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Abstract. Herein we report the preparation of new synthetic mimics for nitrogen-based polycyclic 

aromatic hydrocarbon (PANH) cosmic dust particles. From a small library of candidate molecules, we 

chose to study benzo[h]quinoline (m.p. = 51°C). This simple PANH was processed by hot emulsification 

in the presence of a suitable water-soluble polymeric emulsifier: high shear homogenization at 55°C 

converted the initial millimeter-sized drops into much finer molten oil droplets. The mean droplet 

diameter was readily controlled from 12 to 273 µm by adjusting the shear rate. Subsequent cooling to 

20°C led to crystallization and the formation of polydisperse benzo[h]quinoline microparticles. 

Interestingly, the nature of the polymeric emulsifier has a significant influence on the final 

microparticle morphology. Distinctly anisotropic microparticles were obtained using poly(vinyl 

alcohol), whereas the desired spherical morphology was produced when using Morwet D-425. Next, 

a melting point diagram constructed for a series of binary mixtures of benzo[h]quinoline and 

phenanthrene indicated a eutectic composition of 65 mol% benzo[h]quinoline, with a corresponding 

melting point of just 37°C. Accordingly, hot emulsification processing was again employed to produce 

a series of 65:35 benzo[h]quinoline/phenanthrene hybrid microparticles of 19 to 438 µm diameter. In 

this case, only the PVA emulsifier produced the desired spherical morphology. These hybrid 

microparticles were characterized by optical/fluorescence microscopy, laser diffraction, scanning 

electron microscopy, 1H NMR spectroscopy, and Raman microscopy. Both types of microparticles were 

fired in turn at aluminum foil or aerogel targets at 0.9 – 1.0 km s-1 using a light gas gun. Under such 

conditions, the microparticles simply rebounded from aluminum foil, with no signs of fragmentation 

or melting. In contrast, the 65:35 benzo[h]quinoline/phenanthrene microparticles underwent 

complete ablation during their aerogel capture. These new PANH synthetic mimics combined with 

such high-energy impact data will inform the design and calibration of cosmic dust detectors for the 

next generation of interplanetary unmanned spacecraft. 

 

* Author to whom correspondence should be addressed (s.p.armes@shef.ac.uk) 
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Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are abundant throughout the known Universe.  They are 

believed to influence the evolution of galaxies and the formation of planets and stars1–5 and are also 

considered to be an important source of carbon,4,6 which has implications for the origin of life.7 In this 

context, PAH molecules have been detected in meteorites,8 comets,9–11 on Titan,12 and within 

interplanetary cosmic dust grains.13  

Typically, cosmic dust travels at hypervelocities (> 1 km s-1). If such fast-moving dust particles impinge 

on a suitable metal target, their kinetic energy is often sufficient to cause molecular fragmentation 

and ionization, which generates a characteristic ionic plasma. This allows the chemical composition of 

the original dust particles to be determined by impact ionization mass spectrometry.14–18 This principle 

has underpinned the design of several generations of cosmic dust detectors for a series of space 

missions.19–22 For example, a detector using this method has reported the presence of salts16 and 

macromolecules17 in the icy plumes emanating from the sub-surface ocean of Enceladus, one of the 

moons of Saturn. Such detectors are well-suited for studies of submicron-sized cosmic dust. In 

principle, larger cosmic dust grains can be captured within thin foils23,24 or ultralow-density 

aerogels.23,25–27 There is considerable interest in designing next-generation synthetic mimics for cosmic 

dust to evaluate both their capture and in situ analysis in future space missions to explore the icy 

ocean world satellites of Jupiter and Saturn.  Depending on the type of mission, dust aerogel capture 

experiments are likely to be performed at speeds of 0.25 to 2 km s-1, while for dust detection via 

impact ionization the corresponding fly-by velocities are estimated to range from 5 to 17 km s-1.21,28–

32  

In 2021 we demonstrated that wet ball-milling of coarse anthracene crystals enabled preparation of 

the first synthetic mimic for PAH-based cosmic dust.33 Anthracene microparticles with a relatively ill-

defined, non-spherical morphology were obtained and subsequently fired at an aluminum foil target 

at 1.87 km s-1 using a two-stage light gas gun.34 Such microparticles can be coated with an ultrathin 

overlayer of an electrically conductive polymer (polypyrrole), which enables significantly higher 

hypervelocities (10-20 km s-1) to be achieved using a high-voltage van der Graaff accelerator.35 

Recently, we reported the synthesis of well-defined spherical phenanthrene microparticles using a 

new hot emulsification route that takes advantage of the relatively low melting point of 101 °C 

observed for this simple PAH. More specifically, millimeter-sized molten phenanthrene droplets were 

initially formed within a 3:1 water/ethylene glycol mixture at 106°C. Subsequently, high-shear 

homogenization in the presence of a suitable water-soluble polymeric emulsifier generated a 

relatively fine oil-in-water emulsion. On cooling to 20°C, the emulsion droplets crystallized to form an 

aqueous suspension of polydisperse phenanthrene spheres, whose mean diameter could be tuned 

from around 25 µm to more than 250 µm simply by varying the shear rate.36 Such microparticles were 

fired at an aluminum foil target using a two-stage light gas gun.36 Moreover, the intrinsic 

autofluorescence exhibited by phenanthrene was used to identify its presence within the resulting 

impact craters using fluorescence microscopy.36 

PAHs were first identified within the interstellar medium by Tielens et al., who observed a strong 

infrared emission band at 6.2 µm.1 Subsequently, it has been suggested that this distinctive spectral 

feature is best explained in terms of nitrogen-containing PAH (or  PANH) molecules.37,38 More recently, 

a plausible progenitor for PAH molecules (benzonitrile) has also been detected within the interstellar 

medium.39 In view of these fascinating studies, we decided to design new synthetic mimics for cosmic 

dust comprising heteroatom PAHs to supplement the purely carbon-based PAH-based mimics 
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described above. After due consideration of toxicity, cost and appropriate physical properties (i.e., 

relatively low melting point and minimal aqueous solubility) of a library of putative molecules, we 

decided to study benzo[h]quinoline (see Scheme 1). Importantly, this simple PANH molecule has a 

remarkably low melting point of 51°C. Herein we report the formation of a series of spherical 

benzo[h]quinoline microparticles via the hot emulsification processing route recently used for 

phenanthrene.36 The effect of varying the stirring rate and the type of polymeric emulsifier (see 

Scheme S1 for their chemical structures) on the final particle size distribution was studied using optical 

microscopy, laser diffraction and scanning electron microscopy. These PANH microparticles were also 

examined using fluorescence microscopy and a series of hybrid benzo[h]quinoline/phenanthrene 

microparticles were also prepared. Finally, selected microparticles were evaluated in preliminary 

hypervelocity experiments using a light gas gun.  

