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Abstract

Ultraviolet printing of photopolymers is a widely adopted polymer manufacturing
method because of its superior resolution and high throughput. However, the avail-
able printable photopolymer are typically thermosets, resulting in challenges in post-
processing and recycling of the printed structures. Here, we present a new process called
interfacial photopolymerization (IPP) which enables photopolymerization printing of
linear chain polymers. In IPP, a polymer film is formed at the interface between two
immiscible liquids, one containing a chain-growth monomer and the other containing a
photoinitiator. We demonstrate the integration of IPP in a proof-of-concept projection
system printing polyacrylonitrile (PAN). This is the first report of photopolymeriza-

tion printing of PAN, a high-performance linear chain polymer. IPP shows in-plane



and out-of-plane resolutions comparable to conventional photoprinting methods. Co-
hesive PAN films with number average molecular weight greater than 15kg mol~! are
obtained. A macrokinetics model of IPP is provided to deepen understanding of the
transport and reaction rates involved and evaluate how reaction parameters affect film
thickness and print speed. Last, demonstration of IPP in a multilayer scheme suggests

the suitability of the method for multidimensional printing of linear-chain polymers.

Introduction

Methods for scalable manufacturing of polymeric materials with tailored geometries and
surface topographies have been instrumental to many industries and applications, including
filtration /separation,! microelectronics,? photonics,® biotechnology,®5 and tissue engineer-
ing,.%7 In this regard, many photocurable polymers are used in high-throughput manufactur-
ing of thin films with micro- and nanoscale topography and patterning, engineered coatings,
and digital graphics printing. These methods include 2D micro- and nanoscale processes
such as photolithography,® UV inkjet printing,,®!° and the formation of three-dimensional
objects through vat polymerization additive manufacturing (or 3D printing). 13

Printing of photopolymers relies on cross-linking of polymer chains and macromolecular
network formation to solidify the polymer and establish thermal and chemical stability. 1415
The thermoset nature of the printed structures results in challenges in both their post-
processing and recycling,.'® While researchers have proposed alternative thermoset polymer
systems such as covalent adaptable networks (CANs)!'7 or thermosets based on biodegrad-

16.18 none of these solutions provide the quality and mechanical

able linear chain polymers,
properties of state-of-the-art photopolymerized products. 6

In contrast, thermoplastic processing methods such as injection molding,'® thermoform-
ing,?° or fused filament fabrication (FFF) 3D printing?! have broader appeal. This is due

to the thermoplastics’ processability and recyclability combined with the range of accessible

mechanical and thermal properties offered by the variety of available linear chain polymers.



However, patterning of thermoplastics at fine length scales is limited by their high melt vis-
cosity; for instance, the smallest features achievable in thermoforming and injection molding
are limited both by fabrication of forming tools and by the high capillary forces and rapid
cooling rates from the large surface-to-volume ratio and contact area with the forming tool. 22
This can be accompanied by anisotropic properties compared to the bulk material due to
undesirable polymer crystallization or shear-induced alignment.

A method for high-resolution, high-throughput photoprinting of linear chain polymers
would enable both on-demand production of high-resolution objects with attractive mechan-
ical properties and potential recyclability. Herein, we describe a novel UV photoprinting
method to achieve this goal, called interfacial photopolymerization (IPP). IPP relies on
controlled free-radical photopolymerization at an immiscible liquid-liquid interface. This
mechanism contrasts well-established photoprinting methods such as vat polymerization 3D
printing or inkjet UV printing, which involve a single phase resin and precipitation of a solid
objects by chemical crosslinking. We elucidate the process requirements based on the trans-
port and reaction kinetics of non-photoinitiated interfacial polymerization (IP) reactions,,?*
and demonstrate the technique on poly(acrylonitrile) (PAN), as a model linear-chain and

recyclable?>28

polymer system. Through a single-layer printing process, we assess the in-
plane and out-of-plane resolution of the IPP printing process and how it depends on process
parameters such as photoinitiator type and concentration. We also derive a first-principle
macrokinetics model of the diffusion, free-radical polymerization reaction, and precipitation
at the interface to establish quantitative understanding of how single layers form in IPP.

