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1. Introduction

Spin-crossover (SCO) molecular-based switches have shown promise across a

range of applications since their discovery, including sensing, information
storage, actuators, and displays. Yet limited processability remains a barrier to

The dynamic interplay between low-spin
(LS) and high-spin (HS) configurations in
spin-crossover (SCO) materials is one of the

their real-world implementation, as traditional methods for integrating SCO
materials into polymer matrices are often complex, expensive, and prone to
producing uneven material distributions. Herein, we demonstrate how 3D
flow-focusing chemistry enables unprecedented control for the direct
fabrication of SCO composite materials, addressing key challenges in
processability, scalability, and cost. By using a 3D coaxial flow-focusing
microfluidic device, we simultaneously synthesize [Fe(Htrz), (trz)](BF,) and
achieve its homogeneous incorporation into alginate fibers in a continuous
manner. The device’s versatility allows for precise manipulation of the
reaction-diffusion (RD) zone, resulting in SCO composite fibers with tunable
physicochemical and magnetic properties. Additionally, we demonstrate the
ability to isolate these fibers as freestanding architectures and highlight the
potential for printing them with defined shapes. Finally, we show that

the 3D control of the RD zone granted by continuous flow microfluidic
devices offers precise spatiotemporal control over the distribution of SCO

most remarkable phenomena in molecular
magnetic switches. This bistability—
induced by temperature, pressure, light, or
guest molecules!'™ —originates from an
electron redistribution between molecular
orbitals, giving rise to pronounced changes
in magnetic, optical, mechanical, and
structural properties. These rich physico-
chemical signatures endow SCO materials
with exceptional multifunctionality and
readout versatility, positioning them as
prime candidates for advanced applica-
tions including magnetic memories,’]
sensors,l®’] actuators,’® and displays.!”]

Despite their immense potential, the
technological translation of SCO ma-
terials remains severely constrained by

complexes within the fibers, effectively encoding SCO materials
into them. SCO-encoded fibers can seamlessly combine adaptability and
functionality, offering innovative solutions for application-specific

customization.

the formidable challenge of processing
them directly onto surfaces or integrating
them into processable matrices. Tradi-
tional approaches like chemical vapor
deposition (CVD)!! are constrained by
the thermal fragility of SCO complexes,
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while wet-grafting or layer-by-layer assembly methods are labori-
ous, limited to few-layer thin films, and their scalability for cov-
ering larger surfaces remains uncertain.[!'1*] Recent strategies
have shifted toward in situ processing on nanostructured sup-
ports such as 2D materials!* or Au nanoparticles (NPs),[*°] re-
vealing intriguing interfacial synergies, such as strain-induced
phase transitions in MoS,!**! or enhanced electrical outputs on
Au.l'I Nonetheless, while feasible, this direct processing usually
yields small amounts of material, limiting their scalability.!'”]

To circumvent traditional methods, where a tradeoff be-
tween scalability and processability is faced, SCO materials have
been integrated with a variety of processable fibrous materi-
als, such as cellulose,®®! chitosan, and alginate.['2% Produc-
ing such hybrid composites has largely relied on diverse proto-
cols that involve mixing solutions (or suspensions) of their two
components(!®33] or dispersing previously synthesized SCO par-
ticles in the polymer.!®3**"] However, these uncontrollable, non-
optimized, and often multistep methods lead to an inhomoge-
neous particle distribution within the polymer matrix. Therefore,
further efforts are needed to develop robust and scalable method-
ologies that can simultaneously enable: i) the fabrication of SCO
composite materials via the integration of SCO compounds onto
a polymer matrix in a rapid, controllable, reproducible, and di-
rect way, ii) the tuning of the magnetic properties of the SCO
composite materials through simple modifications on the fabri-
cation parameters, and iii) the production of freestanding SCO
composite architectures.

Microfluidic techniques offer an elegant solution to these chal-
lenges. Operating in the low Reynolds number regime, microflu-
idic systems enable exquisite control over reaction-diffusion (RD)
processes—dictating when, where, and how reaction compo-
nents interact simply by tuning flow conditions.!*8#! This con-
trol has been demonstrated to be paramount for obtaining ma-
terials with unprecedented physicochemical properties.[**2] For
instance, recently, some of us harnessed this capability to ac-
cess a non-equilibrium crystalline phase of the canonical iron-
triazole [Fe(Htrz), (trz)](BF,) coordination polymer, which exhib-
ited a markedly distinct spin-transition behavior compared to
its bulk-synthesized counterpart.l>3] Beyond pathway control, mi-
crofluidic systems offer untapped potential for embedding func-
tional materials within freestanding polymeric matrices in a re-
producible and scalable manner.>*! Yet, despite all these possibil-
ities, microfluidic methodologies remain largely underexplored
for the fabrication of SCO-polymer composite architectures.
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Herein, we leverage a microfluidic approach that provides 3D
control over an RD zone, enabling the continuous and repro-
ducible fabrication of SCO composite fibers via the in situ syn-
thesis and integration of the well-known iron-triazole complex
[Fe(Htrz), (trz)](BF,)!* within a polymeric matrix. Taking advan-
tage of the advanced design of the microfluidic chip, we mod-
ify different reaction parameters—including the injection posi-
tion of the chemical precursors and their relative flow rates (con-
trolled by the flow rate ratio, FRR)—to fine-tune the RD zone and
achieve SCO composite fibers with tailored physicochemical and
magnetic properties. Moreover, we explore the potential for creat-
ing freestanding architectures and for printing complex geome-
tries. Finally, we demonstrate how further advancements in chip
design offer spatiotemporal control over the SCO complex dis-
tribution within the fiber matrix, expanding the possibilities for
application-specific customization.