 

Scheme 1. Chemical structures and melting points of anthracene, phenanthrene and 

benzo[h]quinoline. The latter nitrogen-based PAH (or PANH) is the focus of the present study. 

 

Experimental 

Materials. Benzo[h]quinoline (99% purity) was purchased from TCI Chemicals (UK). Phenanthrene (98% 

purity) was purchased from Thermo Scientific (UK). Poly(N-vinyl pyrrolidone) (PNVP; nominal 

molecular weight = 350,000 g mol-1), poly(vinyl alcohol) (PVA; nominal molecular weight = 31,000–

50,000 g mol-1; residual vinyl acetate content = 12 mol%) were purchased from Sigma-Aldrich (UK). 

Morwet D-425 was kindly provided by Syngenta (Jealotts Hill R & D site, UK). Deionized water obtained 

from a Elga Medica DV25 unit was used for all experiments.   

 

Synthesis 

Preparation of Spherical Benzo[h]quinoline Microparticles 

A representative synthesis protocol for benzo[h]quinoline microparticles is as follows. 

Benzo[h]quinoline (1.0 g, 5.0% w/w), Morwet-D425 (0.20 g, 1.0% w/w) and deionized water (18.8 g) 

were added to a 50 mL round-bottomed flask. The flask was immersed in an oil bath set at 55 °C with 

an initial stirring rate of 100 rpm using an IKA Ultra-Turrax T-18 homogenizer equipped with a 10 mm 

dispersing tool. The benzo[h]quinoline crystals subsequently melted, leading to the initial formation 

of millimeter-sized oil drops. Magnetic stirring at either 500 or 750 rpm afforded relatively large 

molten droplets. High-shear homogenization of this benzo[h]quinoline/water mixture at 55 °C was 
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conducted by adjusting the stirring rate from 3,000 from 18,000 rpm for 30 seconds. The resulting hot 

milky-white emulsion/dispersion was vacuum-filtered using a Buchner funnel and the moist white 

solid was quickly redispersed in deionized water (25 mL). The final milky-white dispersion was 

freeze-dried to produce a fine white powder. A similar protocol was employed for the synthesis of 

benzo[h]quinoline microparticles using either PVA (0.20 g) or PNVP (0.20 g) as the emulsifier. A fixed 

stirring rate of 6,000 rpm was used for these latter syntheses. 

 

Preparation of Spherical 65:35 Benzo[h]quinoline/Phenanthrene Microparticles  

To prepare 20-200 µm diameter microparticles, the following protocol was used. Benzo[h]quinoline 

(0.149 g, 3.25% w/w) and phenanthrene (0.080 g, 1.75% w/w; corresponding to a composition of 

65:35 benzo[h]quinoline/phenanthrene) were weighed into a 10 mL round-bottomed flask. PVA 

emulsifier (0.046 g, 1.0% w/w) and deionized water (4.313 g, 94% w/w) were added to a separate 10 

mL flask and stirred overnight until the PVA was completely dissolved (if required, such solutions were 

heated to 40 °C to aid molecular dissolution). The flask containing the 

benzo[h]quinoline/phenanthrene mixture was immersed in an oil bath set at 55 °C until the crystals 

melted to form molten mm-sized oil drops. At this point, the oil bath temperature was lowered to 

40 °C. The separate aqueous emulsifier solution (preheated to 40 °C) was then poured into the flask 

containing the molten benzo[h]quinoline/phenanthrene biphasic mixture. An IKA Ultra-Turrax T-18 

homogenizer equipped with a 10 mm dispersing tool was lowered into the flask until the dispersing 

tool head was completely covered. High-shear homogenization of the 

benzo[h]quinoline/phenanthrene/water mixture was conducted for 30 seconds at a stirring rate 

ranging between 3,000 and 21,000 rpm. The flask containing the hot milky-white emulsion was 

submerged in liquid nitrogen until the sample was completely frozen. The flask was then warmed 

gently, and the resulting dispersion was vacuum-filtered using a Buchner funnel. The moist white solid 

was then freeze-dried overnight to afford a white free-flowing powder. To prepare larger (ca. 400 μm) 

65:35 benzo[h]quinoline/phenanthrene microparticles, the above protocol was used but the 

homogenization step was conducted at a stirring rate of 500 rpm for 1 min using a magnetic stirrer. A 

mean particle diameter of 438 ± 120 μm was estimated by optical microscopy (50 particles were 

analyzed using ImageJ software).  

 

Characterization Methods 

Laser Diffraction Particle Size Analysis 

Microparticles were analyzed using a Malvern Mastersizer 3000 laser diffraction instrument equipped 

with a Hydro EV wet dispersion unit, a red He-Ne laser (λ = 633 nm) and a blue LED light source (λ = 

470 nm). The stirring rate was set at 1,500 rpm and the volume-average particle diameter, D (50) was 

calculated from the average of three measurements.  

Optical Microscopy  

Representative images of the microparticles were recorded using a Cole-Palmer optical microscope 

fitted with a Moticam camera linked to a PC with Motic Images Plus 3.0 software. [N.B. In some 

cases, images were recorded for molten droplets, which are significantly more transparent than the 
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corresponding microparticles obtained after cooling to 20 °C]. Following light gas gun experiments, 

the silica aerogel targets were studied by optical microscopy using a Leica M205 C microscope 

equipped with a Leica DMC 4500 camera.  

 

Fluorescence microscopy  

Representative images for the microparticles were recorded using a Zeiss Axio Scope A1 microscope 

equipped with a Zeiss Axio Cm1 camera. Fluorescence microscopy images were obtained using a LED 

radiation source combined with either filter set 02 (excitation λ = 365 nm, emission λ > 420 nm) or 

filter set 38 (excitation λ = 470 nm, emission λ = 525 nm). Additional fluorescence images were 

recorded of the aluminum and aerogel targets after performing the light gas gun experiments, using 

the fluorescence optics mode of a Leica M205 C microscope and employing a Fisher Scientific UVP 

Blak-Ray B-100AP/R high-intensity UV lamp (λ = 365 nm) for sample illumination.  

