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ABSTRACT: Often, chemical reactions are markedly accelerated in microdroplets compared to the corresponding bulk-phase. 
While identifying the precise causative factors remains challenging, the interfacial electric field (IEF) and partial solvation are 
the two widely proposed factors, accounting for the acceleration or turning on many reactions in microdroplets. In sharp 
contrast, this combined computational and experimental study demonstrates that these two critical factors have negligible 
effect on promoting a model Diels-Alder (DA) reaction between cyclopentadiene and acrylonitrile in water microdroplets. 
Instead, the acceleration of the DA reaction appears to be driven by the effect of confinement and the concentration increase 
caused by evaporation. Quantum chemical calculations and ab initio molecular dynamics simulations coupled with enhanced 
sampling techniques predict that the air-water interface exhibits a higher free-energy barrier of this reaction than the bulk, 
while external electric fields marginally reduce the barrier. Remarkably, the catalytic capability of the IEF at the water micro-
droplet surface is largely hampered by its fluctuating character. Mass spectrometric assessment of the microdroplet reaction 
corroborate these findings, suggesting that the DA reaction is not facilitated by the IEF as increasing the spray potential sup-
presses the DA products by promoting substrate oxidation. While the DA reaction exhibits a surface preference in water mi-
crodroplets, the same reaction tends to occur mainly within the core of the acetonitrile microdroplet, suggesting the partial 
solvation is not necessarily a critical factor for accelerating this reaction in microdroplets. Moreover, experiments indicate 
that the rapid evaporation of microdroplets and the subsequent reagent enrichment within the accessible confined volume 
of microdroplets caused the observed acceleration of the DA reaction in water microdroplets.  

INTRODUCTION  
Converting bulk water into micron-sized droplets renders it 
to behave unusually, often facilitating the chemical transfor-
mation of species dissolved in it. The recent surge in such 
water microdroplet chemistry has been enriched by various 
studies, which include observations of accelerated reaction 
rates,1-5 the promotion of unusual chemical reactions,6-28 
and the stabilization of highly reactive intermediates at the 
air-water interface.29-31 The cause of such multifaceted 
chemistry, preferably at the air-water interface of micro-
droplets, is often attributed to a multitude of variables that 
the reactant species experiences at different extents de-
pending upon the nature of the reactant. Some of the im-
portant variables driving the water microdroplet chemistry 
have been identified to be: i) high intrinsic electric fields (up 
to 109 V/m) at the droplet surface,5, 22, 32-36  ii) orientation of 
reactant(s) at the droplet surface,15 iii) partial solvation of 
reactant(s) at the air-water interface,37-38 iv) droplet surface 
polarity or pH (acidity/basicity),1, 39-44  v) confinement of re-
actants/reagents in small volumes,4, 41, 45-46 vi) evaporation 
of droplet and thereby sizes and associated lifetimes.4, 47-56 

Besides the preceding factors, impurities like ozone or other 
reactive oxygen species at the microdroplet interface have 
been suggested to influence the interfacial chemistry in mi-
crodroplets.57-60 The origin of these impurities and reactive 
oxygen species, including H2O2, remains a topic of intense 
debate.57, 60-68 Studies by Mishra and co-workers found no 
role of interfacial electric fields (IEF) in the formation of 
H2O2.57, 63 Instead, they suggested the origins of H₂O₂ in wa-
ter microdroplets is closely linked to the use of ultrasonic 
humidifiers, ambient ozone57 or dissolved oxygen.64 Zare 
and co-workers later affirmed that H2O2 can be formed in 
microdroplets in the absence of ozone, however, the quan-
tity of H2O2 drops by two orders of magnititude.61 Besides, 
Colussi proposed that HO•, consequently H2O2, are formed 
when partially hydrated HO− and H+ ions at the surface of 
colliding charged microdroplets undergo exothermic elec-
tron transfer.67 The Head-Gordon group provided theoreti-
cal supports to the role of electric field, partial solvation, 
and charges in microdroplet H2O2 chemistry.65-66  

Several theoretical and computational works have 
shown the presence of large IEFs at the air-water interface 
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localized to a region of several Angstroms at the surface.34, 

