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Abstract: Photochemical generation of N, gas by aromatic
azide derivatives dissolved in transparent polymers
provides a way to generate bubbles without direct heating.
In this work, it is shown that molecules 2-azidoanthracene
(2N3-AN), 2-(azidomethyl)anthracene (2N3;-CH»-AN), 1-
azidopyrene (N3-PY), and 1-(azidomethyl)pyrene (N3-
CH,-PY) are all capable of generating stable surface layers
of N, bubble after exposure to 365 nm light. Bubble
formation is modeled as a multistep kinetic process that
involves molecular photolysis, gas transport through the
polymer, and bubble nucleation in water. Direct conjugation of the azide substituent to the aromatic core leads to
more rapid photolysis and facile bubble formation, but even azides with relatively slow reaction rates can generate
dense bubble layers if high light intensities are used. Rapid transport of the photogenerated N, gas through the
polymer appears to be general, with poly(methyl methacrylate), polystyrene and polycarbonate all supporting
robust bubble growth. The photoinduced bubble layer was shown to significantly enhance the visibility of a coated
glass pipette when imaged by an ultrasound instrument. The ability to prepare polymer coatings that undergo
photochemical gas evolution provides a new functionality that may be useful in medical imaging applications.
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1. Introduction

Stimuli-responsive polymer materials have potential applications in a wide variety of areas, including actuation,
sensing, and drug delivery [1-3]. The stimulus can take many forms, including changes in temperature, pH, or
humidity. Light is a particularly attractive stimulus because it does not require physical contact with the material or
changing the chemical environment. The response can also take many forms and usually involves a change in physical
properties like size, optical transmission, or surface morphology. In particular, the initiation of a phase change can
have dramatic effects. For example, the generation of a gas from a liquid or solid leads to bubble formation that
dramatically modifies material properties like fluid drag [4,5], light transmission [6,7], acoustic wave
propagation [8—12], force transmission [13], and heat transport [14]. Photogenerated bubbles are often transient,
however, because they are composed of vaporized liquid, usually water [15-19]. Such bubbles are unstable due to
recondensation of the vapor after the heat source is removed [20]. Azide photolysis in crystals [21] and polymer
hosts [22] provides a photochemical route to stable bubbles composed of N gas. In the polymer system, the N, gas
rapidly migrates to the surface and nucleates into a dense layer of bubbles that can survive for days under water.
These bubbles could be patterned across the surface by controlling the spatial distribution of the photolysis light, and
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they adhered to the polymer film with sufficient strength to modify its buoyancy. For example, exposure to 365 nm
light could induce a submerged polymethyl(methacrylate) (PMMA) film to float to the water surface.

The experimental demonstration of photochemical bubble evolution validated the general concept but left open
some questions and challenges. The first question concerns whether the photochemical bubble strategy can be
generalized to other azide derivatives and polymer systems. To address this question, we must gain a better
understanding of how bubble evolution depends on parameters like photochemical reaction rate, light intensity, and
polymer matrix. The second question is whether there exists a practical application for this phenomenon. While
buoyancy changes are good for demonstration purposes, it would be more compelling to identify an existing technology
and show how it could directly benefit from the ability to generate stable bubble layers after exposure to light.

In this paper, we extend our earlier studies on bubble formation by 2-azidoanthracene (2N3-AN) dissolved in
PMMA to new azide derivatives 2-(azidomethyl)anthracene (2N3-CH,-AN), l-azidopyrene (N3-PY), and
1-(azidomethyl)pyrene (N3-CH>-PY) as well as additional polymer systems. We examine the dependence of the
azide photodecomposition rate on azide structure in both dilute liquid solution and in solid polymers. We find that
direct conjugation of the azide substituent to the aromatic core leads to more rapid photolysis and more facile
bubble formation, but even azides with relatively slow reaction rates can generate dense bubble layers if high light
intensities are used. Bubble formation can be modeled as a multistep process whose overall rate depends on
sequential steps, including molecular photolysis, gas transport through the polymer, and bubble nucleation in
water. Rapid transport of the photogenerated N, gas through the polymer appears to be a general phenomenon,
and other transparent polymers including polystyrene and polycarbonate also support robust bubble growth. Lastly,
we demonstrate that a photogenerated bubble layer can dramatically enhance contrast in ultrasound imaging,
suggesting that this phenomenon could be useful for medical imaging. The ability to prepare polymer coatings that
are photochemically active provides a way to create new types of in situ functionality for devices that operate in
challenging environments, like underwater or in biological media.