Melting point measurements 

A series of benzo[h]quinoline/phenanthrene binary mixtures of varying composition were weighed 

into 14 mL glass vials and sealed with a rubber septum. Each vial was heated using a heat gun under 

a constant flow of N2 gas until the crystals completely melted. Each sample recrystallized on cooling 

to 20 °C. Melting points (± 0.1 °C) for the resulting series of benzo[h]quinoline/phenanthrene binary 

mixtures (ca. 1-2 mg) were determined using a Stuart SMP50 automatic melting point instrument at 

a heating rate of 2 °C min-1. 

Hot-stage optical microscopy 

Spherical microparticles were imaged using a Zeiss Axio Scope A1 Microscope equipped with a Zeiss 

Axio Cm1 camera. A Linkam THMS600 heating stage (Linkam Scientific Instruments, Tadworth, UK) 

was mounted onto the microscope stage and attached to a T95 system controller (see Figure S1).  The 

uncertainty in the measured temperature is estimated to be ± 1.0 °C. A thin copper sheet (0.15 mm 

thickness) was placed on the heating stage and the microparticles were carefully arranged using a 

microspatula. The stage was covered with three glass slides and illuminated using two LED bedside 

lamps (Navlinge, IKEA, UK) at an angle of approximately 45°. A heating rate of 0.5 °C min-1 was selected 

and images were recorded at 2.5x magnification at regular temperature intervals. Experiments were 

performed using 65:35 benzo[h]quinoline/phenanthrene hybrid microparticles of approximately 438 

± 120 µm diameter.  

1H NMR spectroscopy 

1H NMR spectra were recorded using a 400 MHz Bruker Avance-400 spectrometer at 298 K with 16 

scans being averaged per spectrum. Spectra were recorded in d6-acetone for the 438 ± 120 μm 

diameter 65:35 benzo[h]quinoline/phenanthrene microparticles, pure benzo[h]quinoline and pure 

phenanthrene. The integrated proton signal at 8.84 ppm assigned to the two ‘bay’ protons for 

phenanthrene was compared to the integrated proton signal at 9.02 ppm corresponding to the single 

C-H proton adjacent to the nitrogen atom for benzo[h]quinoline. An average chemical composition 

was determined from ten 1H NMR spectra, each recorded for a single 

benzo[h]quinoline/phenanthrene microparticle (see Figure S2). 
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Raman microscopy 

Raman spectra were acquired for individual microparticles using a LabRam HR Raman microscope 

fitted with a 600 lines/mm grating and a Peltier-cooled CCD array detector (1024 x 256 pixels). The 

laser excitation wavelength was 633 nm and a 25% neutral-density filter was utilized. A x10 objective 

was employed and the corresponding spot size was typically 4 m, which is much smaller than the 

mean diameter of the microparticles. The Raman instrument was calibrated using the characteristic 

519 cm-1 band observed for silicon wafer prior to all measurements. This protocol ensures a spectral 

resolution of 1-2 cm-1. The spectral accumulation time varied from 2 to 5 seconds, with 20 

accumulations per spectrum. Background fluorescence spectra were subtracted with the aid of 

Python code.  

 
Scanning electron microscopy (SEM) 

 

Post-shot SEM studies of aluminum foil targets were conducted using a Hitachi S3400 scanning 

electron microscope. An accelerating voltage of 15 kV was employed and the beam current was 

varied between 65 and 91 A. An Oxford Instruments X-Max 80 mm2 energy-dispersive X-Ray 

spectroscopy detector was used to map elemental compositions across individual impact craters 

observed at the surface of the aluminum foil targets [N.B. The aluminum foil targets were not gold-

coated for such studies].  

 
Light Gas Gun experiments 

Hypervelocity impact experiments were performed using a two-stage Light Gas Gun facility at the 

University of Kent.34,40 This gun fires a sabot that is loaded with milligram quantities of the 

microparticles and this sabot is discarded in flight. The impact speed (which is accurate to ± 4%) was 

determined by the difference between timing signals for the passage of the sabot through a laser 

light at the exit of the gun barrel and the impact of the discarded sabot on a stop plate in front of the 

target, which is mounted in a chamber at a pressure of 0.5 mbar. Two types of targets were used: (i) 

aluminum foil (type Al-1080; 99.8% purity; 100 m thickness with a surface area of 40 mm x 40 mm 

and density 2712 kg m-3) and (ii) an ultralow-density silica aerogel (ρ = 89 ± 1 kg m-3). Such targets 

have been used in our prior impact experiments with PAH-based microparticles,33,36,41 as well as for 

the in situ capture of dust particles emanating from the comet P/Wild-2 by NASA’s Stardust 

mission.23,26,27 

 

Results and Discussion 

Synthesis and characterization of benzo[h]quinoline microparticles  

In preliminary experiments, we took advantage of the relatively low melting point of 

benzo[h]quinoline (51°C) to convert its initial coarse crystals into first millimeter-sized drops and then 

much finer droplets of 12 to 273 µm diameter via hot emulsification under high shear at 55°C, see 

Scheme 2. On cooling to 20°C, such droplets recrystallize to form the desired microparticles. Unlike 

our recently reported preparation of phenanthrene microparticles,36 this formulation does not require 

the use of ethylene glycol as a co-solvent. 
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Scheme 2. Schematic cartoon for the preparation of benzo[h]quinoline microparticles via high-shear 

emulsification of molten droplets in water at 55 °C using Morwet D-425 as an emulsifier. 

 

Effect of Emulsifier Type on Microparticle Morphology 

In initial experiments, three commercial water-soluble polymers (PVA, PNVP and Morwet D-425) were 

evaluated for their emulsifier performance during the preparation of benzo[h]quinoline microparticles 

at a constant stirring rate of 6,000 rpm. Using PVA led to the formation of unstable microparticles with 

a significant fraction exhibiting a distinctive anisotropic morphology (Figure 1a). PNVP produced less 

anisotropic microparticles that proved to be unstable with respect to aggregation (Figure 1b). In 

contrast, using Morwet D-425 as an emulsifier produced polydisperse spherical microparticles of 

around 10-80 µm diameter (Figure 1c). Hence Morwet D-425 was selected for further studies. 