2. Results and Discussion

Precisely controlling RD processes in microfluidic devices en-
ables unconventional reaction pathways in material synthesis.
This control facilitates the generation of unprecedented out-of-
equilibrium crystal habits and compounds with unique physic-
ochemical properties that differ significantly from those pro-
duced through conventional turbulent mixing.[*$4%5¢-58] Building
on this understanding, and before exploring into the formation
of the SCO composite fibers, we first evaluated how the continu-
ous flow microfluidic device operating with 3D control over the
RD zone can affect the physicochemical properties of the SCO
complex, compared to its bulk counterpart generated under tur-
bulent conditions.[>! To this end, we carried out the synthesis of
[Fe(Htrz), (trz)|BF, without the polymeric matrix in the 3D coax-
ial flow-focusing microfluidic device.

The microfluidic device consists of three-inlet channels—one
central channel (inlet 1) for the central flow and two side chan-
nels (inlets 2 and inlet 3) for the sheath flows—and one outlet
where the product is released (Figure 1a; Figure S1a, Supporting
Information). This inlet configuration facilitates a coaxial inte-
gration of the central flow within the sheath flows and a concen-
tric arrangement of the RD zone at the liquid-liquid interface
between the central flow and the sheath flow (Figure 1b). This
flow configuration can enable precise control over reagent diffu-
sion along the main microfluidic channel by adjusting the FRR
(FRR = sheath flow rate /central flow rate). The validity of this
approach is demonstrated using numerical simulations (see Sec-
tion S2, Supporting Information).

Owing to the flow configuration, two distinct materials termed
“Class I particles,” and “Class II particles” were prepared, de-
pending on the injection position of the chemical precursors
(Figure 1d,e; Figure S2 and Table S1, Supporting Information).
Class I particles were synthesized using a total flow rate (TFR,
sum of all flow rates) of 750 uL min~! and a FRR of 4 by in-
jecting an ethanolic solution of Fe(BF,), (0.4 M) in the side in-
let channels at a flow rate of 300 uL min~! and an aqueous so-
lution of Htrz (2 m) in the central inlet channel at a flow rate of
150 uL min~!. Meanwhile, Class I1 particles were generated keep-
ing the TFR and FRR constant but switching the injection posi-
tion of the precursors. Thus, the Htrz solution was injected into
the side inlet channels at a flow rate of 300 uL min~, while the
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Figure 1. a) Schematic representation of the 3D flow-focusing microfluidic device. b) Illustration of the gradual development of the RD zone, which
takes place downstream along the main microfluidic channel. c) Photograph of the microfluidic device while generating SCO composite fiber to print a
flower pattern—scale bar: 10 mm. d) lllustration of the two solutions used to generate the SCO composite fibers. Solution A is a mixture of 1,2,4-triazole
(Htrz) and sodium alginate in water, while solution B is the ethanolic solution of iron(l1) tetrafluoroborate (Fe(BF,),). €) lllustrations showing the flow
configurations to generate the two types of SCO composite fibers. For Class | fibers, solution A is flowed through the central inlet, while solution B is
introduced through the side inlets. In contrast, Class Il fibers are generated by flowing solution B through the central inlet and solution A through the

side ones.

Fe(BF,), solution was introduced through the central inlet chan-
nel at a flow rate of 150 uL min~'. By changing the position of the
reagents while keeping the other parameters (TFR and FRR) con-
stant, we expected to see important physicochemical differences
in the formation of the [Fe(Htrz), (trz)|BF, particles owing to the
different concentration profiles and radial diffusion of the chem-
ical precursors inside the microfluidic device (Figures S25 and
S$26, Supporting Information). The TFR and FRR values used in
these syntheses were optimized to grow the RD zone within the
main microfluidic channel as fast as possible to maximize the re-
action time (Figure S27, Supporting Information), while simul-
taneously enabling the large-scale production of SCO particles at
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industrially relevant quantities (~ 8 g/day in a single device, Table
S2, Supporting Information).>! It is important to note that too
low TFR and FRR can cause clogging of the microfluidic device,
whereas too high TFR and FRR will shorten the RD zone (Figure
S27, Supporting Information), reducing the continuous produc-
tion of SCO particles and the time available for the proper stoi-
chiometric formation of the SCO complex (see, Section S2 and
Table S2, Supporting Information).

Regardless of the class of the particles being formed, the
[Fe(Htrz), (trz)]BF, materials were isolated from the microflu-
idic device as solid particles with a purple hue. We evaluated the
morphology and size of Class I and II particles using scanning
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electron microscopy (SEM). Clear morphological differences be-
come apparent when comparing the two configurations: Class
I particles exhibit a rod-like shape with an average diameter of
293 nm, whereas Class II particles display both spherical and
elongated shapes with a smaller average size of 195 nm (Figure
S3, Supporting Information).

