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The kinetics of organic reactions of different types in micro-
volumes (droplets, thin films, and sealed tubes) show effects of
gas/solution interfacial area, reaction molecularity and solvent
polarity. Partial solvation at the gas/solution interface is a major
contributor to the 104-fold reaction acceleration seen in
bimolecular but not unimolecular reactions in microdroplets.
Reaction acceleration can be used to manipulate selectivity by
solvent choice.

Reaction acceleration in microdroplets has been widely
studied[1] mostly, but not exclusively,[2] by mass spectrometry,
using sprays or droplet levitation in electric[3] or acoustic fields[4]

or by the Leidenfrost effect.[5] It is firmly established[6] that the
increased rates are an interfacial phenomenon. While evapo-
ration of organic solvents undoubtedly speeds up reactions,[7]

this concentration effect is readily distinguished from effects on
the reaction rate constant. Understanding of this effect has
been sought through exploration of the physical and especially
the electrical environment at the gas/solution interface[8] which
has led to the suggestion that the strong electric field drives
the chemistry.[9] Another, perhaps complementary view, is that
partial solvation at the interface is responsible for the fact that
rate constants in confined volumes greatly exceed those in bulk
solution[6b] and support for this view has come from solvent
explicit quantum mechanical calculations.[10] The difference in
the degree of solvation of the activated complex vs. the
reactants at the gas/ interface is expected to give reaction rate
constants which lie between those of purely isolated gas-phase
reactions (ca. 1011 L ·mol� 1 · s� 1) and conventional bulk phase
reactions (100–105 L ·mol� 1 · s� 1). While numerous organic reac-
tions have been studied, systematic studies of acceleration in
different reaction types are lacking. The data presented here

show that reaction acceleration is strongly dependent on
reaction molecularity, and this correlation is rationalized
through a consideration of transition state vs. reagent stabiliza-
tion in reactions that differ in molecularity.

We made kinetic measurements for various reactions in
different microreactors to evaluate the effect of the type of
reaction, the reaction molecularity and any effects due to the
type of reactor. Eight reactions of various types (substitution,
condensation, addition and elimination) were performed in
three microreactors and in bulk. They included an SN2 reaction,
Schiff base formation, Katritzky transformation, Claisen-Schmidt
reaction, aza-Michael addition, epoxide-ring opening reaction,
Hofmann elimination, decarboxylation and a dehydration
reaction (Figure 1). Microdroplets were produced by electro-
sonic spray and thin films were generated by drop casting:
these methods provide about 0.75 μm� 1 and 0.15 μm� 1 surface-
to-volume ratios, respectively (see the Supporting Information
(SI), section V). By contrast, the bulk reaction provides much
smaller surface-to-volume ratio (0.00062 μm� 1). Sealed micro-
tubes, filled with reaction mixtures to avoid any gas/solution
interface, were used as negative controls. It’s notable that the
solid/solution interface is reported to play a role in reaction
acceleration[2c] but this effect is relatively small under our
conditions.[11]

The extent of reaction acceleration was evaluated using rate
acceleration factors (RAFs),[12] defined as the ratio of the rate
constant of the microscale reaction relative to that of the
corresponding bulk reaction at the same temperature:

RAF ¼
kmicroscale

kbulk
(1)

All data were recorded in the kinetic control regime, where
product concentrations increase with time and back reactions
are negligible.

The results are shown in Figure 1. Clearly, substitution,
condensation and addition reactions exhibit much higher RAFs
in microdroplets than in the other reactors, with the RAFs (rate
constants relative to bulk) falling in the range 104 to 106. The
same reactions were also studied in a thin-film format; here the
reactions were also accelerated, but by only two to three orders
of magnitude compared to the corresponding bulk reactions.
By contrast, in sealed microchannel reactors, RAF values were
close to unity, demonstrating minimal acceleration in this
system. These results for reactor types are readily explained by
an interfacial effect, where the microreactor with highest
surface-to-volume ratio gives the largest gas/solution interfacial
area and thus provides the greatest RAF.
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The most significant fact that emerges from these data is
that the number of molecules involved in a reaction (the
“reaction molecularity”) affects the degree of acceleration in
both microdroplet and thin film formats. Addition reactions, in
which two reactants are converted into a single product, exhibit
high RAFs in both microdroplets and thin films. Similarly,
substitution, condensation and bimolecular elimination reac-
tions also give large RAFs. By sharp contrast, the chosen
unimolecular elimination reactions, in which one reactant is
converted into two products, showed negligible acceleration.
The observed effects of molecularity in microscale reactions are
to be found in changes of reaction rates between bulk and the
gas/solution interface. Brauman’s well-established double-well
potential model,[13] can account for the much smaller reaction
rates in solution compared to the free gas phase as the
consequence of differential solvation of the transition states
(TS) and reactants. The more charge-dispersed TS is less
stabilized by solvation, leading to the dramatically different
activation energies for gas-phase and condensed-phase reac-
tions. The argument can be presented graphically as a free
energy diagram and such a figure is reproduced in the
Supporting Information (SI) section IV.