 

Figure 1. Representative optical microscopy images recorded for benzo[h]quinoline microparticles 

prepared via the hot emulsification route at 55 °C at a constant stirring rate of 6,000 rpm using (a) 

PVA, (b) PNVP or (c) Morwet D-425 emulsifier.  

 

Effect of Stirring Rate on Microparticle Diameter 

Next, the effect of stirring rate on the mean microparticle diameter was investigated when using the 

Morwet D-425 emulsifier (Figure 2). The stirring rate was adjusted from 500 rpm (magnetic stirring) 

to 18,000 rpm (using an Ultra-Turrax overhead stirrer). As expected, higher stirring rates led to the 

formation of finer oil droplets and hence smaller microparticles.  

100  m100  m 100  m

(a) (b) (c)
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Figure 2. Laser diffraction particle size distributions and corresponding optical microscopy images 

recorded for benzo[h]quinoline microparticles prepared via the hot emulsification route using the 

Morwet D-425 emulsifier at 55 °C (see Scheme 2) using a stirring rate of (a) 500, (b) 750, (c) 3,000, (d) 

6,000, (e) 12,000 or (f) 18,000 rpm.  

 

The relationship between the mean particle diameter and the stirring rate is plotted in Figure 3. Similar 

results have been reported in the literature for various types of emulsions, including our recent 

phenanthrene microparticle formulation.36,42 
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Figure 3. Effect of stirring rate on the volume-average particle diameter (D50) obtained for 

benzo[h]quinoline microparticles prepared using the Morwet-D425 stabilizer emulsifier at 55°C. 

 

Melting point phase diagram for a series of benzo[h]quinoline/phenanthrene binary mixtures 

Recently, we reported the melting point phase diagram for a series of phenanthrene/pyrene binary 

mixtures.41 The eutectic composition and eutectic temperature were identified and this information 

was used to prepare the first example of hybrid PAH microparticles. In the present study, we employ 

the same approach to prepare the first example of hybrid PANH/PAH microparticles. Figure 4 shows 

a melting point phase diagram constructed for a series of benzo[h]quinoline/phenanthrene binary 

mixtures. Notably, the melting point of a 65:35 benzo[h]quinoline/phenanthrene mixture is 

approximately 37 °C, which is significantly lower than that of benzo[h]quinoline alone (51°C). This 

relatively low eutectic temperature is important because it enables convenient emulsification of this 

eutectic composition via high-shear homogenization under relatively mild conditions in aqueous 

solution. Moreover, working at the eutectic composition should minimize any change in composition 

that might occur during processing. This is a potentially important advantage in the context of the 

intended space science application for the target hybrid microparticles. For example, such 

experiments might involve the characterization of individual microparticles embedded within aerogel 
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targets using Raman microscopy,43 hence any compositional heterogeneity between microparticles 

could complicate such analysis. 

 

Figure 4. Melting point phase diagram constructed for a series of binary mixtures of benzo[h]quinoline 

and phenanthrene. The eutectic composition corresponds to 65 mol% benzo[h]quinoline and the 

corresponding eutectic temperature is approximately 37°C.  

 

Synthesis and characterization of hybrid 65:35 benzo[h]quinoline/phenanthrene microparticles 

Hybrid 65:35 benzo[h]quinoline/phenanthrene microparticles were prepared using the approach 

outlined in Scheme 3.  

 

Scheme 3. Schematic cartoon for the preparation of 65:35 benzo[h]quinoline/phenanthrene 

microparticles via high-shear emulsification of molten oil droplets in water at 40 °C.  

 

In this case, PVA was selected as an emulsifier and hot emulsification was conducted at a relatively 

slow stirring rate of 500 rpm at 40 °C. Optical microscopy studies indicated a pseudo-spherical 

morphology and digital image analysis using ImageJ software indicated a mean particle diameter of 

438 ± 120 µm (Figure 5). Such relatively large microparticles are particularly well-suited for analysis 

by hot-stage optical microscopy, 1H NMR spectroscopy and Raman microscopy (see below). 
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Figure 5. Optical microscopy image obtained for 65:35 benzo[h]quinoline/phenanthrene 

microparticles of 438 ± 120 µm diameter prepared via hot emulsification at 40°C using the PVA 

emulsifier. 

 

As indicated above, such hybrid microparticles should ideally possess precisely the same chemical 

composition (i.e., 65 mol% benzo[h]quinoline) if they are to be used as synthetic mimics for space 

science applications. This is because various spectroscopic and microscopic experiments are 

performed on single microparticles. According to Figure 4, the melting point of hybrid microparticles 

comprising a binary mixture of benzo[h]quinoline and phenanthrene is sensitive to the precise 

composition. Thus, for sufficiently large individual microparticles, the compositional uniformity (or 

heterogeneity) can be assessed by observing their melting behavior. Accordingly, hot-stage optical 

microscopy was used to record images of an array of twelve 65:35 benzo[h]quinoline/phenanthrene 

microparticles (mean diameter = 438 ± 120 µm) placed on a copper sheet mounted on a Linkam 

temperature control unit (see Figure S1) during heating at 0.5°C min-1. A control experiment 

performed using phenanthrene microparticles (mean diameter = 202 µm) confirmed that there were 

no unwanted thermal gradients across the copper sheet and the expected melting transitions was 

observed at 101°C (data not shown). Inspecting Figure 6, the array of twelve 65:35 

benzo[h]quinoline/phenanthrene microparticles remained intact at 35°C but all microparticles 

underwent a melting transition at approximately 36°C, which is very close to the eutectic temperature 

of 37°C indicated by the melting point phase diagram (Figure 4). These observations suggest a high 

degree of chemical homogeneity for these microparticles – precisely as expected for this eutectic 

composition.  

