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Abstract: Continuous-flow organic synthesis naturally requires 
continuous-flow separation of reaction components. The most 
common continuous-flow separation approach is liquid-liquid 
extraction based on differential distribution of molecules between 
organic and aqueous phases. This approach has limited selectivity; 
it can hardly separate different hydrophobic organic molecules 
from each other. Continuous-flow electrophoresis can facilitate 
much more selective separation in a single phase, but it is 
currently limited to aqueous electrolytes which are incompatible 
with many hydrophobic organic molecules. Further, water 
electrolysis in aqueous electrolytes results in generation of large 
volumes of gas making steady-state operation a major technical 
challenge. Here, we introduce non-aqueous continuous-flow 
electrophoresis (NACFE) in which the electrolyte is a solution of 
an organic salt in an aprotic organic solvent. We demonstrate that 
NACFE can maintain stable separation of multiple species during 
10 hours. The non-aqueous nature of NACFE and its ability to 
support steady-state operation make it suitable for its 
incorporation into continuous-flow organic synthesis. 

Continuous-flow organic synthesis has a number of important 
advantages over its batch counterpart.[1] Continuous-flow 
separation of multiple reaction components (e.g. an intermediate, 
an excess reactant, and a catalyst) from each other is often required 
between the stages of continuous-flow organic synthesis.[2] Liquid-
liquid extraction that segregates molecules through their 
partitioning between organic and aqueous phases is the most 
common continuous-flow separation method.[3] Yet, it can hardly 
separate hydrophobic organic molecules with similar partition 
coefficients from each other.[4] Continuous-flow electrophoresis 
(CFE), which also called free-flow electrophoresis, can support 
much more selective separation.[5] Its ability to separate multiple 
molecular streams in a single phase could potentially facilitate its 
seamless integration with continuous-flow organic synthesis. 
However, practical CFE has been so far limited to aqueous 
electrolytes; with an exception of a single work reporting the use of 
a non-aqueous electrolyte including a protic organic solvent 
(methanol).[6] Aqueous electrolytes are incompatible with 
continuous-flow organic synthesis, as the synthesis often involves 
reaction components insoluble in water.[7] An additional problem 
with aqueous electrolytes is intensive gas formation during water 
electrolysis; hardly avoidable accumulation of gas bubbles in the 
separation chamber makes steady-state operation of CFE a 
technical challenge (protic organic solvents suffer from the same 
problem).[8] On the contrary, non-aqueous continuous-flow 
electrophoresis (NACFE) could potentially use aprotic organic 

solvents which are not only compatible with solvents utilized in 
continuous-flow organic synthesis but also could minimize gas 
formation and make separation stable without elaborate technical 
solutions. Owing to these two anticipated advantages, NACFE 
utilizing aprotic organic solvents appears to be a highly attractive 
separation complement for continuous-flow organic synthesis 
(Figure 1a). Devices for NACFE are simple and can be easily 
custom fabricated (Figure 1b). Therefore, it is rather surprizing that 
there have been no reports on this technique while aprotic non-
aqueous electrolytes, e.g. based on cyclic carbonates, are widely 
used in batteries,[9] and have been used in discontinuous separation 
by capillary electrophoresis.[10] The goal of this work was to prove 
the feasibility of NACFE with aprotic electrolytes and test its 
suitability for steady-state separation of multiple molecular streams 
in organic phase. 