To explain these differences, it is essential to consider several
aspects. First, the diffusion coefficient of Fe(II) is approximately
half that of Htrz (Table S6, Supporting Information). This means
that, regardless of the FRR and precursor injection position (cen-
tral or side), Htrz will diffuse throughout the entire cross-section
of the channel, while Fe(II), due to its lower diffusion coefficient,
will only do so when it acts as the focusing flow or when it is
weakly focused (see numerical simulation results in, Section S2
and Figure S26, Supporting Information). The second key fac-
tor is that the flow configuration controls the relative amounts
of each reagent introduced. For instance, at a FRR of 4, the mo-
lar flow (flow rate multiplied by concentration) of Fe(II) injected
into the channel differs drastically from one class to the other—
0.00024 mol min~" in Class I versus 0.00006 mol min~! in Class
11, i.e., a 4-fold difference. Thus, depending on the conditions,
Fe(II) may be either in excess or in deficit of Htrz (and vice
versa), relative to the stoichiometric 1:3 Fe:Htrz ratio required
for the formation of the SCO complex. Furthermore, taking the
aspects of diffusion and stoichiometry into account, the diffusion
of precursors within the main channel can still result in a non-
stoichiometric distribution within the RD zone even with the pre-
cursor solutions injected at the correct stoichiometric ratio, po-
tentially hindering the proper formation of SCO particles if Fe(II)
does not diffuse sufficiently.

Based on these considerations and the SEM images, we con-
clude the following: in Class I particle synthesis, an excess of
Fe(II) in the main channel, along with an RD zone that spans
the entire channel (Figures S27, S28 and S30, Supporting In-
formation), facilitates continuous particle formation and larger
particle growth. In contrast, Class II particle formation involves
introducing a twenty-fold excess of Htrz (the focusing flow or
sheath flow) relative to Fe(Il) into the channel. This configura-
tion creates an RD zone confined to the region where Fe(II) dif-
fuses (Figures S27, S29, and S30, Supporting Information). Al-
though the restricted RD zone theoretically facilitates stoichio-
metric balance within its boundaries, the significantly low avail-
ability of Fe(II) ultimately limits particle growth. As a result, the
particles formed in Class II are smaller than those in Class I. In
terms of morphology, an excess of Fe(II) in Class I appears to pro-
mote the formation of rod-shaped particles, whereas a deficiency
in Fe(II) leads to incomplete rod shaping, resulting in rounded
particles. To the best of our knowledge, rod-shaped structures
are the preferred morphology during [Fe(Htrz), (trz)]BF, synthe-
sis across various synthetic techniques,!®*%] although nanocubes
can also be achieved under specific conditions.[®?) Thus, we at-
tribute the incomplete shaping in Class II particles to insufficient
Fe(II) availability.

Following the initial particle morphology assessment, we ex-
amined the crystalline structure of Class I, Class II, and bulk-
synthesized particles using powder X-ray diffraction (PXRD) at
room temperature (Figure S5a, Supporting Information). While
both systems exhibit low crystallinity, comparing Class I and II
particles with bulk [Fe(Htrz), (trz)]BF, (pure polymorph I) reveals
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notable differences. In bulk samples, there is an almost defined
double peak and a well-defined triple peak at 26 ~ 11° and 25°,
respectively. In contrast, Class I particles display a single peak
and a less distinct triple peak within the same 260 range, suggest-
ing that they crystallize as a mixture of polymorphs I and II, with
polymorph II as the predominant phase. Conversely, Class II par-
ticles show a well-defined double peak and triple peak in the 260
range, though the peak ratio for the double peak differs signifi-
cantly from that of the bulk sample. This observation indicates a
mixture of polymorphs I and II, with polymorph I as the major
component in Class II particles. The occurrence of mixed-phase
[Fe(Htrz), (trz)|BF, is not novel and has been observed to arise
when the material is downscaled under conditions that differ
significantly from the original synthetic methods used for bulk
production,®®! as reported by others.[6061.63]

The magnetic properties of Class I and II particles were de-
termined using temperature-dependent magnetic susceptibility
measurements (Table S3 and Figure S6, Supporting Informa-
tion). Both Class I and II particles show slightly different mag-
netic behaviors in the yT versus T measurements (y being the
mass paramagnetic susceptibility) after the first heating/cooling
cycle. While both Class I and II particles display abrupt hysteretic
thermal transitions, their SCO switching temperature, T, ,, in
the heating and cooling modes, are slightly shifted and the HS
fraction at low temperature is higher for Class I particles. More-
over, the hysteresis width (AT) varies between the two classes,
measuring 25 K for Class I and 29 K for Class II, compared to
a AT of 40 K observed for bulk [Fe(Htrz),(trz)|BF, (Figure S7,
Supporting Information). We associate all these differences in
magnetism to the different mixtures of polymorphs found in the
particles, as similar behaviors have been observed in other mixed
phase [Fe(Htrz), (trz)]BF, compounds.!®! Furthermore, the mag-
netic behavior of Class I and II particles, which is intermediate
between that of [Fe(Htrz), (trz)]BF, polymorphs I and 11> fur-
ther supports our hypothesis regarding the formation of mixed-
phase compounds.