We have previously used this argument[6b] as one factor
contributing to acceleration of reactions of partially solvated
reagents. Here we refine that argument: for all bimolecular
reactions discussed here, the transition states are more charge-
dispersed than the reactants. The much lower solvation energy
of the TS over reactants increases the activation energy in
solution. When the reactions occur at the gas/solution interface,
reactants and TS are only partially solvated, and this decreased
solvation energy decreases the difference between reactants
and TS energies, increasing reaction rate constants at the
interface. We suggest that this is the underlying reason why the
microscale reactions with large gas/solution interfaces, such as
microdroplets and thin films, show high RAFs, while the
microscale reactions in sealed microtubes, without any gas/
solution interface, show no acceleration. By contrast, for the
unimolecular elimination reactions, similarities in charge local-
ization in the reagents and TS result in similar solvation
energies, causing negligible acceleration when moving from
the bulk to the interface. The argument is summarized in
Figure 2, which illustrates differences in solvation energy for
reagents and TS in two different types of reactions, those with
localized charges in the TS (unimolecular reactions) and those

Figure 1. Reactions in various reactors systems arranged by reaction type and the logarithms of their rate acceleration factors (RAFs). RAFs were calculated as
the rate constant for microscale reaction vs. bulk reaction. The microdroplet reactions were performed at ambient temperature. The thin film and sealed tube
data and all results of Hofmann elimination were obtained at 65 °C. The unimolecular elimination reactions were run at 75 °C. The initial concentrations of all
reagents were the same (10 mM). In the calculation of RAFs, corrections were made for the differences in reaction temperature and ionization efficiency (see
SI). DBU=1,8-Diazabicyclo(5.4.0)undec-7-ene.
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with dispersed charges (bimolecular reactions). The particular
unimolecular elimination reactions studied are exothermic,[14]

representing reactant-like transition states,[15] which are more
charge-localized, rather than product-like transition states,
which would be more charge-dispersed. Note that the
description of the reaction used here is simplified, and only the
transition state involved in the rate-determining step is
considered. Note too, that it is reaction molecularity rather than
reaction type that affects the acceleration in thin films and
microdroplets. This is evident from the fact that bimolecular
elimination (the Hofmann elimination) shows a large acceler-
ation but unimolecular eliminations (decarboxylation and
dehydration) do not.

The argument that partial solvation leads to the observed
molecularity effect is further supported by the different extents
of acceleration in competitive addition and elimination for the
same substrate. We chose the epoxide-ring opening of N-(2,3-
epoxypropyl)-phthalimide using 2-pyridinealdoxime methiodide
as nucleophile as an example. The reactions were carried out
both in thin films and in bulk, and the kinetics are shown in
Figure 3. Consistent with expectation, only the addition reaction
is selectively accelerated, and its conversion to product in thin
films reaches 81% after 15 min. The observed results also
suggest one potential application of microreactors to selectively
speed up desired reactions.

The proposal that partial solvation plays a major role in
speeding up microdroplet reactions leads to the prediction of
increased acceleration with stronger solvation. To test this
capability, we changed the solvents used in the SN2 substitution
and Schiff base formation from methanol to methanol/water
mixtures. Because the reactants are hydrophilic in both cases,
the solvation energy should increase as more water is added to
the system. The observed 10- to 20-fold enhancement in rate
constants in water compared to those in methanol (Figure 4)
supports this expectation. Notably too, the likely presence of a
high electric field near the interface[8,16] and the high acidity
and/or basicity resulting from the disproportionation of water[9]

Figure 2. Schematic representation of effect of partial solvation on reactants of differing molecularity. (a) In bimolecular reactions, the lower charge density in
the transition state [A� B+]� compared to the reactants (A+ +B) causes less solvent stabilization of [A� B+]� in bulk solution; the corresponding effect also
occurs for reaction at the interface but it is weaker. The net result is a lower activation energy for the interfacial vs. the bulk reaction, viz. reaction acceleration.
(b) In unimolecular reactions, the similar charge density in the transition state [A+]� and reactant (A+) causes similar solvation energies of [A+]� and A+ in
bulk solution. At the interface both species are partially and similarly solvated, so their comparable solvation energies [A+]� and A+ result in similar activation
energies for the interfacial and bulk reactions. The reactants and TS are shown in green, blue, and yellow to represent species in the gas phase, in bulk
solution, and at the interface, respectively.

Figure 3. Selective acceleration of addition reaction vs. elimination reaction
in a thin film at 75 °C. The two competitive reactions, the desired addition
and the undesired elimination, were performed in bulk and thin films, and
monitored by nESI-MS.

Figure 4. Microdroplet reactions were carried out using different ratios of
water in methanol at ambient temperature in triplicate. RAFs were calculated
as the rate constant for the microscale reaction (r.t.) vs. bulk reaction (r.t.)
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may also help to further accelerate reactions (see SI, section V
for more discussion).