2. Experimental

2.1. Sample Preparation

The synthesis and characterization of 2N3-AN has been reported previously [22,23]. The synthesis and
characterization of 2N3-CH>-AN, N3-PY, and N3-CH,-PY are described in the Supplementary Information. To
make polymer films, the azides were dissolved in HPLC-grade chloroform (Fisher Scientific, USA) under low-
light conditions and mixed with a solution of poly(methyl methacrylate) (PMMA, Sigma-Aldrich, USA, average
molecular weight ~120,000) in CHCIs. Polystyrene from Sigma-Aldrich (average Mw 280,000) and polycarbonate
resin from Acros Organics, USA (average MW 45000) were also used to make films.

Bubble nucleation from the polymer—water interface is strongly influenced by the underlying surface
topography. Microscale roughness has previously been shown to facilitate heterogeneous gas nucleation into
bubbles by lowering the free energy barrier for phase separation [22,24,25]. To ensure reproducible bubble growth
conditions across all samples, polymer films were cast on top of silica-blasted glass slides with a measured RMS
roughness of 22 + 4 um. This roughened glass acted as a template to ensure uniform roughness for all polymer
films. The azide/polymer solution was deposited onto the rough glass surface inside a 1 in. diameter glass cylinder
to limit spreading and ensure consistent film diameter and thickness. After enough chloroform had evaporated to
make the mixture highly viscous, the glass cylinder was removed, and the films were kept over countertop to dry
overnight. After drying, the films were peeled off the roughened glass template to create free-standing polymer
samples. The film thicknesses were measured to be 150 + 25 pum using a Mitutoyo 543-793—10 ID-S112TX
Digimatic Indicator (Japan).

2.2. Microscopy

To image bubble formation, the azide/PMMA film was suspended in a water-filled Petri dish with the
textured side facing down. The sample was imaged using a stereo microscope model IX50-S8F2 (Olympus Optical
Co. Ltd, Japan) with a 4.5x objective and exposed to light from a AloneFire SV-13 UV flashlight (USA) at
365 nm. The light intensity was attenuated with glass neutral density filters (ThorLabs USA) and measured using
an Ophir Vega power meter (USA). The light irradiation area was 4.91 cm?, and a 0.015 cm? area was imaged
using an AmScope MU1000 digital camera (USA). To calculate bubble volume per unit area, frames were
extracted from videos at specific time points. Two-dimensional images were analyzed to measure bubble diameters
d using the Microsoft Paint application(Paint Windows 11.2503.381.0) to document pixel counts, which were
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converted to microns. Individual bubble volumes were calculated with the formula V = %nd3 and summed up,

then divided by the imaged area to obtain the areal volume of N, gas.

2.3. Spectroscopy

Spectroscopic measurements were carried out using a quartz cell with a path length of 1 cm. The steady state
UV-vis absorption was measured using a Varian CARY-60 spectrometer (Agilent Technologies, USA). To
monitor the reaction’s progress, the azide samples’ absorption spectra were collected at 1-s intervals while exposed
to 365 nm light from an AloneFire SV-13 UV light source (China). The 365 nm light intensity was controlled by
translating the sample with respect to the diverging beam. The reaction rates for all molecules were determined
using global fitting [26] implemented using Origin software (OriginLab, USA, academic version 2017). This
analysis utilized a single exponential rate time constant to simultaneously fit the time dependent changes for at
least 50 wavelengths across the absorption spectrum.

2.4. Ultrasound Measurement

A 2 mm diameter glass pipette was dipped into the azide/PMMA solution and allowed to dry in air. The
coated pipette was suspended in a clear acrylic jar filled with water. Ultrasound imaging was performed using a
TE7 Max/Diagnostic Ultrasound System (Shenzhen Mindray Bio-Medical Electronics Co., Ltd, Shenzhen, China)
with a L14-6s linear array transducer and scanned in B mode. Aquasonic 100 Ultrasound Gel was applied to the
interface of the probe and jar to improve acoustic coupling.