After assessing the physicochemical properties of Class I and
II [Fe(Htrz), (trz)|BF, particles, we further explored the capabil-
ities of the 3D coaxial flow-focusing microfluidic device for the
one-pot production of SCO composite fibers, achieving in situ
formation of both the SCO particles and the fiber matrix. We
selected sodium alginate as a polymer matrix precursor due to
its natural origin and capacity to polymerize into fibers upon in-
teraction with cations.l®! SCO composite fibers generation was
achieved by flowing an aqueous solution of sodium alginate
(0.75% w/v) and Htrz (2 M) with an ethanolic solution of Fe(BF,),
(0.4 M) through the main reaction channel. As in the synthe-
sis of Class I and II particles, the device configuration allows
for the production of two distinct types of fibers—Class I and
Class II fibers (Figure 1e; Figure S8, Supporting Information)—
depending on the injection position of the SCO composite fiber
precursors. Here, due to the nearly null diffusion coefficient of
alginate (see Table S6, Supporting Information) and the distinct
viscosities of the two precursor solutions, we expect the less vis-
cous precursor solution (i.e., the ethanolic solution of Fe(BF,),)
to occupy a smaller cross-section of the main microfluidic
channel.

Numerical simulations of the flow and mass transport of these
solutions in our device confirmed this hypothesis (see Simulation
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section S2, Supporting Information). Interestingly, the simula-
tions revealed that for FRRs 0f 0.5, 4, and 9, the size of the focused
stream depends on which precursor solution is injected through
the central inlet 1, and thus, on whether Class I or Class II fibers
are fabricated. Specifically, the simulation results show that for
the same FRR, a more focused central stream is achieved when
fabricating Class II fibers, as the less viscous ethanolic precursor
solution is introduced through inlet 1 (Figure S31, Supporting
Information). In sharp contrast, a less focused central stream oc-
curs during the fabrication of Class I fibers, where the more vis-
cous aqueous solution of sodium alginate and Htrz is introduced
through inlet 1 (Figure S31, Supporting Information).

To elucidate how these changes in flow and mass transport
during the 3D flow-focusing of the precursor solutions influ-
ence the formation of SCO composite fibers and their resulting
magnetic properties, we conducted a series of experiments vary-
ing the FRR (0.5, 4, and 9) while keeping the TFR constant at
750 puL min~! for each fiber type (see Table S1, Supporting In-
formation for further experimental details). When the ethanolic
solution of Fe(BF,), was introduced through the side inlets and
the aqueous alginate/Htrz solution through the central inlet, we
obtained robust, solid fibers with a pink hue (Class I fibers). Con-
versely, injecting the Fe(BF,), solution through the central inlet
and the alginate/Htrz solution through the side inlets produced
darker composite fibers (Class II fibers). Further experimental
details are provided in Table S1 (Supporting Information).

To investigate the macro- and microscopic changes induced
by varying precursor injection sites and FRRs, we examined
the fibers using SEM. At low magnification, Class I and
II fibers are readily distinguishable. Class I fibers exhibit a
smooth surface that is slightly rougher than that of pure algi-
nate fibers crosslinked with the ethanolic solution of Fe(BF,),
(Figure S15, Supporting Information). Notably, the surface of
Class 1 fibers becomes progressively uniform as FRR increases
(Figure 2a,c,e). In contrast, Class II fibers exhibit a wrinkled sur-
face with folds that become more pronounced with increasing
FRR (Figure 2g,i k). The distinct morphologies observed between
Class I and II fibers can be attributed to two key factors: the spe-
cific flow configurations and the selective diffusion behavior of
Fe(II) ions, which readily diffuse into the alginate solution, while
the alginate does not diffuse back into the Fe(II) ethanolic solu-
tion (see, Section S2 and Table S6, Supporting Information).

In Class I fibers (with Fe(BF,), in the sheath flows and al-
ginate/Htrz in the central flow), fiber growth initiates as Fe(II)
ions diffuse from the sheath flow into the central flow, forming
a fiber that develops from the Fe(BF,),-alginate interface toward
the center of the channel (Figures S32-S34, S38 and S40, Sup-
porting Information). At a FRR of 0.5, numerical simulation re-
sults indicate that due to their lower diffusion coefficient, Fe(II)
ions do not fully diffuse to the center of the main channel, likely
resulting in hollow fiber formation (Figure S42a, Supporting In-
formation). Increasing the FRR focuses the central flow, produc-
ing solid fibers with reduced diameters, as Fe(II) ions have to
diffuse shorter distances to reach the center of the microfluidic
channel and occupy its entire cross-section (Figure S42b,c, Sup-
porting Information).

In Class II fibers (with alginate/Htrz in the sheath flows and
Fe(BF,), in the central flow), the diffusion pattern promotes out-
ward fiber growth from the alginate-Fe(BF,), interface (Figures
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S35-S37, S39 and S41, Supporting Information). Our simulation
results suggest that this outward growth leads to hollow fiber
formation at all FRRs (Figure S42d-f, Supporting Information).
However, at higher FRRs, the flow focusing of the central flow
results in thinner fiber walls, as Fe(II) ions have to diffuse longer
distances to reach the main channel walls and are not able to
do so over the whole length of the main channel. Upon viewing
the morphology of the fibers in conjunction with the simulation
results, it becomes evident that limited Fe(II) diffusion leads to
highly wrinkled surfaces in Class II fibers prepared at FRRs of 4
and 9 due to their thinner walls, while Class I and II fibers pre-
pared at a FRR of 0.5 exhibit less wrinkling and reduced folding,
owing to their thicker walls formed in the widespread presence
of Fe(II).

High-magnification SEM images support these observations
and provide valuable insights into SCO particle formation on the
alginate matrix. It should be noted that the following analysis of
particle size and shape will remain qualitative, as attempts to dis-
solve the fiber matrix to isolate the SCO particles consistently re-
sulted in SCO particle dissolution, preventing a quantitative as-
sessment.