69-70 If these fields exist in real microdroplets, do they actu-
ally play a role in catalytic reactions? Furthermore, it re-
mains unclear if the role of IEFs depend on the specific type 
of chemical reaction being studied. The current study aims 
to investigate and clarify the impact of the multiple factors, 
including specifically IEFs, potentially affecting the catalysis 
at or nearby to the water microdroplets surface where we 
focus on a typical Diels-Alder (DA) reaction.  
      The DA cycloaddition reaction represents one of the 
most important organic chemical reactions since its discov-
ery in 1928 and it is widely used in the total synthesis of 
complex products.71-74 While a past study indicated that the 
DA reaction is less favoured over other side-reaction(s) in 
water microdroplets,75 exceptions are noted in the litera-
ture with the use of strained multi-cyclic hydrocarbon76 or 
‘quasi-benzyne’ intermediate.77 This highlights the need to 
broaden the scope of DA reactions in microdroplets by in-
vestigating the factors that either facilitate, inhibit, or have 
no effect on their occurrence. In addition, the Coote group 
reported electrostatic catalysis of DA reaction using scan-
ning tunnelling microscopy (STM),78 providing experi-
mental evidence that the reaction is accelerated by an exter-
nal electric field. The sprayed microdroplets are rapidly 
evaporating and/or undergoing fission events. In these 
cases, the droplet interface is highly chaotic, so the electric 
field on the microdroplets may dynamically fluctuate, a sit-
uation that is quite different to that of the oriented static 
electric field generated by STM apparatus. This aspect fur-
ther drives us to explore whether the spontaneous electric 
field present in microdroplets can affect the kinetics of DA 
reactions. 

Herein, we combined first principles simulations and 
experiments to investigate the factors influencing a model 
DA reaction (Scheme 1) between cyclopentadiene (CPD) 
and acrylonitrile (ALT) in water microdroplets to examine 
the impact of the factors laid out above, with a special focus 
on IEF and partial solvation.  

 

 
Scheme1. Diels-Alder reaction between cyclopentadiene 
(CPD) and acrylonitrile (ALT). 

Our simulations predict that the cumulative effect of 
partial solvation and IEF cannot promote the DA reaction in 
water microdroplets. In fact, the barrier of the modeled DA 
reaction is higher at the air-water interface than in the bulk 
and this barrier is only slightly lowered under uniform ex-
ternal electric fields. Moreover, the IEF at the surface of wa-
ter microdroplet is found to fluctuate continuously, a cir-
cumstance mitigating the overall electrostatic catalytic ca-
pability carried by the field. Microdroplet experiments with 
water and acetonitrile independently affirm these predic-
tions and find instead that confinement effect and the in-
creased concentration driven by evaporation are the key 

factors that increase the rate of the DA reaction in micro-
droplets. We would like to point out that the “confinement” 
in microdroplets, unlike the nanoconfinement, where 
length scales approach molecular dimensions, it refers to 
microconfinement, where the compartment dimensions en-
capsulate a relatively large number of solute molecules. 
This confinement limits the Brownian dynamics of reac-
tants, thereby enhancing the frequency of bimolecular colli-
sions necessary for reactions, be it on the surface or in the 
core. Recently, Wilson et al. introduced the term "kinetic 
confinement" to describe this effect in microdroplet reac-
tions.46 

This work elucidates the nuanced role of microdroplet 
interfaces in chemical reactivity, offering insights into opti-
mizing reaction conditions for potential synthetic applica-
tions. 

 
METHODOLOGY 
Ab Initio Molecular Dynamics (AIMD) and Metadynam-
ics (MetD) Simulations 
To explicitly account for the effects carried by partial solva-
tion on the DA reaction, we performed Born−Oppenheimer 
AIMD simulations combined with a well-tempered MetD ap-
proach using the CP2K package.79-80 Simulations started 
from the reactant complex (RC) state, and aimed at deter-
mining the free-energy barriers of the reaction in the gas 
phase, at the air-water interface, and in the bulk. As for the 
simulation in the gas phase and in the bulk, the cubic box 
size was 12 Å × 12 Å × 12 Å. The bulk model includes 52 
water molecules and one reactant (i.e., CPD+ALT). As far as 
the AIMD+MetD simulations of the water interface are con-
cerned, water slabs containing up to 200 water molecules 
were constructed (Figure S1). 

Both simulations in the bulk and at the interface were 
preliminarily equilibrated for at least 5 ps keeping the RC 
fixed whereas water molecules were allowed to relax. All 
AIMD+MetD simulations were conducted employing the 
dispersion-corrected BLYP-D3 exchange and correlation 
functional with DZVP-MOLOPT-SR-GTH basis set.81-84 The 
energy cutoff was set to 400 Ry. The self-consistent field cy-
cle was converged using the orbital transformation method. 
The dynamics of the system was simulated classically 
within the NVT ensemble with a timestep of 1 fs. The aver-
age temperature was controlled at 300 K using a Nose−Hoo-
ver thermostat chain with a coupling time constant of 50 fs. 
The distances between two pairs of C-C atoms, i.e. C1-C4 and 
C2-C3 distances, were selected as the collective variables 
(CVs) for this study (Figure 1). Additionally, block average 
analysis was performed on the calculated free-energy bar-
riers and on the chosen CVs of the TSs for all the investi-
gated systems to estimate the associated error bars. A more 
detailed description along with additional results of all the 
AIMD+MetD simulations can be found in the Supporting In-
formation. 
 