In addition, spectroscopic evidence was sought to confirm the constant 65 mol% benzo[h]quinoline 

composition for such hybrid microparticles. The mass of an individual 

benzo[h]quinoline/phenanthrene microparticle of 438 ± 120 µm diameter is estimated to be 
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approximately 50 µg, which should allow a high-quality 1H NMR spectrum to be recorded. Thus, 

individual microparticles were dissolved in d6-acetone (which is a good solvent for both 

benzo[h]quinoline and phenanthrene) to enable their mean composition to be determined. Ten 1H 

NMR spectra obtained for individual benzo[h]quinoline/phenanthrene microparticles are shown in 

Figure S2. A typical example is shown in Figure 7, along with reference spectra recorded for pure 

benzo[h]quinoline and phenanthrene dissolved in d6-acetone. The benzo[h]quinoline/phenanthrene 

molar ratio was determined in each case by comparing the integrated blue signal assigned to the 

proton adjacent to the nitrogen atom in benzo[h]quinoline (Figure 7b) to the red signals 

corresponding to the two C-H protons within the ‘bay’ of the phenanthrene molecule (Figure 7a). Such 

microparticles are expected to contain 65 mol% benzo[h]quinoline, so the integrated signal ratio 

should be 0.93. Averaging over ten microparticles, the experimental ratio was calculated to be 0.92 ± 

0.01. Thus these hybrid microparticles clearly possess the desired chemical composition within 

experimental error. In principle, similar hot-stage optical microscopy and NMR experiments could be 

performed for smaller microparticles. In practice, the precise manipulation of, say, 100 µm diameter 

microparticles to form a suitable array for the former technique becomes extremely challenging, while 

only poor-quality NMR spectra could be obtained for similar-sized microparticles (mass scales as the 

cube of the radius, so microparticles of 100 µm diameter possess a mass of less than 1 µg). 

Raman microscopy was used to assess the chemical composition of individual hybrid microparticles 

(Figure 8). The Raman spectra recorded for phenanthrene and benzo[h]quinoline contain many 

common bands (e.g., at 409, 549, 709 cm-1) corresponding to various in-plane skeletal vibrations of 

the aromatic ring structure. However, unique bands for phenanthrene are observed at 828, 1244, 

1349 and 1522 cm-1 while bands at 843, 1343 and 1401 cm-1 are exhibited solely by benzo[h]quinoline. 

In particular, the 828 and 843 cm-1 bands correspond to equivalent in-plane ring stretching modes for 

these two aromatic molecules, with the 15 cm-1 difference resulting from more asymmetric stretching 

of benzo[h]quinoline (owing to its pyridine ring). The phenanthrene bands observed at 1244, 1349 and 

1522 cm-1 are assigned to C-H wagging modes. The benzo[h]quinoline band at 1343 cm-1 corresponds 

to a strong wagging motion for the C-H bond closest to the pyridine nitrogen, coupled to a C-C ring 

stretch primarily associated with the benzene ring furthest from the pyridine unit (with no equivalent 

vibrational mode for phenanthrene). Similarly, the benzo[h]quinoline band at 1401 cm-1 is assigned to 

the wagging motion of the C-H bond opposite the pyridine nitrogen coupled to a ring stretch primarily 

associated with the central benzene ring. Importantly, Figure 8 confirms that individual microparticles 

contain both benzo[h]quinoline and phenanthrene, with a significantly higher proportion of the 

former molecule. Thus these Raman spectra are consistent with the expected eutectic composition of 

65:35 benzo[h]quinoline/phenanthrene.  
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Figure 6. Representative images recorded during hot-stage optical microscopy studies of an array of 

twelve 65:35 benzo[h]quinoline/phenanthrene microparticles of 438 ± 120 µm diameter. The heating 

rate used in this experiment was 0.5°C min-1. The microparticles remain intact up to 35°C and begin to 

melt at 36°C. This behavior is consistent with the eutectic temperature of approximately 37°C 

indicated in Figure 4.  
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Figure 7. Assigned 1H NMR spectra (d6-acetone, 400 MHz) recorded for (a) phenanthrene, (b) 

benzo[h]quinoline and (c) an individual 65:35 benzo[h]quinoline/phenanthrene microparticle (mean 

diameter = 438 ± 120 µm).  

 

It is well-known that polycyclic aromatic hydrocarbons such as phenanthrene exhibit autofluorescence. 
36,44–47  Indeed, this intrinsic property has been exploited by environmental scientists to monitor the 

presence of such molecules – which are regarded as persistent toxic pollutants – within plants and 

soil.44–47 Recently, we reported that the autofluorescence exhibited by phenanthrene (and pyrene) 

aids the analysis of craters formed after firing such microparticles into a metal target using a light gas 

gun.36  In view of this prior study, we examined 65:35 benzo[h]quinoline/phenanthrene microparticles 

of 438 ± 120 µm diameter using fluorescence microscopy (see Figure 9). An image of such 

microparticles recorded using conventional optical microscopy is shown in Figure 9a. Switching to 

fluorescence mode, the microparticles clearly exhibit autofluorescence (see Figures 9b and 9c). 

Significantly stronger emission is observed when selecting longer excitation/emission wavelengths. 

Some of the microparticles appear to be porous (see small dark patches in Figure 9c); on the other 

hand, such features might simply be surface defects. In contrast, much weaker fluorescence is 

observed for the purely benzo[h]quinoline microparticles (see Figure S3). 
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Figure 8. Representative spectra recorded for individual microparticles using Raman microscopy: (a) 

phenanthrene, (b) benzo[h]quinoline and (c) 65:35 benzo[h]quinoline/phenanthrene.  

 

 



16 
 

 

Figure 9. Representative images recorded for 65:35 benzo[h]quinoline/phenanthrene microparticles 

of 438 ± 120 µm diameter: (a) optical micrograph, (b) fluorescence micrograph (filter set 02; excitation 

λ = 365 nm; emission λ > 420 nm) and (c) fluorescence micrograph (filter set 38; excitation λ = 470 nm; 

emission λ = 525 nm). 
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Synthesis of 65:35 benzo[h]quinoline/phenanthrene microparticles of 20 to 120 µm diameter 

Heating a 65:35 benzo[h]quinoline/phenanthrene binary mixture at 55 °C initially produced 

millimeter-sized molten droplets. Subsequent high-shear homogenization at 40 °C in the presence of 

the PVA emulsifier produced much finer droplets (see Figure 10). Systematic variation of the stirring 

rate provided control over the mean droplet diameter, as expected (see Figure 11).  