In Class I fibers, high magnification images (Figure 2b,d.f)
reveal particulates with undefined shapes homogeneously dis-
tributed on the fiber surface as well as in the core of the fiber
(Figures S9 and S11, Supporting Information). However, our
simulations predict that, due to the rapid outward diffusion of
Htrz from the central to the sheath flow, SCO particles can also
form outside the fiber matrix through reaction with Fe(BF,),
(Figure S40, Supporting Information), which go into the waste
solution after fiber isolation. Particle size on the fiber matrix pro-
gressively decreases with increasing FRR. This behavior is sup-
ported by numerical simulations, which reveal that the width of
the RD zone at the end of the reaction channel decreases from
~400 pm at a FRR of 0.5 to ~250 um at a FRR of 9 (Figures
S42-S44, Supporting Information), due to flow focusing. Such
decrease in the RD zone limits mixing, and particle growth at
higher FRRs, a phenomenon that we also observed during the
microfluidic synthesis of covalent organic frameworks and lay-
ered double hydroxides.[¢>:¢]

In Class II fibers, high magnification images confirm the for-
mation of hollow fibers with SCO particles displaying undefined
shapes (Figure 2h,j,l; Figures S10 and S12, Supporting Informa-
tion). Notably, the SCO particles are homogeneously generated
on the inner and within the walls of the alginate fiber, with no
particles observed on the outer walls (Figures S10 and S12, Sup-
porting Information). This distribution aligns with the flow con-
figuration and the numerical simulation results, which predicted
particle formation predominantly within the fiber matrix and on
the inner surface of the hollow fiber (Figures S41-S43, Support-
ing Information). In contrast to Class I fibers, the size of the
SCO nanoparticles within the polymer matrix in Class II fibers
shows minimal variation between FRRs. The invariability in par-
ticle size can be attributed to several factors, including the limited
presence of Fe(II) in the main channel as the FRR increases and
the sustained width of the RD zone. At a FRR of 0.5, the Fe(II) in-
jected into the main channel (1:2.5 Fe:Htrz) is slightly above the
theoretical stoichiometric amount (1:3 Fe:Htrz) required to form
[Fe(Htrz), (trz)]BF, (Table S1, Supporting Information). How-
ever, Fe(Il) is also consumed by sodium alginate in the fiber
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Figure 2. SEM images of all the SCO composite fibers synthesized with different conditions. Class | fibers—a,b) FRR 0.5, c,d) FRR 4, e,f) FRR 9. Class
Il fibers—g,h) FRR 0.5, i,j) FRR 4, k,I) FRR 9. Note: (b,d,f) are the SEM images focusing on the outer shell of Class | fibers, while (h,j,) are the images
focusing on the hollow core of Class Il fibers. m,0) PXRD spectra of Class | and Il fibers generated at different FRR, respectively. n,p) Thermal behavior
of the magnetic susceptibility (¥T) of Class I and Il fibers compared with that of the bulk [Fe(Htrz), (trz)]BF,, respectively.

formation process, likely leading to an iron concentration be-
low the stoichiometric threshold. Additionally, while the diffu-
sion coefficient of Fe(II) is relatively small (Table S6, Supporting
Information), the flow configuration allows the outer diffusion
of Fe(Il) to reach the channel walls, resulting in a large RD zone
(Figures S41g and S43d, Supporting Information). Therefore, at
a FRR of 0.5 in Class II fibers, the consumption of Fe(II) in the
large RD zone can likely bottleneck the [Fe(Htrz), (trz)|BF, forma-
tion and growth. At higher FRRs of 4 and 9, the insufficient Fe(II)
injected in the main channel (1:20 and 1:45 Fe:Htrz) becomes the
limiting factor, as [Fe(Htrz), (trz)|BF, cannot grow larger. Further-
more, the small diffusion coefficient of Fe(I) results in a similar
width of the RD zone at these FRRs (Figures S42-S44, Support-
ing Information), consistent with the similarity in particle sizes.
Consequently, in Class II fibers, the limited Fe(II) injection com-
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bined with the RD zone dimensions leads to particles of similar
size across the different FRRs. These effects are not observed in
Class I fibers due to the excess Fe(II) provided to the microfluidic
device at higher FRRs of 4 and 9 (1:1.25 and 1:0.5 Fe:Htrz), allow-
ing consistent formation of [Fe(Htrz), (trz)|BF,. Here, however,
the reduction of the RD zone becomes the limiting growth factor
as explained above. At a low FRR of 0.5, although the amount of
Fe(I) is very low (1:10 Fe:Htrz), the limited diffusion of Fe(Il)
plays in its favor by constraining the RD zone and leaving a sig-
nificant amount of unreacted Htrz toward the center of the mi-
crofluidic channel (Figures S40g and S43a, Supporting Informa-
tion), effectively balancing the reagent stoichiometry within the
RD zone and enabling particle growth.