In summary, we have investigated four different types of
reactions (substitution, condensation, addition and elimination)
in three different microreactors, namely microdroplets, thin
films and sealed tubes. The observed interfacial area effect,
reaction molecularity effect and solvent polarity effect provide
experimental evidence for partial solvation of reactions at gas/
solution interface as one of the major factors causing reaction
acceleration in microdroplets and thin films. Some guidance on
expectations for reaction acceleration in small-scale synthesis
can also be provided based on these results: 1) Microdroplets
represent the most powerful acceleration system of those
studied; they are able to provide more than 104-fold
enhancement in rate constants; 2) Bimolecular reactions are
accelerated, but unimolecular reactions show no acceleration;
3) The ability to control acceleration by selecting reaction type
enables the possible application to selectively promote the
desired intermolecular reactions while inhibiting self-degrada-
tion of unstable substrates.

Experimental Section
Three microreactors were built as shown in figure 5. All bulk and
microscale reactions were performed using reagents at the same
concentration (10 mM) to facilitate the calculations and make
comparisons easier. Except for the electrosonic spray ionization
(ESSI) experiments, where analysis was performed on-line, the
reaction mixtures were collected, diluted to the same concen-
tration, and then analyzed by nano-electrospray ionization mass
spectrometry (nESI-MS) under non-accelerating conditions (see SI,
section I). The corrections made for temperature, ionization
efficiency and matrix effect are described in SI, section II.
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Figure 5. Reactions in microreactors. (a) Reactions in charged microdroplets
generated using ESSI. (b) Reactions in thin films generated by drop casting
the reaction mixture onto an inert surface and allowing solvent evaporation.
(c) Reactions in sealed microtubes operated with the two-position selector
switch set to seal the reaction tube after sample loading.

ChemPlusChem
Communications
doi.org/10.1002/cplu.202100373

1365ChemPlusChem 2021, 86, 1362–1365 www.chempluschem.org © 2021 Wiley-VCH GmbH

Wiley VCH Freitag, 24.09.2021

2110 / 219229 [S. 1365/1365] 1

https://doi.org/10.1016/j.ijms.2006.05.005
https://doi.org/10.1016/j.ijms.2006.05.005
https://doi.org/10.1039/C0SC00416B
https://doi.org/10.1039/C9SC00704K
https://doi.org/10.1039/C9SC00704K
https://doi.org/10.1021/jasms.0c00057
https://doi.org/10.1021/jasms.0c00057
https://doi.org/10.1021/acs.jpca.8b05353
https://doi.org/10.1021/acs.analchem.0c04974
https://doi.org/10.1021/acs.analchem.0c04974
https://doi.org/10.1021/acs.joc.8b02669
https://doi.org/10.1021/acs.joc.8b02669
https://doi.org/10.1021/jasms.0c00384
https://doi.org/10.1021/jasms.0c00384
https://doi.org/10.1017/S0033583515000086
https://doi.org/10.1017/S0033583515000086
https://doi.org/10.1002/anie.201612308
https://doi.org/10.1002/anie.201612308
https://doi.org/10.1002/ange.201612308
https://doi.org/10.1039/C8SC01580E
https://doi.org/10.1021/ja0175237
https://doi.org/10.1073/pnas.1210029109
https://doi.org/10.1073/pnas.1210029109
https://doi.org/10.1039/C6SC02353C
https://doi.org/10.1021/jp0450540
https://doi.org/10.1021/ac0601922
https://doi.org/10.1021/ac0601922
https://doi.org/10.1021/acs.analchem.6b01519
https://doi.org/10.1002/anie.201605899
https://doi.org/10.1002/anie.201605899
https://doi.org/10.1002/ange.201605899
https://doi.org/10.1002/chem.201801176
https://doi.org/10.1002/chem.201801176
https://doi.org/10.1021/acs.jpcb.0c07718
https://doi.org/10.1021/acs.jpcb.0c07718
https://doi.org/10.1002/anie.201602270
https://doi.org/10.1002/anie.201602270
https://doi.org/10.1002/ange.201602270
https://doi.org/10.1146/annurev-anchem-061417-125820
https://doi.org/10.1146/annurev-physchem-121319-110654
https://doi.org/10.1039/D0SC04611F
https://doi.org/10.1063/5.0006550
https://doi.org/10.1039/C9SC05112K
https://doi.org/10.1021/acs.jpclett.0c02061
https://doi.org/10.1021/acs.jpclett.0c02061
https://doi.org/10.1021/acs.jpca.0c03225
https://doi.org/10.1021/acs.jpca.0c03225
https://doi.org/10.1002/anie.202014613
https://doi.org/10.1002/anie.202014613
https://doi.org/10.1002/ange.202014613
https://doi.org/10.1002/anie.201704520
https://doi.org/10.1002/anie.201704520
https://doi.org/10.1002/ange.201704520
https://doi.org/10.1021/ja00455a002
https://doi.org/10.1021/jp4095485
https://doi.org/10.1021/jp4095485
https://doi.org/10.1039/C6GC00384B
https://doi.org/10.1039/C6GC00384B
https://doi.org/10.1021/ja01607a027
https://doi.org/10.1021/ja01607a027