3. Results and Discussion

The four molecules shown in Scheme 1 were synthesized using standard methods as detailed in the
Supplementary Information (Supplementary Figures S1-S14). The effect of the azide group on the molecular
excited states depends on how it is attached to the aromatic core. Figure la compares the absorption spectra of
unsubstituted anthracene with that of 2N3-AN and 2N3;-CH»-AN, while Figure 1b makes the same comparison for
the pyrene azides. For both anthracene and pyrene cores, direct attachment of the N3 group resulted in a large
redshift (~25 nm) and reshaping of the absorption spectrum. However, if a methylene group was inserted between
the N3 and the aromatic core, then the original core absorption was largely preserved, albeit with a roughly 10 nm
redshift in the case of N3-CH,-PY. For both 2N3-AN and N;-PY, direct attachment of the N3 to the conjugated ring
likely creates new charge-transfer character the excited state due to the electron-withdrawing azide group. Similar
effects have been observed for other aromatic azides [23,27,28].

(a) 2N3-AN (b) 2N;-CH,-AN
| 3 é’\l 3
(¢) N3-PY (d) N3-CH,-PY

Scheme 1. The molecular structure of four molecules studied in this paper (a) 2-azidoanthracene 2N3-AN, (b) 2-
(azidomethyl)anthracene 2N3-CHz-AN, (¢) 1-azidopyrene N3-PY, and (d) 1-(azidomethyl)pyrene N3-CH2-PY.

All the azide derivatives in Scheme 1 undergo photoinduced decomposition to the corresponding nitrene
when exposed to ultraviolet (UV) light. Subsequent reactions can lead to formation of nitro groups and other
products [22,29,30], but those are not the focus of this paper. The pronounced absorption changes provide a
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convenient way to monitor the disappearance of the parent azide. Figure 2 shows a series of UV-Vis spectra taken
during photolysis of N3-PY and 2N3;-CH»-AN in CHCI; solution. Both samples show a well-defined spectral
evolution with clear isosbestic points, indicating a single-step transformation to a photoproduct that absorbs across
the visible region. Visually, the samples turn from light yellow to brown under light exposure. The other
derivatives exhibited similar spectral changes (Supplementary Figure S15). Table 1 provides the measured reaction
rates for 365 nm excitation for all four azides in CHCI;. Since these sample had a relatively low absorbance at 365
nm, we can make the assumption that the intensity variation across the sample is negligible. Under the assumption
of constant 365 nm light intensity, dividing the observed reaction rate by the absorption coefficient allows us to
estimate relative quantum yields for the azide photolysis. These yields are also given in Table 1, with the highest
relative yield (N3-PY) normalized to 1.0. It is apparent that direct conjugation of the N3 group to the aromatic core
results in a noticeable enhancement in the photolysis quantum yield, especially for pyrene.
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Figure 1. (a) Absorption spectra of anthracene AN (black), 2-azidoanthracene 2N3-AN (red) and 2-
(azidomethyl)anthracene 2N3-CH2-AN (blue). (b) Absorption spectra of pyrene PY (green), 1-azidopyrene N3-PY
(purple) and 1-(azidomethyl)pyrene N3-CH2-PY (yellow). For both pyrene and anthracene, direct conjugation of
the N3 group leads to a red-shift of the absorption peak.
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Figure 2. Absorption spectra of (a) N3-PY and (b) 2N3-CH2-AN during irradiation with 365 nm (5 mW/cm?)
recorded in chloroform solution. The different color curves show the spectral changes at the time points given in
the legend (units of s).

Table 1. Measured reaction rates and relative quantum yields for 365 nm excitation in dilute CHCI3 solution. Also
given are the reaction rates for highly absorbing PMMA films.

Normalized Relative Quantum

Molecule Rate (s™!) in Solution Yield Rate (s7!) in Film
2N3-AN 0.142 0.9 0.143
2N3-CH,-AN 0.068 0.6 0.002
N;-PY 0.648 1 0.111
N;-CH,-PY 0.035 0.02 0.005

We were unable to find a systematic study in the literature of how azide connectivity affects its
photoreactivity. Although it was originally proposed that the N, dissociation proceeds thermally through a
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vibrationally hot ground state [31], most researchers now believe that it proceeds along a dissociative excited
state [32,33]. In either case, dissociation would be expected to be more efficient when the N3 is directly bound to
the core. The intervening CH, group would inhibit both electronic coupling and vibrational energy transfer,
although the flexibility of the linker may allow the N3 group to have a closer approach to the core that partially
compensates for the extra distance. The results in Table 1 are at least qualitatively consistent with this reasoning.
The important conclusion from the solution data is that the set of molecules in Scheme 1 provides a way to vary
azide reactivity and see whether it affects bubble formation.