Continuous-flow separation (as an integral part of continuous-
flow synthesis) must operate under steady-state conditions. We, 
thus, aimed at developing steady-state NACFE confirmed by stable 
uninterrupted operation during e.g. a 10-h shift. Separation 
instability in CFE is caused by gradually growing distortion of the 
hydrodynamic flow and/or electric field during the course of 
operation. The major and most persistent cause of such distortion is 
hardly-avoidable accumulation of gas bubbles in the device.[8] The 
only proven long-term solution for this problem is bubble 
evacuation to the atmosphere through an open-electrolyte 
approach.[8a] This approach should, however, be avoided for non-
aqueous electrolytes due to safety concerns. Thus, we limited 
ourselves to closed NACFE devices. In NACFE, one can foresee 
another potential source of growing distortion of hydrodynamic 
flow: deterioration of the electrophoretic device under the 
influence of an organic solvent. Hence, a NACFE device must be 
made of a solvent-resistant material. We chose propylene 
carbonate (PC) as an aprotic organic solvent, and had to use a 
device material resistant to it. While silica glass is arguably the 
best choice of a solvent-resistant material, making prototype 
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Figure 1. a) Schematic of NACFE seamlessly integrated between two stages 
(upstream and downstream) of continuous-flow organic synthesis. b) Geometry 
of the bottom part (left) and top part (middle) of the NACFE chip used in this 
study as well as its photo in operation (right). 
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NACFE devices of HF-etched glass is not as practical as making 
them of mechanically-machined plastics. We tested a set of 18 
plastics, commercially available in sheets, for their machinability, 
optical clarity, and resistance to PC (Table S1). Three of them, 
fluorinated ethylene propylene, polyvinyl chloride (PVC) Type I, 
and polysulfone, were found potentially suitable based on these 
three parameters. Of these three plastics, we chose PVC Type I for 
its optical clarity, cost efficiency, and full suitability for device-
fabrication procedures previously developed for poly(methyl 
methacrylate).[11] A NACFE chip of a basic geometry (Figures 1b 
and S1) was fabricated and used for all experiments described 
below. 

A key component of any electrolyte is a charge carrier, which 
is typically a well-soluble non-reactive salt giving a free cation and 
a free anion upon dissociation. Two types of organic salts have 
been previously used as charge carriers in non-aqueous aprotic 
electrolytes in capillary electrophoresis: tetraalkylammonium salts 
and imidazolium salts (ionic liquids).[12] Their use in capillary 
electrophoresis did not guarantee transferability to NACFE. In 
contrast to capillary electrophoresis, electrodes in NACFE are 
inside the separation chamber making NACFE susceptible to 
instability associated with electrochemistry of electrolyte 
components. In addition, capillary electrophoresis runs take only a 
few minutes, and long-term stability is not a requirement in 
contrast to NACFE. Therefore, we first tested NACFE for long-
term stability of electric current and optical properties of the chip. 
The experiment was done for two electrolytes: solutions of 
tetrabutylammonium acetate (TBAA) and imidazolium ethyl 
sulfate in PC. We found that the electrical current was stable for 
TBAA during a 10-h run (Figure S2). No gas bubble accumulation 
was evident. Minor precipitation could be noticed at the cathode 
side of the NACFE chip likely due to an electrochemical reaction 
involving tetrabutylammonium. This precipitate did not affect 
optical clarity of the chip. In contrast, we found the excessive 
formation of a brown precipitate at the cathode side of the chip for 
the imidazolium electrolyte (Figure S3). The precipitate was most 
likely an insoluble product of an electrochemical reaction 

involving imidazolium.[13] This precipitate affected optical clarity 
of the chip and could interfere with optical detection; accordingly, 
we ruled out imidazolium-based electrolytes from our further 
consideration. Hence, a solution of TBAA in PC was chosen as a 
default electrolyte for the rest of this NACFE study. 

Next, we tested separation of multiple molecular streams in 
NACFE (Figure 2). As molecules to be separated we used 2-[4-
(dimethylamino)styryl]-1-methylpyridinium (DMAS), Sudan black 
B, α-naphtholbenzein, and fluorescein (the first three are 
hydrophobic and poorly soluble in water). All of them are 
chromophores visible to the naked eye, which facilitated easy 
detection of their streams in this proof-of-feasibility work. 