Density Functional Theory (DFT) Calculations. DFT cal-
culations were performed using the Gaussian16 software 
package.85 The M06-2X hybrid meta-GGA functional in com-
bination with a 6-311++G(d,p) basis set was used.86-87 A 
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benchmark preliminary investigation is provided in the 
Supporting Information (Table S1) to validate the choice of 
this level of theory. An implicit solvent polarizable contin-
uum model (PCM) was used to model the aqueous phase. 
Vibrational frequencies were calculated to confirm the na-
ture of all stationary points found and to ascertain that po-
tential energy minima have no imaginary frequencies whilst 
transition states (TSs) exhibit only one imaginary fre-
quency. Intrinsic reaction coordinate (IRC) calculations 
were performed on each TS to identify the minimum energy 
path in this kind of calculation. 

The effects produced by static and homogeneous ex-
ternal electric fields (EEFs) were studied using the “Field = 
M ± N” keyword in Gaussian 16, where M defines the axis of 
the EEF, ± the direction of the field along the axis, and N its 
magnitude. EEF strengths in the range [−0.1; +0.1] V/Å were 
explored. EEFs were applied along the direction of for-
mation of the C-C bond, which we aligned along the Z-axis of 
our reference system, and along orthogonal directions, 
namely X, and Y (Figure 1). 

 
Figure 1. Representations of the reference system adopted 
for describing the DA reaction between cyclopentadiene 
(bottom) and acrylonitrile (top) along with the chosen col-
lective variables (CV1 and CV2). Right panel defines the di-
rection of the dipole moment (µz) and the external electric 
field (Fz) along z-axis. 
 
RESULTS AND DISCUSSION 
Effects of partial solvation. The free-energy landscapes of 
the DA reaction between cyclopentadiene (CPD) and acry-
lonitrile (ALT) to form endo-type product were computed 
for the reaction in the bulk (Figure 2a), at air-water inter-
face (Figure 2b), and in gas phase (Figure S2) by performing 
AIMD+MetD simulations. The reaction proceeds through a 
pre-reaction complex (RC) and a transition state (TS) before 
forming the product (P) (Figure 2c). The computed internal 
free-energy barrier ∆G‡int, which equals G(TS) – G(RC), in-
creases from 18.2 kcal/mol in the bulk to 19.2 kcal/mol at 
the air-water interface, and to 20.7 kcal/mol in the gas 
phase. This trend of an increasing barrier from bulk to the 
gas phase agrees rather well with our DFT calculations per-
formed at a higher theory level (Figure S13). The observa-
tion that the free-energy barrier associated with the reac-
tion occurring at the interface being slightly higher than its 
bulk counterpart is consistent to previous works.88-89 
 

 
Figure 2.  Free-energy landscape of the DA reaction be-
tween cyclopentadiene and acrylonitrile (a) in bulk water 
and (b) at the air-water interface as computed from 
AIMD+MetD simulations. (c) Snapshots of the RC, TS, and P 
structures in the simulation of the bulk system. Method: 
BLYP-D3/DZVP-MOLOPT-SR-GTH.  
 

We attribute the free-energy barrier difference be-
tween the air-water interface case and the bulk one to the 
different stabilization modalities of the RC and TSs. To 
prove this hypothesis, we have analysed the structures and 
computed the average number of hydrogen bonds (HBs), 
nHB, between the N-atom in ALT and the H-atom in water 
molecules surrounding RC and TS.88, 90 In the bulk solution,  
nHB  equals to 1.67 and 2.10 for RC and TS, respectively. At 
the air-water interface, instead, the respective values de-
crease to 1.48 and 1.82. In comparison, as the system trans-
its from the bulk to the interface, the number of HBs sur-
rounding the TS decreases more than that for the RC, indi-
cating that the TS is destabilized more than the RC as a re-
sult of solvent molecule loss. This differential destabiliza-
tion effect leads to a higher free-energy barrier at the inter-
face. This observation aligns with previous findings.88, 91-92 

In a nutshell, our simulations indicate the barrier of DA 
reaction with a partially solvated state at the interface in-
creases with respect to the bulk, so the partial solvation ef-
fect cannot be the source for the acceleration of the DA re-
action in water microdroplets. 

