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ABSTRACT   11 

The enantioselective formation of C-C bonds is arguably one of the most important reactions in 12 

organic chemistry. While elegant solutions have been devised for the total synthesis of several 13 

natural products, active pharmaceutical ingredients (API), and related scaffolds,  efficient methods 14 

that strive towards the principles of green chemistry remain highly desirable additions to the 15 

synthetic organic toolbox. Additionally, modern strategies become increasingly challenging when 16 

the desired structures are highly strained, sterically encumbered, or contain adjacent quaternary 17 
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chiral centers. In this research, the hexasubstituted ketone d,l-2,4-dimethyl-3-oxo-2,4-18 

diphenylpentanedinitrile was chosen as a highly strained and chiral proof-of-concept substrate to 19 

evaluate the scalability of solid state photoelimination chemistry. Performing the 20 

photodecarbonylation of easily accessible alpha-chiral ketones in the solid state physically restricts 21 

the mobility of the generated radical intermediates, resulting in high regio- and enantiospecificity. 22 

Additionally, aqueous suspensions can be used, resulting in a simple filtration as the only 23 

purification step. The continuous flow HANUTM 2X 15 photoreactor, preceded by a custom inline 24 

crystallization setup, were shown to be key enabling technologies to achieve the previously 25 

problematic continuous operation and scale-up of these reactions. A solid-to-solid photochemical 26 

process was successfully optimised, resulting in a STY of 3.9 kg h-1 m-3.   27 

GRAPHICAL ABSTRACT 28 
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1. INTRODUCTION 33 

Vicinal chiral carbon centers are an important structural motif in organic synthesis and 34 

abundantly present in natural products, secondary metabolites and bioactive molecules. The 35 

formation of such C-C bonds is arguably one of the most important reactions in organic chemistry 36 

and many strategies have been developed to link fragments by thermochemical pathways. 37 

However, these strategies become more and more challenging when the desired structures are 38 

highly strained or sterically encumbered. While elegant solutions have been devised for the total 39 

synthesis of several natural products and related scaffolds,  a general and efficient method that 40 

meets the ideals of green chemistry remains highly desired [1-3]. While the advances in this field 41 

have been incredibly robust, processes that are atom economical, minimize the use of transition 42 

metals and/or employ environmentally reagents and solvents remain elusive.  43 

Photochemistry has become an increasingly powerful tool in green organic synthesis. One 44 

particularly interesting, but generally disregarded class of photochemical transformations are 45 

reactions conducted in the crystalline solid state. Such transformations offer many advantages such 46 

as the opportunity to control various selectivities (stereo-, regio-, and chemo-selectivity), their 47 

potential for scalable green chemistry, and ability to form strained or congested frameworks. Solid 48 

state photochemistry is known for its clean conversions and it can be performed with aqueous 49 

suspensions at ambient temperature. Afterwards, the product is obtained through a simple filtration 50 

as the only purification step. As such, photochemical reactions in solid state have been known to 51 

exhibit notable advantages in the framework of green chemistry [4]. 52 

 53 

2. SOLID STATE PHOTOELIMINATION CHEMISTRY AND ITS SCALABILITY 54 
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Photochemical elimination of a small molecule (Figure 1; X= CO, CO2, N2…) from more readily 55 

available -chiral ketone-, ester-, or diazo-precursors offers a potential route for the construction 56 

of adjacent chiral centres. After absorption of a photon and subsequent alpha cleavage to form a 57 

biradical (Norrish type I cleavage), the small molecule is eliminated and the final C*-C* bond is 58 

easily formed (Figure 1) [5]. Contrasting the energetic advantages however, the final radical-59 

radical recombinations are not always efficient processes. In non-cyclic and/or unconstrained 60 

molecules, radical species can rotate, undergo stereochemical inversion, or diffuse apart which 61 

result in random recombination of the available radicals. Furthermore, the high energy content of 62 

the intermediary radicals renders them prone to degradation and side reactions if a suitable 63 

recombination partner is not readily available. As such, the mobility of these radicals needs to be 64 

controlled to achieve high yields and good regio- and enantioselectivity. 65 

 66 

Figure 1. Mechanism of a photoelimination reaction in solid state vs. solution state. 67 

 All these aspects can be addressed by physically restricting the fate of the radical intermediates 68 

and performing the reaction in solid state. The induced cage effects prohibit diffusion of the 69 

generated radicals and greatly limit their rotational liberties. The use of crystalline suspensions 70 

was previously shown to be key in achieving both good regio- and enantiospecificity [6]. Multiple 71 
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solid state photoelimination reactions were already developed with good yields and 72 

enantioselectivity, demonstrating the benefits of this approach. Especially the use of aqueous 73 

crystalline suspensions and filtration as single purification method when obtaining full conversion, 74 

creates great opportunities for further scale-up of this type of chemistry [7-11]. Despite these listed 75 

advantages of C-C bond construction through solid state photoelimination, its application currently 76 

remains mostly restricted to research labs. The scalability of this approach, of utmost importance 77 

to become industrially relevant in pharma, is at this time very limited due to technical problems. 78 

When increasing the reactor volume, very high reaction times are required due to the low 79 

penetration depth of photons. In addition, due to the absence of diffusive mixing of the substrate 80 

within the crystals, it is essential to ensure an equal dosage of light for every single particle from 81 

each direction. Flow regimes which induce tumbling of a solid substrate were shown by Peter 82 

Seeberger and co-workers to be essential for clean solid state photochemical conversions [12].  83 

