 
high spatial resolution and chemical sensitivity. The high chem-
ical sensitivity—mandated by the high chemical similarity of 
the initial polymer and its eliminated and polyradical adducts—
was achieved by utilizing the electron energy loss signal of 
characteristic optical excitations by EELS and ESI in the TEM. 
We used ultrasonic ultramicrotomy to prepare electron trans-
parent samples for TEM and access the inner chemical distri-
bution of the postfunctionalized microspheres. Ultramicrotomy 
is a well-established sample preparation technique in biology 
and medical research, and is recently more and more applied in 
materials science, especially for the visualization of micro- and 
nanoscale polymer structures.[24–26] For soft matter materials, a 
reactive metal staining (e.g., RuO4 or OsO4) is usually applied to 
generate contrast between the embedding medium and the var-
ious materials of interest. However, reactive staining is rather 
indirect and not suitable to visualize the chemical distribution 

accurately in the present edge case and spectroscopic informa-
tion was needed.

The most common spectroscopic methods in the TEM and 
scanning TEM (STEM) to visualize chemical distributions 
are energy-dispersive X-ray spectroscopy (EDS) and core loss 
EELS. Both methods rely on core ionization of the sample 
atoms and can, in principle, reach atomic resolution.[27–30] 
However, they rely on variations in elemental compositions, 
which makes them unsuitable for the material system studied 
here. Furthermore, atomic resolution can only be reached for 
crystalline, beam stable samples, and the signal-to-noise ratio 
(SNR) is inferior to low-loss EELS (energy loss <50 eV), espe-
cially for the light elements of polymeric materials. Low-loss 
EELS is dominated by the excitations of the valence electrons, 
of which the volume plasmon yields the strongest signal. As 
noted, the volume plasmon signal can be used to visualize the 
chemical distribution of low-contrast organic heterostructures 
with nanometer resolution,[18,21,31,32] which was not possible 
for the current material system due to near-identical volume 
plasmon excitations. At similar resolution, 4D STEM revealed 
the chemical distribution in a blend of comparable systems by 
utilizing the characteristic pair distribution functions of the 
mixed semiconductive polymer and fullerene derivate.[33] How-
ever, this seems not feasible for the present system with similar 
molecular structure of the initial, eliminated, and polyradical 
polymers. Overall, only the EELS signal of their characteristic 
optical excitations allowed an unambiguous identification and 
visualization of the compositionally and structurally similar 
materials.

EELS and ESI are frequently used to visualize the optical 
excitations of inorganic plasmonic structures with nanometer 
resolution.[34] For the organic materials at hand, the resolution 
is limited to the upper nanometer range by the unfavorable 
SNR rather than by the physical limits of the technique, as 
the characteristic excitations we use in our study vanish with 
increasing electron exposure. The unfavorable SNR is thus a 
result of the low signal intensity obtained when avoiding beam 
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Figure 5.  ESI of the characteristic excitations of the three different materials confirms quasi-homogeneous particles. a) Top row: ESI images of a mix 
of initial (orange dots) and eliminated (blue dots) microspheres. Bottom row: ESI images of a mix of eliminated (blue dots) and radical (purple dots) 
microspheres. Energy loss values indicate the three windows used for ESI (refer to Figure 3b). Deviations between the experimental ESI intensities from 
the EEL spectra expected intensities result from the slightly different experimental conditions chosen for both methods (refer to experimental details 
in Section S13c in the Supporting Information). The red arrows in the bright-field images indicate directions of cutting. Scale applies to all images. 
The purple frame indicates the line profile in (b). b) ESI intensity profile. The averaged intensity at the edge of the particle (solid red line) and the center 
of the particle (dashed red line) is 5% at a particle diameter of 1.8 µm.
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damage. In case higher resolution is required, cryo-TEM can 
retard beam damage of organic materials by a factor of 3–10 
and greatly enhance SNR, and thus, resolution.[35]

The large EELS intensities of the characteristic optical exci-
tations of the eliminated and polyradical microspheres indi-
cate a high conversion for the elimination and oxidation in the 
solid state. Yet, we cannot, at this point, conclude whether full 
conversion has been reached due to the potentially similar or 
overlapping excitations of the tree states. However, with exact 
knowledge of the optical excitations of the polymers, e.g., from 
computational studies, the spectra of the microspheres could, 
in principle, be deconvoluted and the conversions quantified.

Modern polymeric materials are critically progressing 
toward complex multifunctionalities and insoluble polymer 
networks with controllable properties as well as precise nano
morphologies.[36–38] Thus, standard analytical methods, such 
as UV–vis, mass spectrometry, NMR, and IR, must be com-
plemented by microscopy methods with spatial resolution in 
the nanometer range and high chemical sensitivity. Therefore, 
the role of EELS,[39] tip-enhanced spectroscopy,[40,41] and optical 
super-resolution microscopy[42] will drastically increase in 
polymer science, as these methods allow visualization of chem-
ical distributions at the micro- and nanoscale based on optical, 
IR, or fluorescence signals.