Last, we demonstrate that IPP can be implemented in a multilayer scheme, showing future

potential for light-based 3D printing of other linear chain polymers.



Results and Discussion

Key considerations for IPP

In contrast to existing photopolymerization printing methods that rely on bulk polymer-
ization from a single resin phase, IPP relies on a reactive interface between two immiscible
liquids. In IPP, the photoinitiator and the monomer are segregated between the two liquids,
such that photoinitiated free-radical polymerization can only occur near the liquid-liquid
interface (Figure la). Here, we considered the reaction of a water-soluble photoinitiator
with a water-immiscible liquid monomer as the organic phase. Full details of the materi-
als, experimental methods, and characterization techniques are provided in the Supporting
Information.

In addition to the formation of a stable liquid-liquid interface, the IPP system must
satisfy two main requirements to enable the polymer film to form and retain its geometry
in absence of crosslinking. First, the monomeric organic phase must be sparingly soluble
in water, such that both the monomer and initiator are present in a shallow region near
the liquid-liquid interface which we call the reaction zone (Figure 1b). Upon UV light
exposure of the interface, the initiator is dissociated, generating free radicals that react and
consume local monomer in a polyaddition reaction scheme. Second, the resulting polymer
must be insoluble in both phases to successfully precipitate (Figure 1c). Precipitation must
occur once the polymer chains exceed the critical entanglement molecular weight to ensure
polymer film integrity and high spatial resolution. Therefore, fine control of the polymer-
solvent interaction is critical in IPP, as both low solubility and high final molecular weight
are necessary conditions for the formation of a stable (swollen) polymer film.

Polyacrylonitrile (PAN), obtained by the free-radical addition reaction of its monomer,
acrylonitrile (AN), satisfies all these requirements. While AN has some solubility in water,
PAN is insoluble in both AN and water. We therefore chose to demonstrate IPP printing

with the free-radical chain-growth reaction of AN with a water-soluble photoinitiator (Figure



Figure 1: Overview of the IPP printing process. (a) Two immiscible liquids, each containing
one of the reactants, form an interface. A UV image of a photomask is projected at the
interface and triggers free-radical polyaddition and polymer film formation in the exposed
areas. (b) The aqueous photoinitiator (I) dissociates to its radical form (Rx), which reacts
at the liquid-liquid interface with a monomer molecule (M) from the organic phase to create
an active radical (Mx), that in turn propagates to form a polymer chain. (c) Immiscible
polymer chains precipitate out of solution and form a solid, swollen polymer layer in the
exposed regions of the interface.

2). The organic phase was chosen to be pure (inhibitor-free) AN. We hypothesized that the
polymerization reaction would occur on the aqueous side of the interface upon UV exposure,
due to the greater solubility of AN in water than of the initiator in the organic phase (Figure
2a). The aqueous phase comprised a water-soluble photoinitiator dissolved in a 37.5 vol.%
glycerol-water solution. The addition of glycerol increased the density of the aqueous phase,
thereby preventing the PAN film from sinking over extended periods of times (~minutes).
We experimented with two commercially-available water-soluble azo-photoinitiators (V-50
and VA-044; Wako Chemicals, Richmond); each with an absorption maximum at 365 nm,
a convenient UV-A wavelength accessible with numerous LED systems (Figure 2b). Both

initiators are expected to result in cationic end-groups with different reactivity and overall



stability. Due to its non-nitrile nature, VA-044 is usually less active than V-50 at room
temperature but also less prone to hydrolysis, resulting in a stable non-radical decomposition

product. ?

Demonstration of IPP and in-plane resolution assessment

To demonstrate and study IPP, we designed and built a single-layer projection-based printing
system with a bottom-view camera to assess in-plane resolution (Figure 2¢). A custom-made
quartz photomask was illuminated by the diffused light from a UV LED. The mask image
was then collimated and refocused at the liquid-liquid interface using an afocal optical train.
Using this setup, we successfully printed PAN films at the AN-aqueous interface (Figure
2d-e). As expected, the PAN film formed on the aqueous side of the interface. The chemical
structure of PAN obtained by IPP printing was confirmed and compared to commercially-
available PAN using nuclear magnetic resonance (NMR), fourier-transform infrared (FT-IR)
spectroscopy and thermogravimetric analysis (TGA). More information about the polymer
structure confirmation can be found in the Supporting Information (SI).