 84 

Flow technology has proven its benefits in photochemistry by better and more uniform 85 

irradiation than in batch, shorter pathlengths, more selective reactions and efficient scale-up. Only 86 

a few photoreactors have been operating in an industrial environment up to now. These have been 87 

specifically developed for just a handful of processes such as the synthesis of vitamins D3 and A 88 

(by BASF and Hoffmann-LaRoche), rose oxide (Symrise), photochlorination of toluene, 89 

caprolactam (Toray) and artemisinin (Sanofi and Huvepharma) [13]. However, it is also known 90 

that until present, the use of solids in a flow set-up was not possible due to the issues concerning 91 

sedimentation, accumulation and clogging of the reactor tubes. Therefore, a solid handling flow 92 

reactor is of utmost importance for the scale up of solid state photoelimination chemistry in 93 

continuous flow. 94 
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 95 

3. SCOPE OF THIS RESEARCH 96 

In this research, the hexasubstituted ketone d,l-2,4-dimethyl-3-oxo-2,4-diphenylpentanedinitrile 97 

was chosen as a chiral proof-of-concept substrate to evaluate the scalability of solid state 98 

photoelimination chemistry (Figure 2). Focus is set on the design and development of a standard 99 

protocol to perform solid state photochemistry, process parameter and photon efficiency 100 

optimisation, and productivity and material throughput increase.  101 

 102 

 103 

 104 

Figure 2. Photodecarbonylation reaction of d,l-2,4-dimethyl-3-oxo-2,4-105 

diphenylpentanedinitrile. 106 

 107 

During the synthesis of d,l-2,4-dimethyl-3-oxo-2,4-diphenylpentanedinitrile, two diastereomers 108 

are obtained. The meso-1 isomer (R,S/S,R) is removed by recrystallisation and a racemic mixture 109 

of the d,l-1 enantiomers (S,S/R,R) is used as the photoelimination substrate. Upon performing the 110 

photodecarbonylation reaction, the appearance of 1H-NMR signals of the decarbonylated meso-2 111 
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diastereomer is used to determine the diastereospecificity and to quantify the degree of inversion 112 

of conformations. 113 

4. RESULTS AND DISCUSSION 114 

4.1 Light source selection 115 

Depending on the light source, photons with different wavelengths and consequently different 116 

energies can be emitted. Lamps with wavelengths that are not absorbed by the substrate cause a 117 

direct loss of the photon efficiency (absorbed amount of photons / emitted amount of photons by 118 

the lamp). Therefore, monochromatic light sources are most often preferred and absorbance 119 

spectra should be measured to characterise the most suitable wavelength for the photochemical 120 

transformation. This is in line with the first law of photochemistry stating that it is only the 121 

absorbed light which is effective in producing photochemical changes in a molecule (Grothus-122 

Draper law). The second law in photochemistry states that for every photon of light absorbed by a 123 

chemical system, only one molecule is activated for a chemical reaction (Stark-Einstein’s law). In 124 

order to get the highest possible productivity, it is of prime importance to achieve high photon 125 

fluxes in the reaction mixture. Especially in the framework of industrial scale-up, a high intensity 126 

light source is therefore necessary [14].  127 

To determine the most optimal lamp wavelength, the absorbance spectrum of the hexasubstituted 128 

ketone substrate was measured. In previous work on photodecarbonylation chemistry, most often 129 

a polychromatic medium pressure 450W Hg lamp was used in combination with a >290 nm filter 130 

[7-9]. Figure 3 shows that the substrate only absorbs light in the UV-C region (100 - 280 nm). 131 

Within this wavelength region, only 254 nm lamps are available as monochromatic light sources. 132 

However, these wavelengths are most often used in lamps to disable pathogens in other industries. 133 
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Since this is also harmful for the human body (skin and eye damage), these lamps have relatively 134 

low light intensities to protect operators and surroundings.  135 

 136 

Figure 3. Absorbance spectrum of  d,l-2,4-dimethyl-3-oxo-2,4-diphenylpentanedinitrile in 137 

acetonitrile (0.1 g/L) in the range of 200 – 700 nm. 138 

 139 

Unfortunately, this makes these lamps unsuitable for photochemistry. After extensive research, 140 

the XX-15 UV device with monochromatic 254 nm lamps from Analytik Jena was purchased to 141 

provide one of the highest intensities (43 mW/cm² at 2 cm distance) available on the market, while 142 

still being suitable to mount on the HANUTM 2X 15 reactor (Figure 4) [15]. The resulting photon 143 

flux using was determined by means of  actinometry (0.65 µEinstein/sec, see supporting 144 

information). 145 
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 146 

  147 

 148 

 149 

 150 

Figure 4. Visualisation of the XX-15 UV device with monochromatic 254 nm lamps. 151 

 152 

To verify the suitability of this XX-15 UV light source for the photochemical conversion of d,l-153 