The quality of NACFE was assessed using a recently 
introduced approach based on angulagram representation of 
molecular stream separation and four quantitative characteristics: 
stream deflection, stream width, stream linearity, and resolution of 
two streams.[14] Images of molecular stream in NACFE were 
recorded with a consumer photo camera. These images were 
processed automatically to construct angulagrams and compute the 
quantitative characteristics of the streams (see Supporting 
Information for details on these procedures and corresponding 
custom-designed software).  

All molecular streams shown in Figure 2 were deflected as 
predicted by the previously proposed separation mechanism based 
on heteroconjugation.[15] Briefly, small anions (e.g. acetate) form 
heteroconjugates with hydrogen-bond donors. The effective charge 
of a heteroconjugate is negative and its magnitude depends on the 
degree of heteroconjugation; this dependency is advantageous and 
allows, for instance, the separation of different phenols. In our case, 
α-naphtholbenzein (phenol) and fluorescein (carboxylic acid and 
phenol) formed negatively charged heteroconjugates, which were 
deflected towards the anode. DMAS is not a hydrogen-bond donor 
but possesses one quaternary nitrogen atom with a positive charge. 
Hence, DMAS was deflected towards the cathode. Sudan black B 
has no positive charge and is assumed to be a very weak hydrogen-
bond donor, which, however, still can experience a low degree of 
heteroconjugation. Therefore, its stream was expected to be 
deflected slightly towards the anode, i.e. negative angles in the 
angulagram in Figure 2. In fact, it was deflected towards the 
cathode, i.e. positive angles. This small deflection was likely due to 
the presence of the electroosmotic flow[16] (from anode to cathode) 
and affected deflection of other streams as well. Ideally, one would 
compare the experimental deflection angles to theoretical ones;[14] 
however, the theory for calculating electrophoretic mobilities 
(which define deflection angles) is not straightforwardly applicable 
to non-aqueous electrophoresis. 

All streams in Figure 2 are linear (L2 > 0.95) and narrow (< 10° 
in width). The worst stream resolution (R > 1.2) in Figure 2 is still 
sufficient for collecting any individual stream without overlap with 
any other stream (R ≥ 1.0 is our threshold for collectable 
streams[14]). 

Increasing the concentration of the charge carrier in the 
electrolyte expectedly led to improved separation confirmed by 
decreasing stream width and increasing linearity (Figure 3). 
Unsurprisingly, no separation could be observed when the 
electrolyte was replaced with the pure organic solvent without any 
charge carrier. Adding a charge carrier at a concentration (3.3 mM) 
similar to the analyte concentration (1.67 mM) resulted in one 
broad stream (width: 9.8°) in which the individual analytes started 
to separate. Increasing the charge carrier concentration from 3.3 to 
10 mM (an order of magnitude higher than the analyte 
concentration) turned this broad stream into individual narrow ones 
(widths of 4.4 to 6.8°); further increase to 30 mM narrowed the 

 
Figure 2. Angulagrams of NACFE of fluorescein (1), α-naphtholbenzein (2), 
Sudan black B (3), and DMAS (4) (1.25 mM each) in 30 mM TBAA in PC at two 
different electrolyte flowrates: a) 2 and b) 4 mL/min. The values in the graph 
are stream deflection (ϕ), stream width (ω), stream linearity (L2), and resolution 
of stream n from stream m (Rnm). NACFE was run with E = 27.3 V/cm 
(I = 8.3 mA) and a sample flowrate of 2 µL/min. The anode and cathode are 
towards negative and positive angles, respectively. 
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streams even more (widths of 2.3 to 4.5°). The carrier 
concentration had only minimal effect on the linearity; linearity 
increased from 0.90 to 1.00 with carrier concentration increasing 
from 0 to 30 mM. Increase in the carrier concentration 
progressively suppresses the electroosmotic flow directed towards 
the cathode.[17] Hence, stream deflections changed towards the 
anode with increasing carrier concentration. For instance, the 
stream deflection of Sudan black B changed from +13.4 to +3.0° 
(i.e. became less deflected) when increasing the carrier 
concentration from 0 to 30 mM. The quality of separation 
depended on the nature of the anion in the charge carrier. A weak-
base anion (e.g. hydrogen sulfate) could not support the separation 
of α-naphtholbenzein from Sudan black B, while a strong base (e.g. 
acetate) could separate them (Figure S4). All results discussed 
above are consistent with the aforementioned separation 
mechanism in NACFE, in which heteroconjugation of electrolyte 
anions with hydrogen-bond donors plays a key role (see above).[15]  