The in-plane resolution of the IPP printing process was assessed using a modified ver-
sion of the USAF 1951 resolution target,3? and experiments were performed with a range of
concentrations of each photoinitiator type (Figure 3). A quartz mask was fabricated with a
modified pattern consisting of connected feature groups, in order to avoid erroneous measure-
ment due to the free motion of the printed objects at the liquid-liquid interface (Figure 3a).
The image of the target was projected at the liquid-liquid interface and the spatial fidelity of
the PAN film in different printing conditions was assessed by extracting the intensity profile
across the pattern (Figure 3b). The limit of resolution was extracted from the largest ele-
ment observed where the three constitutive lines could no longer be distinguished spatially
from each other (Figure 3c,d). In PAN films obtained from V-50 and VA-044, this occurred
in one of Group 3 or 4 subgroups, depending on photoinitiator type and concentration.

The value of resolution was therefore evaluated as the width of a single line from the first



Figure 2: Demonstration of interfacial photopolymerization (IPP) of PAN. (a) Free radical
polymerization reaction of PAN from AN partitioned into the aqueous phase. (b) Absorbance
spectra of the selected aqueous photoinitiators, and comparison with the emission spectrum
of the 365-nm LED light source. (c) 3D rendering of the single-layer IPP printing apparatus.
(d) Photograph of quartz cuvette containing the reaction medium, and the letters MIT after
exposure of the liquid-liquid interface. Close-up view of (e) the printed MIT pattern and (f)
the photomask geometry.

non-resolved subgroup in the printed PAN image (Figure 3e).3° We find that, at low initiator
concentration [[]y, the smallest linewidth decreased with increasing initiator concentration
until reaching a minimum. Further increase of the initiator concentration beyond the point
of highest resolution resulted in a larger linewidth which, in the case of V-50, reached a
plateau value at [I]g = 1.0 wt.%. This evolution with initiator concentration is consistent

with the internal filter effect of photopolymerization reactions: 333

a very high photoinitiator
concentration induces absorption of the incident UV light over a smaller volume, resulting in
a slowdown of the polymerization reaction® and a decrease of the final polymer molecular

t.3% This becomes more significant for photoinitiators with a high molar absorption

weigh
coefficient®® and a high photodecomposition rate kq,3* explaining why V-50 (k; = 4.82-107°
s~1) appears to feature a sharper maximum than its less reactive VA-044 counterpart (kg =

7.5-1075 s71).2% In the studied UV exposure conditions (30 s at 468 W m~2), the smallest

linewidth was 40 pm in the case of V-50 ([I]o = 0.6 wt.%), and 55 pm in the case of VA-044



([I]o = 1.0 wt.%). These values are comparable to other projection-based vat-polymerization
printing methods such as Digital Light Processing (DLP) printing. 3637

We also observed the formation of gas bubbles trapped at the liquid-liquid interface
upon UV exposure, due to the generation of nitrogen as a by-product of the azo initiator
decomposition reaction.?? More details about nitrogen generation during photoinitiation
can be found in SI. The amount of nitrogen generated and its dependence on initiator
concentration can also contribute to decreased resolution and is quantified by the number of
bubble observed within the field of view of the camera (Figure 3f). We found that the number
of bubbles detected increased with [I]y, due to the higher rate of photodecomposition. Here
again, the bubble count increased more slowly in the case of VA-044 than for V-50 due to

the slower dissociation rate constant of VA-044.2°

Measurement and modeling of film growth kinetics in IPP

Next, in order to evaluate the potential of IPP for photoprinting thin films and three-
dimensional objects, we characterized the evolution of polymer layer thickness § as a func-
tion of printing parameters. We found that the PAN layer thickness increases linearly with
exposure time, while number-average (M,,) and weight-average (M,,) molecular weights re-
main constant. Photoinitiator type did not affect d, but VA-044 resulted in lower M, and
M,, values than V-50 (Figure 4a,b). This is consistent with the lower in-plane resolution
achievable with VA-044 as shorter polymer chains give lower entanglement.