2,4-dimethyl-3-oxo-2,4-diphenylpentanedinitrile, several solid state batch experiments were 154 

performed. The ketone (50-80 mg) was crushed between microscopic slides and every 5 minutes, 155 

a sample was taken for analysis. The remaining solids were recrushed to ensure refreshment of the 156 

top layer of crystals which is important due to the limited penetration dept of photons within solid 157 

particles. The photodecarbonylation reaction was found to be diastereospecific (NMR) and no 158 

byproducts are formed. The achieved yield is visualised in Figure 5 and reached 80% after 80 159 

minutes. It is striking that a rate increase is apparent at higher irradiation times. However, since 160 

every 5 minutes a sample is taken for analysis, the amount of remaining solids is reducing and 161 

consequently, the thickness of the solid layer decreases, improving the light penetration. Solid state 162 

batch experiments are typically only possible on scales below 100 mg due to the low light 163 

penetration and poor top layer refreshment. This again emphasises the benefits of aqueous 164 

crystalline solutions in (turbulent) continuous flow to increase the efficiency of solid state 165 

photodecarbonylation chemistry. 166 

 167 

 168 
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 169 

  170 

 171 

 172 

 173 

 174 

 175 

 176 

 177 

 178 

Figure 5. Yield of the photodecarbonylation of 2,4-dimethyl-3-oxo-2,4-179 

diphenylpentanedinitrile in solid state batch. 180 

 181 

 182 

4.2 Inline crystallisation 183 

The first experiments in continuous flow, using pre-prepared batches of substrate suspension, 184 

exposed several obstacles for the handling of slurries concerning inhomogeneous suction and 185 

sedimentation/accumulation in pumps and pulsators. This led to unreliable data and a clogged 186 

setup. Therefore, to avoid these practical problems, inline crystallisation was evaluated as a 187 

powerful alternative approach for the continuous delivery of the decarbonylation substrate. This 188 

way, better parameter control during crystallisation is achieved and a fully continuous process 189 

could be developed. One of the major challenges to accomplish this, was to develop an appropriate 190 

method for preparation of the required nanoparticles. As a simple, rapid and scalable method, flash 191 
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nanoprecipitation (FNP) has been widely used to fabricate drug nanoparticles. FNP is based on 192 

high super-saturation condition of drug molecule to trigger nucleation and growth of nanoparticles 193 

under controlled solvent/anti-solvent mixing conditions. The solvent/anti-solvent ratio together 194 

with the rapid impingement mixing of these two (or more) miscible liquids in a confined chamber 195 

are identified as the most important parameters to obtain a nanocrystalline solution. Surfactants 196 

are added to encapsulate the drug molecule in a hydrophobic core to provide steric stabilization by 197 

the hydrophilic layer around the nanoparticles, that inhibit further growth and aggregation of the 198 

nanoparticles [16-18]. 199 

Several mixing devices are known to optimise the mixing properties to generate a stable aqueous 200 

crystalline suspension: Confined Impingement Jets Mixer (CIJM), Multi-Inlet Vortex Mixer 201 

(MIVM) and Microfluidic mixer systems. The latter have proven to be a powerful tool for 202 

nanoparticles preparation in microliter scale. Due to the micron-sized scale, microfluidics 203 

behaviour differs from conventional flow theory. As suggested by the low Reynold's number in 204 

the microfluidic mixer, liquid flow patterns were deemed as laminar in parallel without turbulence. 205 

Mixing occurs as a result of diffusion of molecules across the interface between solvent and anti-206 

solvent fluids within micro-seconds, as shown in Figure 6. Microfluidic mixer systems maximize 207 

the mixing performance by their high surface to volume ratio, leading to the highest mixing 208 

efficiency and homogeneous reaction environment of the solute solution under continuous flow 209 

condition [16].  210 
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  211 

 212 

 213 

 214 

 215 

Figure 6. Examples of multiple microfluidic mixer systems [16]. 216 

 217 

Based on these examples, we designed and 3D printed two different types of microfluidic 218 

mixers, as shown in Figure 7. The inner diameter of the solvent flow was minimized to a capillary 219 

of 0.45 mm to maximize the surface to volume ratio and, thus, the mixing efficiency. In design 1, 220 

the solvent flow is parallel to the antisolvent flow, while design 2 has a perpendicular solvent flow 221 

(T-mixer). The difference with previous microfluidic mixers is the use of a pulsator on the anti-222 

solvent flow. Hereby, creating an oscillating effect and a higher Reynolds number in the turbulent 223 

range is obtained, and better mixing is achieved on the microliter scale.  224 

 225 

                     226 

 227 

 228 

         229 

 230 

 231 

 232 

 233 

1) 2) 
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Figure 7. Technical drawing of the mixing systems with a parallel flow (design 1) and a 234 

perpendicular flow (design 2) (A = antisolvent water flow, B = dissolved substrate in 235 

acetonitrile). 236 

Initial tests showed that design 1 suffered from substrate accumulation at the capillary outlet and 237 

tubing. A pulsatile flow parallel to the solvent injection causes small amounts of anti-solvent to 238 

enter the capillary, leading to accumulation and subsequent clogging. In addition, splitting the 239 

oscillating antisolvent flow (A) in two streams reduced the pulsatile effect at the outlet of the 240 

mixing device. This, in combination with the lower linear velocity in the larger diameter outlet 241 

tube (3.17 mm ID, to fit the  2.5 mm OD capillary), caused the accumulation of substrate in the 242 

outlet tubing of the mixer. These practical issues were avoided by using the perpendicular solvent 243 

flow of design 2. However, despite the fact that the pulsatile effect is applied on the antisolvent 244 

flow, some pulsation was visible on the solvent flow as well, which caused accumulation and 245 

subsequent clogging in the solvent stream, even before the mixing device. Therefore, a check valve 246 

was added to avoid any pulsatile effect on the solvent flow. During the following experiments, 247 

multiple variants of design 2 were tested by changing the capillary and channel sizes. 248 

 249 

4.3 HANUTM 2X 15 flow photoreactor: fluid mechanics and residence time distribution  250 

The HANUTM 2X 15 reactor is used as a process intensifying technology to enable the scale-up 251 

of solid state photochemistry. This patented photoreactor is a continuous-flow reactor based on the 252 