 

Figure 10. Representative optical microscopy images recorded for a series of 65:35 

benzo[h]quinoline/phenanthrene microparticles prepared via hot emulsification at 40°C using the PVA 

emulsifier. Systematically increasing the stirring rate from 3,000 rpm to 18,000 rpm leads to 

progressively smaller microparticles.  
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Figure 11. Effect of varying the stirring rate on the volume-average particle diameter (D50) for 65:35 

benzo[h]quinoline/phenanthrene microparticles prepared via hot emulsification at 40°C using the PVA 

emulsifier.  

Recrystallization of the dispersed phase occurred on cooling to produce spherical 65:35 

benzo[h]quinoline/phenanthrene microparticles of approximately 20 to 120 µm diameter, as judged 

by laser diffraction studies (see Figure 12).  

 

Figure 12. Laser diffraction particle size distributions recorded for a series of 65:35 

benzo[h]quinoline/phenanthrene microparticles prepared via hot emulsification at 40°C using the PVA 

emulsifier.  
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A unimodal size distribution was observed for each formulation, except for the microparticles 

prepared at the highest stirring rate of 18,000 rpm (green curve). In this case, a minor population of 

smaller microparticles of approximately 2-6 µm diameter was also present. 

 

Light Gas Gun Experiments 

Details of the four impact experiments plus a control shot conducted using the Light Gas Gun facility 

at the University of Kent34,40 are summarized in Table 1. 

 

Table 1. Summary of impact experiments conducted using the new PANH-based microparticles 

reported in this study.  

 

Projectile composition Microparticle 

diameter (m) 

Target Speed (km s-1) 

Benzo[h]quinoline 35 Aluminum foil 0.87 ± 0.03 

Benzo[h]quinoline 273 SIlica aerogel 0.98 ± 0.04 

65:35 benzo[h]quinoline/phenanthrene 65 Aluminum foil 0.90 ± 0.04 

65:35 benzo[h]quinoline/phenanthrene 65 SIlica aerogel 1.01 ± 0.04 

Empty sabot containing no microparticles Not applicable Aluminum foil 1.01 ± 0.04 
 

 

The control shot using an empty sabot containing no microparticles produced some carbon-rich 

clusters on the aluminum foil target. Such artifacts arise from various types of gun debris. When similar 

features were observed in experiments performed using the two types of PANH microparticles 

reported in Table 1, they were excluded from further analysis. No surface indentations48 were 

observed on the aluminum target for this control shot but such features were observed when firing 

the PANH microparticles at 0.87-0.90 km s-1. Typical impact features on the aluminum foil are shown 

in Figure 13a and 13c when using the 35 m benzo[h]quinoline microparticles and in Figure 13e when 

using the 65 m 65:35 benzo[h]quinoline/phenanthrene microparticles. In both cases, the impinging 

microparticles rebound at this comparatively low impact speed: only relatively shallow indentations 

of 12 to 37 m diameter are observed, with no signs of deeper impact craters with raised rims. 

Analytical X-ray elemental mapping confirms the presence of carbonaceous debris around the edges 

of the indentations formed by the 35 m benzo[h]quinoline microparticles (Figure 12b and 12d) but 

there is minimal evidence for similar debris originating from the 65 m 65:35 

benzo[h]quinoline/phenanthrene microparticles (Figure 13f). Unfortunately, no characteristic Raman 

spectra could be recorded from such impact features, while UV illumination of the target area 

indicated no observable fluorescence. Hence there is minimal transfer of mass from the impinging 

microparticles to the aluminum foil target.  

Similar rebound behavior has been reported for various types of projectiles fired at aluminum foil at 

comparable speeds.28,49,50 For example, 4 - 10 m diameter poly(methyl methacrylate) microparticles 

fired at 0.8 to 1.0 km s-1 also rebound off the target surface.49 Of particular relevance to the present 

study, anthracene microparticles fired into aluminum foil at 1.87 km s-1 also produced relatively 

shallow craters with relatively low levels of carbonaceous debris.33   



20 
 

In contrast, 279  m diameter 75:25 phenanthrene/pyrene microparticles fired into aluminum foils at 

0.96 km s-1 resulted in extensive projectile fragmentation, with significant retention of carbonaceous 

debris at the impact site.41 Similarly, 75 – 90  m diameter salt grains produce slightly more 

pronounced impact craters/indentations when fired into aluminum foil at 0.5 – 1.0 km s-1. In this 

case, the mass of projectile residues associated with the impact craters was sufficient to allow both 

X-ray elemental mapping and Raman microscopy studies, particularly at higher impact speeds.51 

Finally, well-defined craters with substantial carbonaceous deposits on the crater floor were 

observed when firing phenanthrene microparticles into aluminum foil at 1.87 km s-1.36 

 

For a given target, the extent of crater formation depends on (i) the size and type of projectile and (ii) 

the impact speed. Traditionally, the shock pressure generated during the impact is also a critical 

parameter. This can be estimated using the planar impact approximation (PIA).52 This requires the 

target and projectile densities, plus separate linear shock wave speed relations for both target and 

impactor. The wave speed relations are of the form U = C + S.u, where U is the shock wave speed, u is 

the particle speed, and C and S are the relevant shock Hugoniot coefficients for a given material. 

Unfortunately, we have been unable to find any shock wave data for benzo[h]quinoline ( = 1241 kg 

m-3) in the literature. As an approximation, we use shock wave data for a similar compound 

(anthracene) with a comparable density ( = 1249 kg m-3). The C and S values summarized in Table 2 

were obtained by a fit to literature data.53 Hence we calculate that 35  m diameter 

benzo[h]quinoline microparticles fired into aluminum foil at 0.87 km s-1 produce a shock peak 

pressure of 3.45 GPa.  

Similarly, we were unable to find shock Hugoniot coefficients in the literature for 65:35 

benzo[h]quinoline/phenanthrene hybrid microparticles. Accordingly, we estimated a likely range for 

the peak shock pressure using literature data for phenanthrene and anthracene (as a proxy for 

benzo[h]quinoline). Thus, for an impact of 65:35 benzo[h]quinoline/phenanthrene hybrid 

microparticles on aluminum foil at 0.90 km s-1, the estimated peak shock pressure lies between 2.89 

GPa (for phenanthrene) and 3.57 GPa (for benzo[h]quinoline). 