To develop a more quantitative, predictive understanding of the influence of processing
parameters on print speed and polymer properties, we derived a macrokinetics model of IPP
and calibrated the rate constants of propagation and termination to match the evolution
of film thickness with exposure time observed experimentally (Figure 4c). As supported by
experimental observation, we consider that the IPP reaction occurs in a shallow volume on
the aqueous side of the interface (Figure 4c¢). The depth of the reaction zone e corresponds

to the depth to which the photoinitiator can effectively absorb the excitation light in the



Figure 3: In-plane resolution assessment for IPP of PAN. (a) Projection of the custom
USAF-1951 photomask focused at the liquid-liquid interface. (b) PAN film image of target
obtained from IPP using 0.6 wt.% V-50. The yellow arrow indicates the line and direction
of the intensity profile represented in (c,d). (c-d) Intensity profiles for Group 3 at 0.5, 1.0,
and 1.5 wt.% of (¢) V-50 and (d) VA-044. The resolution limit corresponds to the first
group where the lines can no longer be resolved from the intensity profile, and the black line
represents the intensity profile obtained in the image plane of the photomask. (e) Limit of
resolution defined as the single linewidth in the identified group and (f) gas bubble count in
each image of printed PAN films versus photoinitiator concentration and type. Markers and
error bars represent the average and standard deviation over five PAN films obtained in the
same conditions. All prints were obtained using a 30s exposure time.

aqueous phase, as diffusion/partition of AN into the aqueous phase is found to be relatively
fast due to the affinity of the monomer for water. All concentration profiles are linearized
in the space of the phases to obtain a system of coupled ordinary differential equations with
time. This first-principles model takes into account reactive species transport, polymeriza-
tion reaction kinetics, and precipitation of polymer chains to predict the time-dependent
evolution of relevant species concentration and polymer film properties. Combining the the-
oretical frameworks used for bulk photopolymerization and interfacial polycondensation, we
derived a set of governing equations for the concentration of relevant chemical species in the

reaction zone. The concentration of initiator in the reaction zone [I], is governed by:



. krr
= = 2L (1], - [1],) ~ 20T (1)

where £y, (71 is the mass transfer coefficient for the initiator between the bulk aqueous phase
and the reaction zone, € is the depth of the reaction zone, [I], is the initiator concentration
in the bulk of the aqueous phase, ¢ is the quantum yield of the photoinitiator, and Z,, is
the volumetric intensity of the absorbed light.

We assume steady state, i.e. that the radicals produced by photoinitiation immediately
initiate polymerization. From there, the governing equations in the reaction zone for acti-

vated monomer [Mx] and polymer chains (number of repeat units n > 1) [M, %] follow:

d | M }OO:
[dt - = —kp [M+], [M], + 2¢Laps — kre [M], k=2 Al )
d[M, S
% — key [MA], ([Mor#], — [Mi3],) — e [MiA], ;2 [Mix], (3)

where k, and k. are the rate constants of propagation and termination, respectively. The
subscript
Finally, the concentrations of terminated polymer chains in the reaction zone [Ms], (n >

1) are obtained following:

d [M;]
e ke [ M), [M] (4)
o
d“;"]f . ; (M, x] [MiH] (5)

We also consider that instant precipitation occurs when the volume fraction ¢,, of polymer

chains of size n becomes equal to the solution of the spinodal envelope given by:
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where y is the PAN-water interaction parameter, and ¢,, is the volume fraction of chains
of size n in the reaction zone. More information on the derivation and choice of numerical
values for the model can be found in SI.

The rates of propagation and termination in free-radical polymerization depend greatly
on the reaction conditions such as solvent choice or photoinitiator type. This is particularly
the case for the free-radical polymerization of AN in an aqueous medium.® We therefore
calibrated the rate constants of propagation (k,) and termination (k) to match the exper-
imentally observed temporal evolution of PAN film thickness and molecular weight (Figure
4b,c). All films were printed using the optimal photoinitiator concentration obtained from
in-plane resolution measurements (0.6 wt.% for V-50 and 1.0 wt.% for VA-044) and the re-
action zone depth was assumed to be the height of aqueous phase (2 mm). We calibrated
the propagation rate constant k, = 3.5 m® mol~! s™* for both photoinitiators, as chain prop-
agation is considered independent of initiator type. This value is in agreement with reported
values for the aqueous polymerization of acrylonitrile.®® For V-50, we fixed the termination