To complement the characterization, we assessed the chem-
ical composition of pure alginate fibers crosslinked with the

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWIWOD SA e8I 3|(dedl|dde auy Ag peusenob ase sejolie VO ‘85N JO Sa|n. 10j ARl 8UIUO AB|IA LD (SUOTHPUOD-PUR-SLLIBY WO A8 | Im" ARe.d1jBul 1 [UO//:SdhL) SUORIPUOD pue SWLl | 8u 88 *[5202/90/ST] uo Akeiqiauliuo A(Im ‘(-ouleAnde ) aqnopesy Aq 26102202 BUIPe/Z00T OT/I0P/W0 A8 im Afe.d 1 jpul JUO"pedUeApe// Sty Wo.j pepeojumod ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

ethanolic solution of Fe(BF,), and Class I and II fibers us-
ing energy-dispersive X-ray spectroscopy (EDX). The spectra ac-
quired is consistent with the expected composition of the SCO
composite fibers and confirm the presence of C, O, Fe, and N,
(Figures S13 and S14, Supporting Information). In contrast, N
was not detected in the pure alginate fibers (Figure S15, Support-
ing Information).

We also conducted a thorough PXRD analysis (Figure 2m,0)
to gain insight into the crystalline nature of Class I and II fibers.
Both fiber classes, across all FRRs, exhibit low crystallinity and
display broad peaks at lower 260 ~ 11°. This limited crystallinity
along with the impurities from Htrz in some of the samples (see
below) make it challenging to discern whether polymorph I or
I1 of [Fe(Htrz), (trz)|BF, has been obtained.l®!) However, as with
the synthesis of SCO particles, the definition and peak ratio of
the double peak at 26 =~ 11° can be an acceptable indicator of the
major presence of one of the two polymorphs. Thus, we conclude
that the SCO composite fibers are a mixture of [Fe(Htrz), (trz)|BF,
polymorphs I and ILI°! Furthermore, even with the low crys-
tallinity presented by Class I and II fibers across the different
FRRs, some curious trends can be observed.

In Class I fibers, a progressive shift from a phase mixture con-
taining more polymorph I to a different phase mixture containing
more polymorph II can be seen as the FRR increases from 0.5 to
9 (Figure 2m). This is evidenced by the main double peak at 26 ~
11°, which gradually evolves into a single broad peak, signaling a
shift toward a phase mixture containing more polymorph I1.16!]
In addition, as the FRR increases from 4 to 9, the triple peak at
20 =~ 25° diminishes and eventually forms a double peak, further
indicating this polymorphic transition. Interestingly, this transi-
tion is observed exclusively in Class I fibers prepared at FRRs of
4 and 9—the only samples in which Fe(II) is present above the
stoichiometric ratio relative to Htrz. This suggests that the Htrz
shortage results in a [Fe(Htrz), (trz)]BF, phase mixture with an
increased proportion of polymorph II, supporting our previous
observation in the SCO particles. On the other hand, such evolu-
tion is not noticed in the main double peak at 26 ~ 11° for Class
IT fibers across all FRRs, suggesting that in all these fibers the ex-
cess of Htrz induces the formation of a phase mixture containing
more polymorph I (Figure 20).

To explain the Htrz impurities in the fibers at different FRRs,
we analyzed each case individually. In Class I fiber prepared with
a FRR of 0.5, the presence of crystalline Htrz is clear (Figure 2m;
Figure S5b, Supporting Information). We attribute this impurity
to the shortage of Fe(II) ions provided to the system coupled with
their limited diffusion from the sheath to the central flow, as dis-
cussed in the morphological analysis of the fiber and supported
by our simulations for Class I fibers (Figures S40 and S43, Sup-
porting Information). This results in unreacted Htrz that crystal-
lizes within the fiber. At higher FRRs of 4 and 9, the excess of
Fe(II) ions supplied to the microfluidic device fully diffuse from
the sheath to the central flow, enabling a complete reaction with
Htrz and leading to a diffractogram free of Htrz impurities.

In contrast, Class II fibers show the opposite trend. PXRD pat-
terns of Class II fibers obtained at higher FRRs of 4 and 9 indicate
the presence of residual Htrz, whereas at a lower FRR of 0.5, the
diffractogram shows pure [Fe(Htrz), (trz)|BF, (Figure 20; Figure
S5b, Supporting Information). This observation aligns with our
simulation results and previous discussion (Figures S41 and S43,
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Supporting Information), though with an inverse rationale to that
of Class I fibers. At a low FRR of 0.5, the Fe(Il) ions supplied to
the microfluidic device diffuse completely across the sheath flow,
occupying the entire cross-section of the device and allowing full
reaction with Htrz. Conversely, at FRRs of 4 and 9, the insuffi-
cient availability of Fe(II) ions results in unreacted Htrz within
the fibers.

Following the basic physicochemical characterization, we ex-
amined the magnetic properties of the SCO composite fibers by
means of temperature-dependent magnetic susceptibility mea-
surements (Figure 2n,p). Before beginning the discussion, it
is important to clarify that the magnetic properties presented
here correspond to the second heating-cooling cycle, as Class
I and II fibers suffer from a shrinking of the magnetic hys-
teresis after the first cycle. This shrinkage is not new in this
family of [Fe(Htrz),(trz)|BF, compounds and has been ob-
served in the polymorph II of bulk [Fe(Htrz),(trz)]BF, and
[Fe(Htrz), (trz)|BF, nanoparticles obtained using micelles as con-
fined reactors.[>>>%7] In general, such changes have been associ-
ated with an irreversible transition from a metastable to a stable
crystalline phase upon heating the sample.l®7% For the first to
third magnetic thermal cycles, we refer the reader to Figure S16
(Supporting Information).