 
Table 2. Summary of material densities and shock Hugoniot coefficients used to calculate peak shock 
pressures using the Planar Impact Approximation. 
 

Material C (km s-1) S Density (kg m-3) Source 

Anthracene 1.109 3.540 1249 Ref53 

Phenanthrene 3.139 0.309 1212 Ref36 

Aluminum 5.376 1.339 2712 Ref53 

Silica aerogel 0.2825 2.629 89 Ref54 

  
In our previous study,41 the peak shock pressure was estimated to lie between 3.12 GPa and 3.75 GPa 

when firing 279 m 75:25 phenanthrene/pyrene microparticles into aluminum foil at 0.96 km s-1. The 

peak shock pressure of 3.45 GPa calculated above falls within this range, suggesting comparable 

impact shock conditions. The observed differences in impact crater formation must therefore reflect 

some other property of the impinging microparticles (e.g., their compressive strength, melting point, 

etc.), which govern projectile fracture and deposition of projectile debris. 
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The peak post-shock temperature (Tpps) within the most heavily shocked part of an impinging 

projectile can also be estimated.55,56 This is the maximum temperature of the decompressed shocked 

material arising from heat generated after shock and release and is given by: 

 
Tpps = T0 + [(u2 – 2Er)/2Cp]          (1) 
 
where CP is the specific heat capacity, T0 is the ambient temperature, Er is the energy lost from the 

projectile during decompression from its shocked state. ER is given by: 

 
ER = (C/S)*[ u + (C/S)*ln(C/U)]      (2) 

 
where C and S are the shock Hugoniot coefficients for the impinging projectile mentioned above and 

u and U are the appropriate values of the particle speed and shock wave speed respectively at the 

peak shock pressure. This approach has been used to analyze high-speed impacts on aluminum foil 

for several types of microparticles, including salt51 and phenanthrene.36 Taking Cp = 206.36 J mol-1 K-1 

for benzo[h]quinoline,57 an ambient temperature of 293 K, and the ER value calculated using the C 

and S values for anthracene as a proxy for benzo[h]quinoline (see above), then Tpps is estimated to be 

41 °C for an impact speed of 0.87 km s-1. Importantly, this maximum post-shot temperature is below 

the melting point of benzo[h]quinoline (51°C). This suggests that the impinging benzo[h]quinoline 

microparticles are unlikely to melt during such a high-speed impact, which is consistent with the 

minimal carbonaceous residues detected within the shallow indentations show in Figure 13.  

The calculation of peak post-shock temperatures via equation (1) for high-speed impacts produced 

by impinging hybrid benzo[h]quinoline/phenanthrene microparticles are somewhat problematic 

owing to the lack of relevant shock wave data. Nevertheless, a range of temperatures can be 

calculated for projectiles comprising either benzo[h]quinoline (approximated using anthracene 

literature data) or phenanthrene (taking Cp = 220.62 J mol-1 K-1 for phenanthrene).58 At an impact 

speed of 0.90 km s-1, Tpps ranges between 30 °C (for phenanthrene) and 43 °C (for benzo[h]quinoline). 

Given that the eutectic melting point of 37 °C for the 65:35 benzo[h]quinoline/phenanthrene hybrid 

microparticles falls within this range, at least part of the most heavily shocked front face of such 

projectiles may begin to melt when striking the aluminum foil target. However, there is no significant 

evidence for such partial melting within the impact features. In this case, more accurate shock 

Hugoniot coefficients for both the benzo[h]quinoline and the 65:35 benzo[h]quinoline/phenanthrene 

hybrid microparticles are clearly required. 
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Figure 13. Representative SEM images recorded for shallow indentations of (a) 19 m diameter and 

(c) 36  m diameter observed after firing 35 m diameter benzo[h]quinoline microparticles into an 
aluminum foil target at 0.87 km s-1. (b, d) Corresponding analytical X-ray elemental maps (green 
denotes aluminum and red denotes carbon) recorded for the impact features shown in (a) and (c), 

respectively. (e) SEM image recorded for a 52 m indentation produced after firing 65 m diameter 
65:35 benzo[h]quinoline/phenanthrene microparticles into an aluminum foil target at 0.90 km s-1. (f) 
The corresponding analytical X-ray elemental map (green denotes aluminum and red denotes 
carbon) shows little sign of carbonaceous deposits associated with this impact feature in this case. 
 

When benzo[h]quinoline microparticles of 273 m diameter were fired at 0.981 km s-1 into a silica 

aerogel target (ρ = 89.3 kg m-3), optical microscopy studies indicated the formation of distinctive 

tracks within the aerogel, see Figure 14a.  These  tracks are relatively long and tapered; hence they 
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are often described as carrot tracks in the aerogel capture literature.27,59 The carrot tracks here range 

from ~ 5 mm to ~ 7 mm in length (i.e. up to 26 times longer than the mean diameter of the original 

impinging microparticles). Recently, we reported41 the formation of similar carrot tracks during the 

capture of 75:25 phenanthrene/pyrene hybrid microparticles fired at 1 km s-1 into a silica aerogel 

target of comparable density (ρ = 91.5 kg m-3).   

 
 

 

Figure 14. (a) Optical microscopy side-view image recorded after firing 273 m diameter 

benzo[h]quinoline microparticles at 0.98 km s-1 into a silica aerogel target ( = 89 kg m-3). The 
projectiles were travelling left to right. Particle debris (dark material) can be identified both along 
and (in some cases) at the end of the carrot tracks. (b) Optical microscopy image (side-view) 

recorded after firing 65:35 benzo[h]quinoline/ phenanthrene microparticles of 65 m diameter at 

1.01 km s-1 into a silica aerogel target ( = 89 kg m-3).  
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Discrete microparticles were observed at the end of a few carrot tracks (Figure 14a). Some material 

was also deposited along the track walls, presumably owing to thermal ablation of the impinging 

microparticles. In our prior study41 of 75:25 phenanthrene/pyrene hybrid microparticles striking a 

silica aerogel target at 1 km s-1, UV illumination enabled partially ablated microparticles to be 

identified at the ends of carrot tracks, with some fragments also deposited along the tracks. 