! and quantum yield ¢ = 0.38.3° Model calibration

rate constant k. = 1-10% m?® mol™! s~
for VA-044 resulted in a greater value of k;. = 8 - 10> m® mol~! s7! and a smaller value of
¢ = 0.23. The lower quantum yield value is consistent with the lower photodecomposition
rate of VA-044 compared to V-50. The greater termination constant in the case of VA-044
and lower polymer molecular weight can be explained by potential chain transfer with the
initiator, steric effects, or the influence of different end groups on PAN solubility. The values
of k;. found here are consistent with reported values for free-radical polymerization of AN
in water.3® The termination rate constant is found to be lower than for typical free-radical
polymerization reactions due to precipitation of PAN and trapping of the radicals within

solid particles.?®4° Values for the remaining model parameters and initial conditions were

fixed at values either measured experimentally or obtained from the literature (Table S2).
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With the above calibration, the evolution of 9 and polymer molecular weight with expo-
sure time was successfully predicted by the model (Figure 4a-b). However, the polydispersity
index (PDI) observed experimentally was greater than that calculated by the model. We
measured PDIs of 2.1 and 2.3 for V-50 and and VA-044, respectively, compared to the calcu-
lated values of 1.2 and 1.3. This difference can be explained by the simplifying assumptions
used to derive the model. The presence of light scattering on the precipitated polymer
film and potential chain transfer reactions are expected to broaden the molecular weight

distribution, explaining the greater experimental PDI values.

Figure 4: Experimental measurement (Exp.) and macrokinetics modeling (MKM) of film
growth kinetics in IPP. (a,b) Evolution of (a) the thickness § and of (b) the number-average
(M,,) and weight-average (M,,) molecular weights of the printed PAN film with exposure time.
These experimental measurements were used to calibrate a macrokinetics model (MKM)
described schematically in (c). Concentrations profiles near the liquid-liquid interface for
monomer, initiator and propagating radicals are plotted in the space of the phase and con-
sidered constant in space in the reaction zone. Calibration of the polymerization propagation
and termination constants was performed against experimental data obtained at the optimal
photoinitiator concentrations for minimum linewidth printing (0.6 wt.% V-50 and 1.0 wt.%
VA-044) and for a reaction zone of depth € = 2 mm (height of the aqueous phase).

Using the macrokinetics model calibrated to the V-50 photoinitator, we performed a
parametric analysis of the relationships among key process parameters, shown in Figure 5.
First, we predict the influence of [I]y on IPP kinetics, and therefore print speed defined by the
polymer film thickness. Increasing initiator concentration results in a faster-growing PAN
film (Figure 5a,b) yet a lower molecular weight polymer (Figure 5¢). While we did not observe

PAN film formation at 0.25 wt.% photoinitiator, the model predicted the formation of a 5 um
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film after 60 s of exposure (Figure 5a). This difference resides in the simplifying assumption
of the model that at ¢t = 0, all polymer chain concentrations are at their saturation limit in
the aqueous solution, which is not necessarily the case experimentally. On this point, prior
to each PAN printing experiment, the liquid-liquid interface was exposed for 5-10 minutes
to the same light intensity used for printing (468 W m™2) to increase the concentration of
PAN in the aqueous phase to be close to its saturation limit. This enables precipitation to
occur at the start of the printing process. As a result, subsequent exposures caused film
precipitation in timescales in the order of seconds, while the model predicts instantaneous
polymer film formation.

The model predicts a linear relationship between initiator concentration and PAN film
thickness obtained after a fixed exposure time, indicating a pseudo-first order reaction in
initiator concentration (Figure 5b). This linear dependence is commonly observed in interfa-
cial polycondensation of low-reactivity monomers, such as diol-carboxylic acid systems, 244!
or diamine-dinanhydride pairs.*? In the case of slow interfacial polymerization kinetics, the
reaction takes place in a homogeneous manner (on a microscopic scale) in a zone of finite
thickness.*! While the polymerization reaction mechanism is different in the case of free-
radical IPP of PAN, we expect to see the same linear dependence due to the relatively low
value of the polymerization rate constants.