In concentrated azide/PMMA films, the photolysis reaction showed changes in the absorption spectrum
similar to those observed in solution, but in some cases without clear isosbestic points. Figure 3 shows the
absorption spectra at various points during the photolysis of N3-PY and 2N3;-CH»-AN in PMMA. Unfortunately,
these films were too optically dense to make the assumption of constant intensity, which prevented estimation of
relative quantum yields. However, there was an even greater variation in the reaction rates in PMMA than in
solution, probably due to absorption shifts and the more rigid polymer environment.
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Figure 3. Absorption spectra of (a) N3-PY and (b) 2N3-CH2-AN during irradiation with 365 nm (9 mW/cm?)
recorded in solid PMMA films with starting concentrations of 0.1 M. The different color curves show the spectral
changes at the time points given in the legend (units of min). The much slower decay in the PMMA films is due to
the much higher starting absorption values.

We expected the different photochemical reaction rates to impact the bubble formation rate for the
azide/PMMA films. To investigate this, we measured the time-dependent volume of bubbles V,,,,(t) produced at
the surface by using microscopy analysis. Representative images of bubble formation are shown in Figure 4a—e
for the azides in PMMA under 365 nm illumination at 10 mW/cm?, along with plots of the growth of the total areal
volume of the bubbles, Vj,,;,. As in our previous paper, the Vj,,;,(t) curves could be fit to an exponential of the
form Vi, (t) = Voo (1 — e koubt) Surprisingly, we found that the kg, rates for the different azides were within
30% of each other (Table 2). But as the intensity was lowered, the bubble forming ability of the different films
diverged, until at 0.180 mW/cm? the 2N3-CH»-AN and N3-CH,-PY films barely showed any bubble formation at
all (Figure 4f—j). At this intensity, the growth for 2N3-AN and N3-PY films showed clear induction periods, with
the first bubbles only appearing after 60 s of irradiation. These low intensity V,,;,(t) curves could not be fit using
the simple exponential growth function.

Table 2. Total areal volume of the bubbles, V,,,,, and bubble growth rate constant ks for all azide molecules at
10 mW/cm? and 365 nm irradiation for 0.1 M azide concentration in PMMA films.

Molecule Vyup (um) koun (s71)
2N3-AN 85.92 5.13x 1073
2N3-CH,-AN 47.25 4.65x1073
N3;-PY 60.01 6.65 x 1073
N;-CH,-PY 49.40 5.11x107°

Bubble formation involves several intermediate steps, including N> production, diffusion to the polymer-
water interface, and finally bubble nucleation, so it is not obvious that this process can be described by a single
first-order kinetic process. To analyze the bubble growth dynamics as a multi-step process, we used the kinetic
model outlined in Figure 5. The assumption that all processes, including N transport to the surface and bubble
nucleation, obey first-order rate laws is clearly a simplification. In particular, bubble nucleation only starts after a
threshold density of N> molecules has been achieved [34], and a first-order kinetic model will not be able to capture
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this behavior. Nevertheless, this model allows us to understand some qualitative features of the data. The coupled
rate equations are

66‘34 = —kpnotoCazide (1)
ag}fﬁ = —kesc G + kpnotoCazide (1b)
agﬁ?t = —kpup O3 + Kesc O3 (1c)

"’Z% = (koup = keaiy) G (1d)