Unfortunately, the benzo[h]quinoline microparticles employed in the present study do not exhibit 

autofluorescence. Nevertheless, optical microscopy studies suggest a higher degree of thermal 

ablation for these lower melting point microparticles. 

 

Similar thermal ablation has been reported for model 20  m diameter polystyrene microparticles 

striking a silica aerogel target (ρ = 35 kg m-3).43 In this prior study, the microparticles were captured 

intact at the end of their carrot tracks when fired at 2 km s-1, suggesting negligible thermal ablation. 

However, a significant reduction in particle size was observed at 3 km s-1.  Such observations are 

consistent with the capture of phenanthrene microparticles fired into a silica aerogel target (ρ = 35 

kg m-3) at 2 km s-1, which causes some degree of surface ablation.36 For the benzo[h]quinoline 

experiments reported herein, the slightly denser aerogel is likely to induce ablation at a lower impact 

speed. Moreover, such low melting point microparticles should be more susceptible to thermal 

ablation. In the future, we plan to perform experiments using a series of PANH/PAH microparticles 

exhibiting a range of melting points and aerogel targets of variable density.  

 

Using coefficients from Table 2 and assuming that benzo[h]quinoline behaves like anthracene, the 

peak shock pressure calculated using the PIA for benzo[h]quinoline microparticles fired into a silica 

aerogel target at 0.981 km s-1 is approximately 0.21 GPa. As expected, this is significantly lower than 

that calculated for impacts on aluminum foil owing to the highly porous nature of the aerogel. As the 

microparticle tunnels into the aerogel, it experiences thermal heating. Under such conditions, the 

method outlined above for the calculation of the peak post-shock temperature is no longer 

applicable. Instead, we assume that a fraction, f, of the original kinetic energy heats up each 

microparticle as it tunnels into the aerogel target. Our prior study of the thermal ablation of 20  m 

polystyrene microparticles suggest a minimum f value of 0.35.43 Given the impact speed selected 

herein and the specific heat capacity of benzo[h]quinoline, this suggests that the microparticles 

should experience an increase in temperature of 150 °C, albeit for a short time. Given the relatively 

low melting point of benzo[h]quinoline, this explains why the ends of many carrot tracks contain no 

microparticles. Thus the example shown in Figure 14a most likely results from a significantly larger 

impinging microparticle.  

 
The 65:35 benzo[h]quinoline/phenanthrene microparticles were fired into a silica aerogel target at 

1.01 km s-1. Optical microscopy studies revealed multiple characteristic carrot tracks, which are much 

longer than the original mean microparticle diameter of 65  m (see Figure 14b). At the end of these 

tracks, fan-like fractures are observed within the aerogel; such features have been reported for prior 

aerogel capture experiments.59,60 These carrot tracks are notably shorter than those observed for the 

pure benzo[h]quinoline microparticles of 273  m diameter. This is simply because the latter 

microparticles possess much higher kinetic energy at a given impact speed owing to their 

significantly higher mass. Furthermore, such short tracks are significantly wider (relative to their 

length) compared to the long thin carrot tracks shown in Figure 14a. Similar observations were 

reported by Burchell et al. when conducting a series of aerogel calibration experiments using model 
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inorganic projectiles.27 Importantly, no residual microparticles were observed at the ends of any of 

these carrot tracks. This suggests a high degree of ablation, which is consistent with the relatively low 

melting point of such microparticles. 

 

 

Conclusions 

The melting point of benzo[h]quinoline, is relatively low (ca. 51°C), which facilitates its hot 

emulsification under high shear at 55°C to produce the first example of well-defined spherical 

microparticles of adjustable diameter comprising a heteroatom polycyclic aromatic hydrocarbon. 

Moreover, blending this compound with phenanthrene in varying proportions enables the 

construction of a melting point phase diagram for such binary mixtures. A eutectic composition is 

obtained at approximately 65 mol% benzo[h]quinoline, which exhibits a corresponding melting point 

of just 37°C. This enables convenient hot emulsification processing to be conducted at 40°C. 

The effect of systematically varying the stirring rate and emulsifier type is studied for both pure 

benzo[h]quinoline and the eutectic composition of 65:35 benzo[h]quinoline/phenanthrene. 

Empirically, we find that Morwet D-425 is preferred as an emulsifier for the preparation of 

benzo[h]quinoline microparticles, whereas PVA is the best choice for producing 65:35 

benzo[h]quinoline/phenanthrene hybrid microparticles. In each case, a polydisperse spherical 

morphology can be obtained. As expected, the mean microparticle diameter can be readily adjusted 

from 273 µm at 500 rpm to 12 µm at 18,000 rpm for the benzo[h]quinoline microparticles and from 

19 µm at 18,000 rpm to 119 µm at 3,000 rpm for the 65:35 benzo[h]quinoline/phenanthrene hybrid 

microparticles. The latter microparticles exhibit autofluorescence, which may prove to be useful for 

impact crater analysis and/or aerogel capture experiments. Moreover, both hot-stage optical 

microscopy and 1H NMR spectroscopy studies suggest minimal compositional heterogeneity, i.e., 

there is little or no variation in the eutectic composition between microparticles. Such microparticles 

comprise the first examples of model synthetic mimics61 for heteroatom polycyclic aromatic 

hydrocarbon-based cosmic dust.  

In preliminary light gas gun experiments, selected microparticles have been fired at both aluminum 

foil and aerogel targets at around 1 km s-1. The microparticles simply rebound from the former target: 

there is no evidence for either crater formation or microparticle fragmentation/melting. In contrast, 

attempted capture within an aerogel target leads to complete thermal ablation of the microparticles, 

which is ascribed to their relatively low melting points. Such experiments indicate that the impact 

outcome is strongly dependent on the nature of both the impinging projectile and the type of target. 

Systematic studies over a wider range of impact speeds, including those likely to be encountered in 

space mission dust collection scenarios, are now required to understand the various biases that arise 

when attempting to analyze and collect PANH cosmic dust using unmanned spacecraft in the future.    

 

Supporting Information. Chemical structures of the three polymeric emulsifiers evaluated in this 
study; hot-stage optical reflectance microscopy experimental set-up; 1H NMR spectra for ten 65:35 
benzo[h]quinoline/phenanthrene microparticles; optical/fluorescence images recorded for 
benzo[h]quinoline microparticles. 
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