The y T versus T curves (y being the mass paramagnetic sus-
ceptibility) for Class I and II fibers exhibit an abrupt hysteretic
transition, similar to the behavior displayed by Class I and II par-
ticles (Figure 2n,p; Figure S17 and Table S4, Supporting Informa-
tion). The hysteresis loop is significantly reduced in comparison
to bulk [Fe(Htrz), (trz)]BF, polymorph I (Figure S7, Supporting
Information) for both fiber classes synthesized at three differ-
ent FRRs. This reduction in cooperativity can likely be attributed
again to the mixture of [Fe(Htrz), (trz)|BF, polymorphs I and II
present in our SCO composite fibers, as has been shown before
in mixed phase [Fe(Htrz), (trz)|BF, nanoparticles prepared using
micellar approaches.[®!] Nevertheless, the possibility that the algi-
nate matrix induces lattice strain in the SCO compound, thereby
additionally contributing to the observed differences in magnetic
behavior, cannot be ruled out.

Notably, for Class I fibers, a gradual increase in the Fe(II) HS
fraction at low temperatures is observed as the FRR rises from 0.5
to 4 and 9, accompanied by an overall increase in the magnetic
signal during thermal cycling. Although HS stabilization could,
in principle, be attributed to nanoparticle size reduction!®’l—
where surface Fe atoms with incomplete coordination spheres
tend toward the HS state—such effects typically occur only in ex-
tremely small SCO particles, specifically with sizes ranging from
6to 10 nm.[?1%771 Therefore, the HS stabilization in Class I fibers
likely stems from an alternative mechanism.

We hypothesize that the HS stabilization is driven by variations
in the polymorph I and II ratios of [Fe(Htrz), (trz)|BF,, as it has
been observed previously.l!] According to our crystallographic
analysis, all systems crystallize as mixtures of polymorphs I and
II. However, in Class I fibers, a progressive shift from a phase
mixture containing more polymorph I to a different phase mix-
ture containing more polymorph II can be seen as the FRR in-
creases from 0.5 to 9 (Figure 2m). Interestingly, this control over
the mixture of polymorphs and stabilization of the HS fraction
was previously achieved by tuning the concentration of Fe(II)
in the reaction media while keeping a stoichiometric ratio with
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Htrz.[%! In our case, this compositional and magnetic tuning is
achieved on-the-fly by precisely controlling the RD zone, specifi-
cally the Fe(II):Htrz ratio, during the reaction process.

Since the magnetic measurements are reported per gram of
fiber rather than per quantity of SCO particles alone—and given
that all [Fe(Htrz), (trz)|BF, phase mixtures display similar abrupt
and almost complete spin transitions/®}—the increase in mag-
netic signal likely reflects a higher number of SCO particles
formed as the FRR increases in Class I fibers. As discussed in
the morphological characterization, at a FRR of 0.5, the limited
amount of Fe(II) injected into the main microfluidic channel, dis-
persed across a relatively broad RD zone, produces larger parti-
cles. However, the limited diffusion of Fe(II) becomes a bottle-
neck in the formation of more [Fe(Htrz), (trz)|BF, particles. In
contrast, at FRRs of 4 and 9, the increased Fe(II) input and its
complete diffusion into Htrz (and vice versa) result in the for-
mation of more SCO particles, correlating with the rise in mag-
netic signal (Table S1 and Figure S43a—c, Supporting Informa-
tion). The slight decrease in the magnetic signal observed be-
tween FRR 4 and 9 is likely attributed to the narrowing of the
RD zone. This reduction in width constrains the space available
for the growth and formation of [Fe(Htrz), (trz)|BF, particles, re-
sulting in a lower number of particles being formed (Figure S44,
Supporting Information).

Furthermore, the magnetic signals observed for Class II fibers
differ significantly from those of Class I. The HS fraction re-
mains stable across varying FRRs, which can be explained with
prior arguments. Specifically, in Class II fibers, phase mixtures
across different FRRs are similar, with no crystallographic evolu-
tion detected, resulting in a consistent HS fraction (Figure 20).
This finding suggests that the crystallographic evolution across
FRRs in Class I fibers is key to HS state stabilization. Addition-
ally, it supports our hypothesis that a shortage of Htrz in Class I
fibers drives their crystallographic evolution toward a phase mix-
ture with a higher proportion of polymorph II, whereas the excess
ligand in Class II fibers prevents this evolution, maintaining a
constant HS fraction.

As for the magnetic signal, at FRR 0.5, the Fe(II) quantity in-
jected in the microfluidic device during the formation of Class
II fibers is near the minimum threshold necessary for the for-
mation and growth of [Fe(Htrz), (trz)|BF,, particles. This leads to
a greater number of particles than at FRRs of 4 and 9, where a
substantial shortage of Fe(II) results in fewer particles and, con-
sequently, a lower magnetic signal (Table S1 and Figure S43d—f,
Supporting Information).

We also investigated the effects of increasing or reducing the
TFR during the production of Class I fibers. However, these ad-
justments either inhibited the formation of SCO particles within
the fibers or resulted in the clogging of the device (Table S5, Sup-
porting Information). Given the lack of success in these trials, we
chose not to pursue the synthesis of Class II fibers under similar
conditions, as meaningful comparisons between the two classes
would not be feasible.

Overall, we can conclude that the 3D coaxial flow-focusing mi-
crofluidic device used here is a powerful tool to manipulate the
Fe(II):Htrz ratio on-the-fly. This is achieved by precisely tuning
the RD zone at will, simply by altering the injection position of
the precursor solutions and their flow rates. This control is not
only useful for the continuous preparation of SCO composite
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fibers with tailored macro- and microscale features but also for
generating materials with marked differences in their magnetic
properties.