Cozider CB, CYE, and V,,,,;, are the azide concentration, the concentration of N, inside the polymer, the N,
concentration outside the polymer near the surface, and the areal bubble volume, respectively. The rate of
photolysis is kpror, the rate of No escape from inside the polymer interior is ke, the rate of N, diffusion into the
bulk water is ka; and the rate of N» incorporation into a bubble is k.. Note that k. depends on light intensity
and the molecule used, while the other rate constants should not vary. These equations can be solved analytically
with the initial conditions C%(0) = C341(0) = V},(0) = 0. The solution is a rather long expression for the time
dependent volume of N, contained in the bubbles:
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Figure 4. Images of bubble growth on PMMA surfaces with 0.1 M azide doping. Top: Films irradiated at 365 nm
(10 mW/cm?) doped with (a) 2N3-AN, (b)2N3-CH»-AN, (¢) N3-PY (d) N3-CH2-PY. (e) The areal volume of bubbles
Vyup (t) plotted versus time for the four azides. Bottom: Films irradiated at 365 nm (0.1 mW/cm?) doped with
(f) 2N3-AN, (g)2N3-CHz-AN, (h) N3-PY (i) N3-CH>-PY. (j) The areal volume of bubbles Vj,,;, (t) plotted versus
time for the four azides. Scale bars: 500 pum.
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Figure 5. Schematic illustration of the kinetic processes and rates used for modeling the time-dependent growth of
N2 bubbles on the surface of the PMMA film.
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Equation (2) can be used to simulate the experimental V,,;,(t) for 2N3-AN under different light intensities.
The simulated curves are overlaid with experimental data in Figure 6, and the kinetic parameters used to simulate
the growth curves are summarized in Table 3. At high intensities, a large kyx., value means that the photolysis is
not rate-limiting and the bubble growth is determined by the transport and nucleation rates. This is the situation
for all the azides when I =10 mW/cm? and explains why they exhibit similar Vj,,;, (t) curves at this intensity. As
kpnoo decreases, the photolysis rate eventually becomes the rate limiting step for bubble growth on the polymer
surface. It is in this low intensity regime that differences in photolysis rates become reflected in the observed
bubble growth rates, as observed in Figure 4;.

0.101 v 0.1 mWen?
¢ 1 mWem?
0.08 - 10 m\Wicn? i
g_ 0.06 -
o
=
>‘Q 0.04 -
0.02 1
0.00 -
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Figure 6. Experimental V,,;,(t) curves measured for different 365 nm intensities for the 0.1 M 2N3-AN/PMMA
film (points) overlaid with fits (solid lines) using Equation (2) of the text and the parameters in Table 3.
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Table 3. Kinetic parameters used to simulate the bubble growth curves in Figure 6 using Equation (2) in the text.
The different values for kpnoro correspond to the three different light intensities given in Figure 6.

Kinetic Parameter Fit Values
Initial azide concentration Cn2)=0.1 M
Rate of azide photolysis kphoto =0.01,0.1,1 57!
Rate of N2 escape kese=0.010 57!
Rate of bubble growth kbup =93 x 1073 57!
Rate of N2 diffusion kaig=10 x 10711 571

The important takeaway is that high light intensity can compensate for a low molecular reaction rate. At
high intensities, all derivatives produced a dense layer of bubbles within a few minutes because the N, transport
is rate-limiting and is similar for all azides. At lower intensities, however, the photolysis becomes rate-limiting,
and the behavior of the different azides diverges. Under low-light conditions, 2N3-AN will still form a dense
bubble layer while 2N3-CH,-AN will generate almost no bubbles at all. While this multistep kinetic model
captures the overall dynamics of N, bubble growth, it does not explicitly incorporate physical parameters like
solvent hydrodynamics [35], bubble coalescence [36] and local gas depletion [37] that also influence bubble
growth dynamics. These processes can be highly nonlinear and would be expected to cause the observed
dynamics to deviate from first-order (linear) kinetics. Thus, the model presented here cannot be regarded as a
first-principles description of the bubble formation, but rather as a framework for comparing kinetic trends
across azide derivatives and light intensities.

In addition to the molecular photolysis rate, the multiple kinetic steps in our reaction scheme suggest that the
polymer matrix should also play a key role in V,,;,(t) by modifying k... However, it does not appear that ke
changes significantly in other polymer systems. We confirmed that azide photolysis could generate bubbles in
other polymers besides PMMA. Rapid bubble growth was also observed for 0.1 M 2N3-AN in both polystyrene
and polycarbonate. At high intensities (10 mW/cm?) the growth rates and bubble volumes were within a factor of
2 of that in PMMA (Supplementary Figure S16, Supplementary Table S1), show that this strategy can be
generalized to a variety of azide/polymer systems.