COSTA™ technology (Figure 8), with an internal volume of 15 mL (irradiated volume = 12.03 253 

mL). The process space consists of a split-and-recombine flow pattern (using static mixers) 254 

operated in conjunction with a pulsator, a device that superimposes a periodic oscillation on the 255 

net flow generated by a metering pump. This oscillatory flow regime and repeated split-and-256 
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recombine flow path ensures adequate mixing regardless of the net flow rate and creates these flow 257 

regimes that were shown to be essential for clean photochemical conversions. Consequently, 258 

pulsator amplitude and frequency are introduced as new process parameters. By simply widening  259 

the process channel and linearly increasing throughput while keeping heat exchange, mass transfer 260 

and light penetration constant, further scale-up can be performed [19,20].                                     261 

 262 

Figure 8. Visualisation of the HANU 2X photoflow reactor on lab scale (15 mL, left) and pilot 263 

scale (150 mL, right). 264 

 265 

In a continuous flow system, the residence time distribution (RTD) is introduced as an important 266 

parameter to describe the plug flow character. Narrow RTDs decrease the probability of side 267 

reactions or incomplete conversion to occur. Within the HANUTM 2X 15 reactor setup, 268 

symmetrical oscillations will be applied generating vortices (eddies), leading to improved radial 269 

mixing, whilst aiming to maintain a plug flow character (minimal axial mixing). Therefore, mixing 270 

is decoupled from the net flow rate and only depends on the oscillation conditions. Axial dispersion 271 

has previously been proven to be very sensitive to oscillatory conditions at low net flow rates. 272 

Consequently, experiments using long residence times require careful optimization of the pulsator 273 
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characteristics (amplitude and frequency) to obtain the most suitable reaction conditions [21]. 274 

Although RTDs at other flow rates within the HANUTM 2X 15 reactor were already measured by 275 

Kappe et al., the RTD at a 6 mL/min flow rate was measured and reported here [29]. 276 

 277 

To quantify the mixing efficiency and the flow pattern, the Reynolds number can be calculated 278 

(Equation 1). In this setup however, an oscillating flow is used with the purpose to create more 279 

turbulence and avoid sedimentation and accumulation of solid particles. Therefore, the oscillating 280 

Reynolds number (ReOsc) which describes the intensity of mixing applied to the reactor, is more 281 

appropriate to accurately determine the flow regime [22,23]. The calculated velocity ratio (Ѱ) 282 

should be greater than 1 to ensure that the oscillatory flow dominates the superimposed net flow. 283 

However, values in the range of 2 – 10 have been recommended for plug-flow operation within 284 

oscillating baffle flow reactors (distance between baffles = +- 1 cm) at high flow rates (>100 285 

mL/min). It should be noted that these values have only been validated for liquids and not for 286 

multiphase systems such as slurries [24,25]. However, Kacker et al. mentioned that optimal 287 

conditions were obtained outside this 2 – 10 range and no generalization could be made based on 288 

these velocity ratios [26]. Mixing quality typically increases with the velocity ratio. Nevertheless, 289 

if the net flow is too low, mixing performance decreases because of backmixing and unreliable 290 

results are expected [27]. Within the HANUTM 2X 15 reactor, a velocity ratio  >20 is aimed at, to 291 

fully benefit from the oscillatory flow regime. Since no tubular flow pattern is present in the 292 

HANUTM 2X 15 reactor, a hydraulic diameter (Dh) is calculated based on the flow path in between 293 

adjacent static mixers. 294 

𝑅𝑒𝑛 =  
𝑢𝜌𝐷ℎ

µ
                          𝑅𝑒𝑂𝑠𝑐 =  

2𝜋𝑓𝑥0𝜌𝐷ℎ

µ
 295 
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Ѱ =  
𝑅𝑒𝑂𝑠𝑐

𝑅𝑒𝑛
               𝐷ℎ =  

4𝐴

𝑃
            𝑆𝑡𝑟 =  

𝐷ℎ

4𝜋𝑥0
 296 

 297 

Equation 1. Calculation of the net and oscillating Reynolds number: u = linear speed [m/s], 𝜌 298 

= density of the fluid [kg/m³], Dh = characteristic length [m], µ = dynamic viscosity of the fluid 299 

[Pa*s], f = frequency of the oscillation [Hz], x0 = amplitude of the oscillation [m], A = area (m²), 300 

P =  wetted Perimeter (m). 301 

 302 

Finally, the Strouhal number (Str) is calculated to quantify the effective eddy (vortex mixing at 303 

static mixers) propagation inside the reactor. Str is inversely proportional to the oscillating 304 

amplitude and if too high, it causes eddies to be propagated over larger sections (undesired) [25]. 305 

For Str > 0.1, a collective oscillating movement of the ‘plug’ fluid can be found where the 306 

increment in Str reduces relative length of fluid transportation [24]. As a rule of thumb for tubular 307 

flow regimes, a Str value of  > 0.5 is usually required to fully realise the benefits of an oscillating 308 

flow reactor and to obtain effective eddy shedding. At low Strouhal numbers, e.g. Str ≤ 0.1, the 309 

main flow forms a fast streaming core at the tube center. Until present, the Strouhal number was 310 

only used in oscillating baffle reactors with larger inner diameters (≫1 cm) at high flow rates (> 311 