After demonstrating the precise control over the RD zone that
the coaxial 3D flow-focusing microfluidic device provides, we ex-
plored its versatility in continuously printing Class I and II fibers.
As shown in Figure 3a-h, Class I, and II fibers can be printed to
construct different architectures, including 3D structures and in-
tricate patterns (Figure 3a—d,g,h, respectively), or even to produce
freestanding isolated fibers (Figure 3e,f). The resulting architec-
tures exhibit excellent long-term stability in air, although they
show limited stability under harsh conditions after 24 h (Figure
S18, Supporting Information, and related discussion).

Nanoindentation measurements reveal that the fibers ex-
hibit elastic behavior with Young’s modulus values in the MPa
range (Figure S19, Supporting Information), which is consis-
tent with those reported for alginate-based hydrogels and sim-
ilar soft materials.”>7>] Regardless of the printing configura-
tion, the fibers clearly exhibit a color change from pink to white
upon heating to 100 °C, indicating the LS to HS transition in
[Fe(Htrz), (trz)|BF, (Figure 3i,j). This effect is reversible, with
the pink color returning when the fiber is cooled back to room
temperature. Beyond this visual change, temperature-dependent
PXRD analyses further confirm the SCO behavior in both fiber
types (Figure S20, Supporting Information).

Together, these results demonstrate our ability to continu-
ously print thermochromic fibers, offering a robust and scal-
able strategy to overcome longstanding challenges in the pro-
cessing of SCO materials. However, note that in Class I and
Class II fibers, the SCO material can only be distributed radi-
ally within the alginate fiber. In contrast, nature provides remark-
able examples of compositional control in freestanding struc-
tures. For example, spiders can modulate the chemical compo-
sition of proteins within their silk fibers sequentially and non-
radially across the fiber’s diameter, tailoring the silk precisely to
its intended function.”*””] Inspired by this natural phenomenon,
we redesigned the microfluidic device to achieve temporal con-
trol over the spatial distribution of [Fe(Htrz), (trz)]BF, within the
fibers to generate SCO-encoded fibers.

As shown in Figure 3k, the redesigned microfluidic device fea-
tures a central channel that is fed by two inlets, while one of
the original side channels has been removed, leaving a single
side inlet (Figure 3k; Figure S1b, Supporting Information). Us-
ing this configuration, customized fibers (Figure 31) were fabri-
cated by injecting a 0.75% (w/v) sodium alginate solution with
2 M Htrz through central inlet 1, a pure 0.75% (w/v) sodium al-
ginate solution through central inlet 2, and a 0.4 M ethanolic so-
lution of Fe(BF,), through sheath flow inlet 3 (see the Support-
ing Information for further details). By selectively activating the
central inlets while keeping the reagent-laden flow of inlet 3 con-
sistently active throughout fiber fabrication, we successfully pro-
duced continuous SCO-encoded fibers on-the-fly.

When only central inlet 1 is activated alongside the reagent-
laden flow of inlet 3, we obtain alginate fragments fully loaded
with SCO particles, closely resembling Class I fibers, as con-
firmed by SEM and EDX analysis (Figure 3m). Activating only
central inlet 2 together with the reagent-laden flow of inlet 3 pro-
duces pure alginate fragments, confirmed by the absence of ni-
trogen throughout the fiber (Figure 3n). Finally, simultaneously
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activating all the inlets yields alginate fiber fragments with SCO
particles distributed non-radially across the fiber’s diameter, i.e.,
only on one side (Figure 30), as evidenced by the distinct “two-
faced” structure observed in SEM images and the EDX analysis,
which shows differing Fe intensity across the central symmetry
line.
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pure alginate fiber fragment. o) EDX images of the alginate fragment with

To our knowledge, this represents the first demonstration of
spatiotemporal control over the chemical composition of an SCO
composite material achieved in a single step, through a con-
tinuous process, and with remarkably short preparation times
(within seconds; see Supporting Information). This chemical en-
coding of molecular switches unlocks exciting new possibilities
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for their application in real-world devices. For instance, by en-
abling the precise printing of these SCO composites and SCO-
encoded fibers into defined shapes and architectures, we pave the
way for their integration into devices, expanding the possibilities
for application-specific customization and facilitating their real-
world implementation.

3. Conclusion

We have demonstrated that our continuous flow microfluidic de-
vices operating under 3D control of the RD zone can enable the
direct and continuous fabrication of SCO polymeric fibers with a
homogeneous distribution of SCO material within the polymer
matrix. The resulting SCO composite fibers exhibit both mag-
netic bistability and thermochromic properties upon heating and
cooling. By leveraging the precise control over the RD zone of-
fered by the microfluidic chip design—through adjustment of
precursor injection positions and flow rates—we can tailor SCO
composite fibers with hollow or solid structures that display a
variety of magnetic behaviors. Moreover, this technique also fa-
cilitates the printing of freestanding architectures with defined
shapes and the isolation of fibers as self-standing units. Build-
ing on these capabilities, we engineered a new chip design that
provides precise encoding of SCO composite fibers by leveraging
spatiotemporal control over the distribution of the SCO material
within them, thereby significantly expanding their practical ap-
plicability. Our findings highlight the transformative potential of
this microfluidic approach, opening novel pathways for scientific
and industrial communities to incorporate molecular switches
into materials suited for real-world applications.

Supporting Information

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