Finally, we examined whether steady-state NACFE could be 
maintained (e.g. stable separation during a 10-h shift), which is the 
key requirement for integrating NACFE with continuous-flow 
synthesis. Three hydrophobic analytes were used in this 
experiment: α-naphtholbenzein, Sudan black B, and DMAS. The 
electrolyte was recycled roughly every 2.5 h to minimize material 
waste; we did not interrupt separation for electrolyte recycling. Our 

results show no significant deterioration in stream deflection, width 
or linearity during the 10-h NACFE with the exception of stream 
width for α-naphtholbenzein which drifted from 5 to 12° (Figure 4). 
This degree of stream widening, however, would not affect 
significantly stream collection for the magnitudes of resolution and 
stability of deflection demonstrated.  

In the frame of the present work, we also explored the option 
of using acetonitrile instead of PC in NACFE. Our results 
demonstrate that separation in acetonitrile-based electrolytes is 
possible in principle (Figure S5). However, electrolytes based on 
PC allowed lower flowrates (due to lesser gas bubble formation) 
and higher electric fields (due to lower currents and Joule heating). 
Furthermore, PC is a less toxic, less volatile, and more viscous 
solvent than acetonitrile.[18] Thus, we did not further investigate 
acetonitrile in the frame of this work. 

In conclusion, we proved the feasibility of NACFE with an 
aprotic electrolyte, namely TBAA in PC, by demonstrating steady-
state separations of multiple molecular streams. This proven 
feasibility should stimulate efforts to implement integrated 
NACFE/continuous-flow synthesis. Here, we would like to outline 
what is required for such an implementation. First, any NACFE 
device must have outputs for multiple molecular streams; such 
devices have been successfully fabricated and used in the past.[19] 
Second, the optimization of device operation, e.g. adjustment of 
electric field and flowrate, requires visualization/ detection of 
molecular streams. Most organic molecules are not chromophores 
visible to the naked eye but absorb UV light; therefore, UV-
imaging of a large area of the NACFE chip is required. Belder and 
co-authors have recently demonstrated deep-UV fluorescence 
imaging of UV-absorbing molecular streams in a small CFE 
chip.[20] This is a highly promising approach towards UV-imaging 
of larger chips. However, significant increases in scanning speed 
and covered area are required to apply this approach to real-time 
imaging of larger chips. We foresee that solving this challenging 
detection issue will open the route for practical use of NACFE in 
combination with continuous-flow synthesis.  

 
Figure 4. a−c) Stream parameters and d) an averaged photo (3587 images 
were integrated for visual assessment of separation stability) of 10-h NACFE 
of α-naphtholbenzein, Sudan black B, and DMAS (1.67 mM each) in 
30 mM TBAA in PC. Recycling was done roughly every 2.5 h (marked with 
arrows).  

 

 
Figure 3. Angulagrams of NACFE of α-naphtholbenzein (1), Sudan black B 
(2), and DMAS (3) (1.67 mM each) under various concentrations of TBAA in 
PC: a) 0, b) 3.3, c) 10 and d) 30 mM. Given are stream deflection (ϕ), stream 
width (ω), stream linearity (L2), and resolution of stream n from stream m (Rnm). 
E = 27.3 V/cm was used in all experiments and resulted in currents of 0.07 (a), 
1.26 (b), 3.69 (c), and 9.9 mA (d). The flowrates were 3 mL/min for the 
electrolyte and 2 µL/min for the sample. The anode and cathode are towards 
negative and positive angles, respectively. 
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