100 mL/min) and a different, more beneficial behaviour is expected in the HANUTM 2X 15 reactor 312 

with a split-and-recombine rectangular flow path. It seems that no information is available on 313 

desired Strouhal values in alternative microflow patterns [21,28]. Therefore, the Strouhal number 314 

is reported here to provide a first benchmark value for microfluidic systems. 315 

Figure 9 shows the residence time distribution at a flow rate of 6 mL/min for multiple different 316 

pulsator amplitudes (see supporting information). It is known that the oscillation frequency has a 317 

minor impact on the axial dispersion and increasing frequency leads to increased mixing. 318 
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Therefore, only the pulsator amplitude effect was studied extensively. The corresponding 319 

dimensionless parameters are shown in Table 1 to further quantify the fluid behaviour. 320 

Additionally, the Bodenstein number is calculated for plug flow quantification.  321 

Pulsator amplitude (%) Ren ReOsc Ѱ Bo Str 

0 56 / / 12.5 / 

5 56 106 2 55.3 0.064 

10 56 212 4 69.2 0.032 

15 56 318 6 66.5 0.021 

50 56 1059 19 17.3 0.006 

70 56 1438 26 11.5 0.005 

 322 

Table 1. Overview of the dimensionless parameters to quantify the fluid behaviour at different 323 

pulsator amplitudes. 324 

 325 

Figure 9. Residence time distribution for different pulsator amplitudes (flow rate = 6 mL/min, 326 

pulsator frequency = 3 Hz (100%)). 327 
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Based on both of the Reynolds numbers, it is clear that the addition of an oscillating flow has a 328 

major positive effect on the turbulence and mixing within the reactor, up to a fully turbulent 329 

regime at the highest pulsator amplitudes. The desired velocity ratio value is only obtained at 330 

>50% pulsator amplitudes. However, the residence time distributions (Figure 9) and the 331 

Bodenstein numbers show that these high pulsator amplitudes are detrimental for an efficient 332 

plug flow behaviour. As mentioned before, the pulsation amplitude can be too high causing 333 

eddies to be propagated over larger reactor sections. This is clearly visible for pulsator 334 

amplitudes with Str values below 0.01, causing broad distributions in the RTD. As mentioned 335 

earlier, the stated Strouhal number ranges in previous literature will probably not be useful for 336 

microflow applications and a Str number of  <0.01 seems a more reasonable cutoff value to 337 

determine insufficient eddy propagation and consequently backmixing within microfluidic 338 

systems.  339 

 340 

4.4 Solid state photodecarbonylation screening in a continuous flow setup: pulsator 341 

amplitude & residence time 342 

From the previous part, it is clear that the oscillatory flow typically applied in the HANUTM 2X 343 

15 reactor, is controlled by the pulsator amplitude and frequency and has a major impact on the 344 

outcome of the reaction. To obtain insights in the effect of the pulsator amplitude on the 345 

photodecarbonylation chemistry, a number of experiments were performed  using the set-up shown 346 

in Figure 10. As expected, the absence of pulsation caused clogging of the mixer during inline 347 

crystallisation and further accumulation and sedimentation in the tubing, independent of the net 348 

flow rate. When applying oscillations at the other hand, and up to a certain irradiation time, the 349 

yield is increasing faster with higher applied amplitudes. As a result, a yield of 55% is obtained 350 
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when using the maximum pulsation amplitude and a residence time of 15 minutes. However, a 351 

further increase of the residence time decreased the obtained yield. When a low net flow rate is 352 

used (high residence time) while applying a high pulsator amplitude, back mixing causes 353 

unreliable results. In addition, it is clear that the lower amplitudes cannot be used at low net flow 354 

rates either, since accumulation and clogging is then observed at the T-mixer (e.g. 15%, 20 min).  355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 
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Figure 10. (a) Schematic representation of the reaction setup including metering and syringe 364 

pump, pulsator, HANU 2X 15 reactor, and light source. (b) Yield of d,l-2,4-dimethyl-3-oxo-2,4-365 

diphenylpentanedinitrile for multiple pulsator amplitudes. 366 

 367 

A higher pulsator amplitude creates more turbulence and better mixing during crystallisation, 368 

creating a more fine dispersed crystalline suspension (better light penetration). Since both the 369 

crystallisation and the photochemical reaction are in need of different optimal parameter values 370 

(see further), the setup was adapted into two telescoped processes, still enabling a continuous 371 

synthesis (Figure 11). Two pulsator devices are used, which creates full amplitude control on both 372 

processes independently. A finely dispersed aqueous crystalline suspension is made by inline 373 

crystallisation at 100% amplitude, which is then collected in a magnetically stirred collection 374 

vessel. Because of the high turbulence in the mixer (see further) and in contrast to our initial 375 

unsuccessful batch preparation of the suspensions, small particle sizes are obtained creating a 376 

pumpable suspension for the final reaction process. From this collection vessel, the suspension is 377 

pumped through respectively a new pulsator and the HANUTM 2X 15 reactor. A more suitable 378 

pulsator amplitude can now be programmed making higher residence times possible for the 379 

photoreaction.  380 
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Figure 11. Schematic representation of adapted reaction setup consisting of two different 381 

coupled processes. 382 

Several residence times were tested using the same 2 g/L slurry density to obtain full conversion 383 

in the adapted setup. A pulsator amplitude of 15% was first chosen because of its excellent 384 

performance during the RTD study. However, a strong flattening yield curve was obtained and 385 

even after 80 min of irradiation, still no full conversion was obtained. In a continuous flow setup, 386 

longer residence times are not desirable. As  illustrated before (Figure 10), increasing the pulsator 387 

amplitude increased the yields until a maximum was reached, after which a further increase started 388 