3.2. Photopolymer-Based Stable Neutral Radicals Promise New 
Applications for Polyradicals

The initial microspheres were synthesized by a Diels–Alder 
cycloaddition in dispersed media. This light-induced two-
component photopolymerization leads to direct precipitation of 
microspheres without any additives, surfactants, initiators, or 
heating. Our simple synthesis at mild conditions circumvents 
typical disadvantages of classic thermal particle synthesis. Fur-
thermore, modification of the backbone or via binding to residual 
reactive groups at the microsphere surface makes a wide range 
of functionalizations accessible.[9] Herein, we expand this range 
by introducing a stable neutral radical into the polymer backbone 
to form a paramagnetic polyradical. Polyradicals promise appli-
cation in data storage,[43] organic photovoltaics,[44] batteries,[45,46] 
and spintronics.[47] An application of the system, at hand, for 
organic batteries seems plausible due to the π-conjugated radical 
in the backbone and the bandgap of 1.7 eV (determined from the 
onset of the background subtracted EELS in Figure 3b). Further-
more, the photosynthetic approach as well as the easy synthesis 
and functionalization of magnetic microspheres promise for 
polyradicals yet unexplored applications.

Magnetic particles are used for the concentration and 
removal of compounds,[48–50] pollutants,[51] or bacteria and 
cells[52,53] in liquid media by magnetic separation. A tailored 
surface functionalization of the inorganic or polymeric particles 
allows them to selectively bind the target, while incorporated 
super-paramagnetic iron oxide nanoparticles enable magnetic 
separation. The incorporation of the super-paramagnetic iron 
oxide nanoparticles into the magnetic particles requires, how-
ever, complex and highly controlled multistep syntheses. In the 
polyradical material, at hand, paramagnetism is inherent to the 
stable neutral radical in the backbone.

Furthermore, the photochemical-based synthesis of the 
material system offers the potential to utilize the system in 
light printing and direct laser writing.[54] Especially, the latter 
will open interesting applications in micromechanics and even 
metamaterials with magnetic stimulus.

Despite the analytical challenges imposed by the beam sen-
sitivity and chemical similarity of the initial, eliminated, and 
polyradical polymers, we were able to evidence homogeneous 
microspheres and a high conversion to the polyradical. This is 
especially surprising, as the elimination of the OH-groups cre-
ates a highly hydrophobic polymer, which limits the diffusion 
of the hydrophilic p-TsOH into the microspheres even further. 
Possible, yet to investigate, explanations for these unexpected 
results are an undiscovered porosity, which is not obvious from 
the EM images, residual solvent content of the microspheres, 
and a hopping mechanism of the elimination and oxidation 
reactions. Finding homogeneous microspheres instead of the 
expected core–shell structures raises the interesting question 
of how much our previously demonstrated fluorescent func-
tionalization[9] affects the volume of the microspheres. Overall, 
the unexpected result of homogeneous microspheres is a vital 
proof for the applicability of the material system, as even rela-
tively large micrometer-sized structures can be functionalized 
efficiently throughout. Furthermore, the combination of ultra-
microtomy with EELS and ESI will allow us in the future to 
optimize the functionalization conditions for differently sized 
microspheres and structures from direct laser writing.

4. Conclusions

We demonstrate that EELS and ESI can be applied to directly 
visualize the chemical distribution in polymeric microspheres 
even for highly similar, beam-sensitive organic materials. 
Herein, three different polymeric materials derived from a 
Diels–Alder photopolymerization and a two-step postfunction-
alization, i.e., elimination and oxidation, were distinguished 
by their characteristic optical excitations in the low-energy-loss 
region of EELS and ESI. To the best of our knowledge, our 
study constitutes the first example where electron analytical 
imaging was used to distinguish organic functional materials 
with almost identical chemical composition and structure. In 
previous works, similar electron analytical imaging was mainly 
used for materials of very different chemical composition or 
structure, e.g., organic solar cells consisting of different mate-
rial classes such as semiconducting polymers blended with 
fullerene derivatives or small molecules.

Our analysis of the solid-state postfunctionalization unex-
pectedly showed chemically homogeneous microstructures for 
both functionalization reactions, elimination and oxidation. 
Our findings pose key questions, in particular how the reactants 
penetrate the solid materials. We anticipate that coupling ana-
lytical imaging and low-loss EELS with deeper knowledge about 
the nature of the optical excitations will allow us to quantify 
reaction yields by signal deconvolution or the simulation of EEL 
spectra. Yet, even without quantification, the time-dependent 
development of the characteristic optical excitations promises 
unprecedented insights into the underlying mechanism of the 
unexpected homogeneous functionalization.

Adv. Mater. 2023, 35, 2211074
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Besides these interesting findings regarding the basic 
chemistry, our material system itself opens key avenues for 
polymeric microspheres and the manufacturing of functional 
micro- and nanostructures. Advancing the presented synthetic 
platform toward precursor materials for other light-based man-
ufacturing schemes, the postfunctionalization grants access 
to complex microstructures for magnetic metamaterials and 
micromechanics.

5. Experimental Section
For experimental details, refer to the Supporting Information sections.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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