Sun et al. previously showed that nanoparticles doped with azides could generate N, bubbles via a
photothermal mechanism. These bubbles could modulate ultrasound contrast in liquids [38,39]. We wanted to
determine whether a surface layer of bubbles could generate useful contrast for an object imaged by a medical
ultrasound device. PMMA is a biocompatible plastic that is extensively used in medical devices and implants [40].
The use of gas bubbles is now recognized as a safe and effective method to enhance contrast for biomedical
ultrasound measurements [41—43]. In most ultrasound applications, the microbubbles are prepared ex situ as a
particle containing gas enclosed in a shell composed of lipids, proteins, or polymer. The particle suspension is then
injected into the biological medium or the organ to be imaged. Azide photolysis provides a method to generate N,
bubbles in situ on surfaces, providing a way to generate bubbles on a specific object. Because it is a challenge to
use ultrasound to image surgical instruments inside biological media [44], surface bubble generation could provide
a complementary ultrasound imaging capability.

To mimic a surgical instrument, a glass pipette with a 2 mm diameter was coated with a layer of 2N3;-AN
doped PMMA with a thickness of ~100 um. When irradiated under water by an external 365 nm light source, the
pipette tip rapidly developed a dense layer of bubbles, as shown in Figure 7a,c. This layer of bubbles increased the
contrast when the pipette was imaged using a commercial ultrasound machine, as shown in Figure 7b,d. Using
image analysis (Supplementary Figure S17), we found a 6x increase in image brightness after light exposure. This
enhancement arises due to the large acoustic index mismatch at the liquid-gas interface [45], which is substantially
larger than that of a liquid-solid interface. Moreover, the images in Figure 7 show that this effect leads to good
visualization of the object sides, as well as the top surface. This proof-of-principle experiment demonstrates that
light can be used to create a high density of bubbles that provides a useful contrast enhancement for medical
ultrasound imaging.

One concern about using azide coatings in a biomedical setting is exposure to possibly toxic chemicals.
Previously, we hypothesized that production of free N, inside the polymer creates an internal pressure that forces
the N, molecules toward the surface [22]. This flow is several orders of magnitude larger than what would be
expected based on random diffusion under equilibrium conditions [46,47]. If this is the case, then adding a second
polymer layer to encapsulate the azide layer should still permit N, gas transport to the surface while alleviating
concerns about possible toxicity of the azide component. To test this idea, we deposited a second layer of undoped
PMMA on top of a layer doped with 0.1 M 2N3-AN. Exposure of this bilayer sample to 365 nm light resulted in
growth of a bubble layer with a slightly slower rate than that observed for the monolayer 2N3-AN system
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(Supplementary Figure S18). The ability of the photogenerated N, to flow through a neat PMMA capping layer
shows that it is possible to avoid direct contact between the azide layer and the surrounding medium while still
generating a layer of surface bubbles.

(a)

Figure 7. Photochemically generated bubbles enhance contrast in ultrasound imaging. A glass pipette tip is coated
with a 0.1 M 2N3-AN/PMMA film. (a) Optical and (b) ultrasound images before 365 nm irradiation. (¢) Optical
and (d) ultrasound images after irradiation, showing bubbles and enhanced ultrasound contrast.

4. Conclusions

The results in this paper demonstrate that the phenomenon of photochemical bubble generation can be
extended to a variety of aromatic azide derivatives and biocompatible transparent polymers. While insertion of a
methyl group between the aromatic absorber and reactive N, moiety decreased the photolysis rate, a multi-step
first-order kinetic model was developed to show how lower molecular photolysis rates could be compensated for
by higher light intensities. The bubble layer created by light exposure could significantly increase the contrast in
a medical ultrasound imaging set-up. We also showed that the N produced in the doped PMMA layer could be
rapidly transported through a PMMA capping layer for surface bubble formation, so direct contact between the
azide layer and the aqueous surroundings can be avoided. Taken together, the results here show that photochemical
gas generation by solid polymer films is a general phenomenon that can be understood quantitatively and applied
to ultrasound imaging. It is possible that future optimization of these photoactive polymer systems could lead to
applications in medicine and other fields.

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/
others/2506271013537077/MI-983-Supplementary-Materials-v1.pdf, Synthesis of compounds, UV Vis spectra, Bubble
generation video on Polystyrene film, ultrasound imaging set-up. References [48—54] are cited in the Supplementary Materials.
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