to decrease the yield. However, within a certain range (to avoid backmixing), it is still possible to 389 

fine tune the pulsator amplitude (5-40%) for this setup. Higher amplitudes, and so higher 390 

turbulence, can possibly create more tumbling of the crystals, thus improving equal irradiation of 391 

every particle. Figure 12 shows that increasing the pulsator amplitude to 30% had a beneficial 392 

effect on the yield. Only at the lowest net flow rate, unreliable results were obtained. Further 393 

increase of the amplitude results in a lower yield, even at short residence times. A residence time 394 

of 1h and a pulsator amplitude of 30% was found to give the best results (87% yield). From this 395 

subsection, it is clear that careful optimisation of the pulsator amplitude is desired with respect to 396 

the reaction time and high amplitudes are prone to creating backmixing. 397 
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 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

Figure 12. Yield in function of irradiation time for a 2 g/L slurry density for pulsator 406 

amplitudes of 15, 25, 30, 35 and 40% in the adapted setup. 407 

After this first screening was performed and a preliminary reaction process was established, the 408 

effect of back pressure was evaluated. Since slurries are involved and many BPRs cannot handle 409 

slurries, the BPR function of a peristaltic SF-10 pump was used in our setup. The effect of back 410 

pressure is illustrated in Figure 13. It is striking that the addition of some pressure to the system 411 

has a pronounced beneficial effect. An excellent yield of >99% was already obtained after 30 412 

minutes residence time.  413 
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 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 

 422 

Figure 13. Yield in function of irradiation time for a 2 g/L slurry density for pulsator 423 

amplitudes of 30% without BPR (see earlier Figure 12) and with BPR (5 bar). 424 

 425 

4.5 Solid state photodecarbonylation screening in a continuous flow setup: crystal size 426 

A final possibility decrease reaction times is to decrease the particle size to obtain a better light 427 

penetration into the crystal centre. As mentioned before, the mixing efficiency was found to be of 428 

utmost importance during inline crystallisation to obtain a  pumpable dispersion of fine crystals in 429 

water. In the current setup, this is mainly defined by the pulsator amplitude. According to Equation 430 

1, the net and oscillating Reynolds number can be calculated within the T-mixer during inline 431 

crystallisation (tubular flow) and depend on the mixer’s inner diameter, as shown in Table 2. Since 432 

the RTD is of minor importance during crystallisation and the emphasis is mainly on creating 433 

turbulence and instant mixing, a 100% pulsator amplitude seems most suitable according to the 434 

oscillating Reynolds number. 435 

 436 
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ID mixer (mm) Pulsator amplitude (%) Ren Reosc 

1.00 0 

15 

50 

70 

100 

57 

57 

57 

57 

57 

57 

809 

2697 

3775 

5393 

1.58 0 

15 

50 

70 

100 

36 

36 

36 

36 

36 

36 

512 

1707 

2389 

3413 

4.74 0 

15 

50 

70 

100 

12 

12 

12 

12 

12 

12 

171 

569 

796 

1138 

  437 

Table 2.  The net and oscillating Reynolds number for different pulsator amplitudes and 438 

different mixer inner diameters for an anti-solvent flow rate of 2.37 mL/min. 439 

 440 

Decreasing the mixer inner diameter of the standard mixer from 1.58 to 1 mm to obtain a higher 441 

oscillating Reynolds number and so better mixing, quite surprisingly did not have a beneficial 442 

influence on the particle size. Increasing the inner diameter to 4.74 mm to obtain a better 443 

solvent/anti-solvent ratio at the crystallisation spot (see supporting information) with a detrimental 444 

Reynolds number as a  consequence, did not create smaller particles either (for PSDs, see 445 

supporting information). Using the original T-mixer with an inner diameter of 1/8’’ (1.58 mm) 446 

was thus found to result in the smallest particle sizes.  447 

When these samples were subjected to microscopic imaging (x40), it was clear that in fact 448 

aggregates were present, consisting of multiple small rectangular crystals (Figure 15). Therefore, 449 

the collection flask was sonicated for 40 minutes to verify if ultrasound could break these 450 
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aggregates to its individual particles. The effect of sonication on the particle size distributions is 451 

shown in Table 3, and was most pronounced for the aggregates generated in the 1.58 mm mixer. 452 

Microscopic imaging showed that sonication could successfully break these aggregates. It is 453 

important to state that sonication breaks aggregates and not the crystals itself.  454 

  455 

Pulsator amplitude 
(%) 

ID mixer (mm) Sonication time 
(min) 

𝜽average (µm) 𝜽median (µm) 

100 1.58 0 

20 

40 

216 

106 

75 

132 

71 

59 

 1.00 0 

20 

40 

314 

125 

108 

208 

74 

65 

 4.74 0 

20 

40 

360 

279 

231 

234 

170 

151 

  456 

Table 3.  Average and median particle size from setups with different inner diameters of the T-457 

mixer and different sonication times (anti-solvent flow rate = 2.37 mL/min, solvent flow = 0.135 458 

mL/min, pulsator amplitude = 100%). 459 

 460 

To confirm that turbulence (pulsator amplitude) influences the particle size distribution, the 461 

average and median particle sizes were measured for multiple different pulsator amplitudes in the 462 