The model also explains that both M, and M, decrease with increasing [I]y, while the
PDI increases (Figure 5¢). This is consistent with classic free-radical polymerization kinetic
theory and is further exacerbated by the trapped radical effect reflected in the low calibrated
value of k;.. Note that the model does not take into account the internal filter effect or light
scattering observed experimentally, which are expected to reduce film growth rate and affect
both molecular weight and PDI at high initiator concentrations.

The model was also used to predict the influence of the reaction zone depth € on film
formation by IPP (Figure 5d-f). Practically, the reaction zone depth can be adjusted by

tailoring the light penetration depth.** We found that print speed increased with e (Figure

13



5d) and that controlling the reaction zone depth can promote fine control of the vertical
resolution, defined as the relationship between thickness and time (Figure 5e). Here again,
5(30s) increases linearly with e. The faster print speed with increasing reaction zone depth
is the result of the low molar absorption coefficient of the azo initiators used in this work
(21 L mol™' em™!) compared to other conventional photoinitiators with similar absorption
wavelengths (100 — 1000 L mol~! cm™1).44 As the light absorption in the aqueous phase is
low, increasing the depth over which the reaction can occur results in a higher number of
activated initiator molecules and therefore a greater reaction yield. Molecular weight and
PDI are predicted to be independent of the reaction zone depth (Figure 5f).

These predictions provide insight on how PP parameters can be adjusted to tailor the
final polymer properties. Controlling € enables tuning of print speed without affecting final
molecular weight. Yet, adjustment of the initiator concentration [I]y influences significantly

both final film thickness and polymer molecular weight distribution.

Multilayer IPP printing

Last, IPP printing was performed in a multilayerscheme to demonstrate possible translation
from thin film formation to 3D printing. To do this, we designed and assembled a build
plate attached to a vertical translation stage and used the best film printing conditions
for V-50 explained above. Before illumination, the build plate was brought within 100 pm
below the liquid-liquid interface (Figure 6a). UV illumination was then turned on to induce
polymerization, precipitation, and formation of the first polymer layer. For subsequent
layers, the build plate was lowered by 100 pum from its previous position, and exposure was
resumed for 30 s. We found that the print height h, increased linearly with the number of
layers nyqyer, as it is to be expected for a vat polymerization 3D printing process (Figure 6b).
Yet, a linear fit of the evolution of h, with 74, indicated that the thickness increased only
50 pm with each subsequent exposure.

We used the same (fixed) mask geometry to print up to 7 consecutive layers (Figure

14



Figure 5: PAN film thickness and molecular weight prediction using the macrokinetic model
with rate constants calibrated for the V-50 initiator. (a) Film thickness evolution with expo-
sure time for selected initiator concentrations in the aqueous phase. Relationships between
(b) calculated film thickness and (¢) molecular weight evolution with initiator concentration.
Exposure time was fixed at 30 s and € = 150 um. (d) Relationship between PAN film thick-
ness and exposure time for different values of the reaction zone depth. Relationships between
(e) film thickness and (f) molecular weight versus reaction zone depth, at fixed exposure of
30 s and initial condition for initiator concentration [I],(0) = [I],(0) = 0.6 wt.%).

6c-e). The prints had good spatial fidelity; however, we note the presence of cracks and
bubbles, likely due to nitrogen generation upon photoinitiator dissociation. Additionally, the
presence of polymer outside of the exposed area became more prominent in thicker prints,
likely due to light scattering on the previous printed PAN layers and unwanted activation of
the photoinitiator outside of the exposed regions.