1.58 mm mixer (Table 4). For pulsator amplitudes of 0 and 15%, clogging occurred in the T-mixer 463 

and tubing, and no PSD was measured.  At these amplitudes, the turbulence was too low, leading 464 

to formation of bigger particles. From 100% down to 50% amplitude (no sonication), an increase 465 

in average and median particle size was visible confirming the need for high Reynolds numbers to 466 

obtain small particles. Only the amplitude of 30% shows some deviation to this trend. Sonication 467 
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consistently lowered the particle sizes and most often created more symmetrical PSDs (see 468 

supporting information), however the effect is different depending on the pulsator amplitude and 469 

at 100% amplitude the aggregates consist of distinctly smaller crystallites.  470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

 479 

 480 

Table 4.  Average and median particle size for different pulsator amplitudes (anti-solvent flow 481 

= 2.37 mL/min, solvent flow = 0.135 mL/min, ND = not determined because of clogging of the 482 

T-mixer and reaction tubes). 483 

 484 

It is clear from previous results that additional sonication of the slurry is beneficial to obtain 485 

smaller particle sizes and therefore, continuous sonication was evaluated as a tool to increase the 486 

reaction rate of the photodecarbonylation. The collection vessel was continuously sonicated after 487 

inline crystallisation and the bath was periodically cooled with ice to avoid too much heating of 488 

the suspension over time due to the ultrasounds. The conversion of the hexasubstituted ketone is 489 

shown in Figure 14, but was slightly slower as compared to the results obtained without sonication, 490 

ID mixer (mm) Pulsator amplitude 
(%) 

Sonication time 
(min) 

𝜽average (µm) 𝜃median (µm) 

1.58 0 0 

40 

ND 

ND 

ND 

ND 

 15 0 

40 

ND 

ND 

ND 

ND 

 30 0 

40 

302 

285 

181 

165 

 50 0 

40 

331 

185 

233 

95 

 70 0 

40 

323 

306 

215 

208 

 100 0 

40 

216 

75 

132 

59 
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despite the smaller particle sizes (Figure 14). Apparently, the aggregation of small crystals does 491 

not prohibit efficient irradiation and/or conversion. To check if the small rate decrease was 492 

attributed to potential degradation of the substrate upon sonication, NMR, UV and LC-MS analysis 493 

was performed on both sonicated and non-sonicated suspended material. All analyses gave 494 

identical spectra in both cases, which confirmed that no byproducts were formed and no 495 

degradation processes occurred because of the applied ultrasound.  496 

 497 

  498 

Figure 14. Influence of different particle sizes on the photodecarbonylation yield of a 2 g/L 499 

slurry density (pulsation amplitude reaction = 30%, back pressure = 5 bar). 500 

 501 

In a final attempt to reduce the actual crystal sizes, both a high shear Ultra turrax mixer (16000 502 

rpm) and wet-milling were evaluated after inline crystallisation. While sonication was able to 503 

break the aggregates into its individual crystals, these methods should be able to further mill the 504 

individual crystal to lower sizes. However, sonication seems to be more efficient in decreasing 505 

particle sizes than the Ultra turrax mixer and wet-milling approach (see particle sizes in Table 5). 506 

Surprisingly, with wet-milling even slightly larger agglomerates were obtained compared to only 507 
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inline crystallisation. Nevertheless, the conversion rates for both suspensions were determined and 508 

are shown in Figure 14. Ultra turrax de-aggregation, much like sonication, did not improve nor 509 

reduce reaction rates. The larger aggregates obtained after wet milling did show slower conversion, 510 

most likely due to a denser packing of the crystallites, as is visible in the microscopic images 511 

(Figure 15). 512 

 513 

 514 

 515 

Figure 15. Microscopic view (x40) of the crystal size after (a) inline crystallisation, (b) 516 

additional sonication, (c) additional ultra turrax and (d) additional wetmilling. 517 

 518 

a) 

 

b) 

c) d) 

100 µm 

 

100 µm 

 

100 µm 

 

100 µm 
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As such, it is clear that simple inline crystallisation provides the fastest converting particle 519 

suspensions (Figure 14). The microscopic pictures in Figure 15, suggested that bigger clusters 520 

consisting of smaller particles are most suitable for this photochemical conversion. As such, the 521 

conversions upon sonication may indicate a poor irradiation of the bottom layers of the reactor. 522 

The transmission of light in the suspension for all the different methods was measured to identify 523 

potential differences in light penetration between sonicated and non-sonicated samples (Table 6). 524 

As expected, a trend was visible where a larger amount of small particles creates a more turbid 525 

suspension compared to a smaller amount of larger particles, although the difference is relatively 526 

small. In addition, Debrouwer et al. showed by CFD simulations that a pulsation amplitude of 33% 527 

combined with a flow rate of 1 mL/min has a decent mixing in the vertical direction, creating 528 

regular refreshment of the top irradiated layer [30]. 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 

Table 5.  Overview of the average and median particle size, the light transmission, and the 537 

yield at 30 min for different PSD reducing methods. 538 

 539 

4.6 Increase of the slurry density using the most optimal process parameters 540 

Method 𝜃average (µm) 𝜃median (µm) Light transmission 
(%) 

Yield (%) at 30 
min 

Inline crystallisation 216 132 9.7 98 

Sonication (40 min) 75 59 3.4 92 

Ultra turrax (40 min) 143 90 9.9 99 

Wetmilling (15 min) 278 185 14.5 69 
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Having established a fully continuous system which reaches complete conversion, additional 541 

efforts were made to increase the material throughput. This was done by increasing the slurry 542 

density. To exclude interfering effects on the crystal sizes, it was decided to first prepare a 2 g/L 543 

slurry and concentrate this to the desired density by removing solvent after centrifugation. Starting 544 

with the most optimal process parameters of the screening above, a 5 g/L slurry was tested. 545 