Scanning Electron Microscopy (SEM) cross sections showed layering of the printed PAN,
with alternation of high-density layers containing little residual glycerol, and low-density
polymer layers with large amounts of glycerol swelling the polymer (Figure 6f). Cracks were
found in the weaker highly swollen regions while avoiding the higher-density PAN layers

(Figure 6g). This layered structure can be explained by two main causes. First, the z-step was

15



100 pm, while the measured layer height was found to be 50 ym, indicating that solid polymer
did not form in the entire volume of the reaction zone. This also matches the prediction of the
macrokinetics model where the polymer film is always found to be thinner than the defined
reaction zone after 30 s exposure. Second, in conventional interfacial polycondensation, the
density of polymer films decreases through their thickness, due to polymer precipitation
at the liquid-liquid interface that hinders diffusion of the monomer into the reaction zone
away from the interface.?* While the polymerization reaction mechanism is different here,
IPP remains diffusion limited, similarly to conventional interfacial polycondensation. It
is therefore unsurprising to see a decrease in polymer density with increasing PAN layer
thickness, particularly in combination with decreasing photoinitiator activation caused by

light scattering from the precipitated polymer.

Discussion

Bringing together the demonstration of single-layer and multilayer printing of PAN with the
macrokinetics model predictions, we showed that IPP can achieve sub-100 um resolution,
which is comparable to projection-based vat-polymerization printing of thermosets,.3%37 In-
plane resolution, film thickness, and interlayer adhesion are all greatly influenced by reaction
kinetics and final polymer molecular weight. Increasing [I]y in IPP results in faster printing
due to a higher rate for the initiator and propagation reactions. However, internal filter
effects and change in the rate of initiation result in a drop of molecular weight at high ini-
tiator concentration. This decrease in chain length affects resolution drastically by reducing
interchain interaction and overall entanglement. Reducing the depth of the reaction zone €
enables adjustment of the print without affecting polymer entanglement. Tailored e values
can be obtained by fine adjustment of the position of the light-absorbing build plate, or in-
creasing light absorption in the reaction phase through addition of a non-reactive dye. The

addition of a light-absorbing species is also anticipated to reduce light scattering and increase

printing resolution further. However, adjustment of the reaction zone depth adjustment still
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Figure 6: IPP multilayer printing. (a) Photograph of the manual build plate apparatus and
schematic showing its position compared to the liquid-liquid interface. (b) Linear dependence
of the height (h,) of the print on the number of printed layers. (c-e) Height profiles of the
letters M.I.T printed using IPP of (c¢) two, (d) three, and (e) seven layers. Inset shows
the photomask image in absence of polymerization. (f) SEM cross-section of a PAN object
printed with IPP, showing layering of the printed polymer, with alternation of high-density
and low density layers of PAN swollen with glycerol. (g) SEM view of a crack propagating
within the lower-density, highly swollen regions while avoiding the higher-density PAN layer.
All prints were obtained for 0.6 wt.% V-50, a single layer exposure time of 30 s, and an vertical
z-step of 100 pm.

results in a trade-off between resolution and print speed, as a shallower reaction zone results
in a thinner yet slower-growing PAN film. This is particularly problematic in implementing
IPP in 3D printing scheme, where at short exposure time, the thickness of the polymer film
formed is almost always smaller than the reaction zone depth, exacerbating density gradients
and porosity in the final part.

While the challenges discussed here are important to overcome for further development of
IPP as 3D printing method, process optimization follows a similar path as that for established
vat photopolymerization techniques.*®> Moreover, while IPP was demonstrated on PAN, its
implementation can be expanded to other polymer systems. Most linear-chain polymers

are soluble in their monomer, due to similarities in chemical structure.*® This makes their
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implementation in IPP inherently challenging. However, this can be overcome by adding
to the organic phase a solvent that is both miscible with the monomer and an anti-solvent
for the polymer. Ongoing work extends IPP to other polymers and seeks to improve the

characteristics of multilayer artifacts.

Conclusion

We introduced interfacial photopolymerization (IPP), a method for photoprinting of linear
chain polymers relying on photoinitiated interfacial polyaddition of a free-radical monomer.
We successfully identified the process requirements and demonstrated IPP both in single
layer and multilayer vat polymerization printing of PAN. We showed that the resolution
of IPP can be comparable to that of other projection-based UV printing methods and ex-
perimentally studied how initiator type and concentration affect spatial fidelity and final
polymer properties. A first-principle macrokinetics model enabled prediction of PAN film
properties with process parameters. We found experimental and theoretical evidence of a
trade-off between print speed and spatial resolution as commonly observed for other photo-
printing processes. While IPP was used as the first demonstration of photoprinting of PAN,

we expect that it can be expanded to other commodity thermoplastics in future work.
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