Although the particle size distribution was kept constant, a significant drop in yield was noticed. 546 

It is a possibility that internal mixing becomes the limiting factor at higher densities, especially 547 

because of the lower light penetration caused by a lower light transmission (%T: 1.2%). Therefore, 548 

a slightly higher pulsator amplitude was tested to increase this mixing with the aim to obtain a 549 

better yield (Figure 18). Nevertheless, it did not result in a better conversion and a similar trend 550 

was observed as in the previous pulsator amplitude optimisation (Figure 12). In fact, this confirms 551 

that 30% pulsator amplitude is indeed optimal.  552 

 553 

Figure 18. Influence of a higher slurry density and higher pulsator amplitude on the reaction 554 

yield. 555 

The productivity of a 2 g/L slurry density at 30 minutes residence time is approximately equal 556 

to a 5 g/L at 60 minutes. The major difference is the amount of used solvent, being much higher 557 
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for a 2 g/L density. However, since the solvent is only water (and traces of acetonitrile (54 558 

𝑚𝐿

𝐿 𝑤𝑎𝑡𝑒𝑟
)), preference is given to full conversion in the 2g/L experiment (vs. 94% for the 5g/L) to 559 

ensure that simple filtration suffices to isolate the pure product. 560 

 561 

4.7 Productivity comparison with previous research 562 

Some studies were previously published on the use of aqueous crystalline suspensions for 563 

photodecarbonylation chemistry in recirculating “continuous flow-like” batch setups. To compare 564 

our productivity to these reactor set-ups, the space time yield is used (kg h-1 m-3) (Equation 2). 565 

𝑆𝑇𝑌 =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑓𝑜𝑟𝑚𝑒𝑑 (𝑘𝑔)

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (ℎ) ∗ 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚3)
 566 

 567 

Equation 2. Space-Time Yield Calculation. 568 

Veerman et al. reported the photodecarbonylation of dicumyl ketone in a recirculated immersion 569 

well reactor setup (3.3 L) [31]. On a 10 gram scale, a productivity of 0.5 g/h was obtained with a 570 

corresponding STY of 0.16 kg h-1 m-3. Hernández-Linares reported the photodecarbonylation of 571 

the chiral (+)-(2R,4S)-2-carbomethoxy-4-cyano-2,4-diphenyl-3-pentanone in a similar 572 

recirculated twin serial reactors system (1.7 L). Here, a STY of 0.29 kg h-1 m-3 was obtained with 573 

a productivity of 0.5 g/h on a 15 gram scale [32]. However, both protocols do not have the 574 

capability of continuous production since batch reactors are used in a recirculated setup, 575 

disadvantageous for photochemistry causing very long irradiation times. In this research, a 576 

productivity of 0.06 g/h is achieved. Although this is substantially lower than previously reported 577 

literature, it seems more reasonable to compare the STY considering the significantly smaller 578 

reactor volume in our approach (12 mL vs 1700 mL). For the current photodecarbonylation 579 
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process, a STY of 3.9 kg h-1 m-3 is obtained, which represents a 13-fold improvement compared to 580 

the best performing literature example. 581 

 582 

5. CONCLUSIONS  583 

In this research, the first fully continuous solid-to-solid photochemical reaction was successfully 584 

optimised, showing that suspensions should not necessarily be a problem within this technology. 585 

Despite the use of a proof-of-concept substrate, several interesting conclusions can be made for 586 

the application of solid-to-solid photochemistry in continuous flow. To obtain maximal 587 

productivity, an efficient photon use is of prime importance and effort should be put into the 588 

selection of the most optimal light source for the desired chemical conversion. Subsequently, inline 589 

crystallisation has the benefit of continuous synthesis, while having more control over 590 

crystallisation conditions and particle sizes, as compared to batch flash nanoprecipitation. In 591 

addition, mixing was optimized and a rather low amplitude (30%) was found to be most beneficial 592 

to avoid too much backmixing. It has to be noted that the pulsator amplitude should to be optimized 593 

for every substate, as it is related to the reaction time to some extent. Furthermore, back pressure 594 

was found to be beneficial in terms of conversion. Extensive research was put into the influence 595 

of particle size on the photochemical conversion. Several particle size reducing methods 596 

(sonication, Ultra Turrax, wetmilling) were discussed on their ability to decrease sizes and 597 

subsequently increase photochemical conversion rate. Nevertheless, it was found that some 598 

methods were not able to decrease particle sizes at all, and, quite surprisingly both smaller and 599 

larger particles (or agglomerates) did not result in higher conversion rates when compared to inline 600 

crystallisation. Lastly, a slurry density increase was evaluated to achieve higher material 601 

throughput. Unfortunately, the high drop in conversion rate could not sufficiently be  compensated 602 
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for and the final productivity remained more or less constant. Despite these identified hurdles, a 603 

continuous process for this proof-of-concept substrate was developed with a STY of 3.9 kg h-1 m-604 

3, a 13-fold improvement with previously reported batch methods. This solid-to-solid 605 

photochemistry was  performed at ambient temperature with environmentally benign water as an 606 

inert carrier. The product was simply obtained by filtration or centrifugation, without any 607 

additional purification. As such, the HANUTM 2X 15 flow photoreactor proved its benefit as 608 

process intensifying technology for the handling of slurries and suspensions in continuous flow 609 

photochemistry. 610 

 611 

SUPPORTING INFORMATION 612 

A detailed description of the experimental work is provided in the supporting information. 613 
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