It is known that electric fields (EFs) can affect the reac-
tion kinetics.78, 93-100 Notably, unlike the EFs at charged 
tips/electrodes which are directional, the interfacial elec-
tric field (IEF) at the surface of a water microdroplet contin-
uously fluctuates over time. Hence, we first computed the 
barrier change under static and homogeneous external elec-
tric fields (EEF) applied along different directions, including 
the one coinciding with the reaction axis, to gain an upper 
limit of the catalytic effect on the DA reaction, then we ex-
amined the effect of the spontaneously fluctuating IEFs at 
the air-water interface.  
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Effect of external electric field (EEF). To quantify the im-
pact of EEFs on the DA reaction, we conducted a series of 
quantum-mechanical calculations where we first applied a 
uniform static and homogeneous EEF, F, to both the RC and 
TS along the X, Y, and Z directions, as defined in Figure 1. Fz 
is aligned along the reaction axis, corresponding to the di-
rection along which the new C–C bonds are forming, 
whereas FX/FY are aligned perpendicularly to the reaction 
axis. Molecular structures were optimized under the action 
of the applied EEF and the resulting energetics are listed in 
Table 1. It is observed that only applying a positive FZ low-
ers the energy barrier, whereas the application of FX and FY 
raises the height of the barrier. This is consistent with the 
“reaction-axis rule” proposed by Shaik,97, 101-102 which states 
that the application of an EEF along the reaction axis (FZ 
here) lowers the barrier, whilst FX/FY induce selectivity be-
tween endo- and exo-cycloadducts. Since we are interested 
in ascertaining the catalytic role of the EEF, we will focus on 
the results emerging from the application of FZ only.  
 
Table 1. Calculated potential energy barriers of the DA re-
action between CPD and ALT in aqueous (implicit solvation 
model) and gas phase under static external electric fields 
(EEFs) of various strengths. Method: M06-2X/6-
311++G(d,p). 
 

 ∆G‡ (kcal/mol) 
 Aqueous Gas 
EEF(V/Å) Fx Fy Fz Fx Fy Fz 
0.1 21.7 23.6 17.8 21.8 23.8 20.0 
0.05 21.1 20.8 18.5 21.2 21.1 20.1 
0 20.0 20.0 20.0 20.8 20.8 20.8 
-0.05 20.4 20.0 20.7 20.5 20.9 21.3 
-0.1 20.9 20.3 21.8 20.9 21.2 22.0 

 
Figure 3a shows that applying Fz in the positive direc-

tion lowers the barrier, whereas in the negative direction it 
raises the barrier, evidencing that EEFs on the z-axis have 
either significant catalytic or inhibitory effects on the DA re-
action in both gas and aqueous phases.101 Tracking the en-
ergy change of the stationary points (Figure S14) indicates 
that a positive Fz stabilizes the TS more than the RC, and this 
different stabilization leads to the barrier decrease. The dif-
ferent response of TS and RC to the EEF aligns with the fact 
that the Z-component of the dipole moment, µZ, is larger for 
the TS (2.26 D in gas, 3.03 D in aqueous phase) than for the 
RC (-0.36 D in gas, -0.54 D in aqueous phase). It is known 

that in the presence of a uniform EEF FZ, the change in free 
energy G of a molecular system is approximately ΔG = 
−μZ,0FZ.103 Hence, the barrier change subjected to the EEF is 
ΔΔG‡ = ΔμZ,0‡FZ. As shown in Figure 3a, the barrier decrease 
in presence of FZ is faster in the aqueous than in the gas 
phase. This can be explained by the different ΔμZ,0 values: 
2.62 D in the gas phase and 3.57 D in the liquid.    

Inspection of the TS indicates that applying a positive 
FZ polarizes the TS structure and hence enhances its asyn-
chronicity. In the aqueous phase, as Fz increases from 0 to 
0.1 V/Å, μZ of the TS increases from 3.03 D to 4.02 D, because 
a larger electron density fraction is transferred from the 
CPD-moiety to the ALT-moiety, where the Mulliken charge 
of the latter changes from -0.25 e to -0.29 e (Figure S15). At 
the same time, the C1-C4 bond distance (denoted as CV1) 
increases and the C2-C3 bond distance (denoted as CV2) de-
creases. Their difference, ΔCV = CV1-CV2, is defined as the 
asynchronicity of the TS. As a result, ΔCV increases from 
0.30 Å under field-free condition to 0.33 Å under Fz = 0.1 
V/Å. These observations are in line with the work of Bickel-
haupt and Shaik groups.101, 104 

When FZ=0.1 V/Å, the above calculation leads to a bar-
rier drop of 2.2 kcal/mol compared to the field-free condi-
tion in the aqueous phase modeled with implicit solvation. 
To account for the solute-solvent interaction, we further 
performed AIMD simulations in combination with well-
tempered MetD with explicit solvent molecules under a 0.1 
V/Å static EEF. Simulation details are present in the Sup-
porting Information. After the application of the EEF, there 
is a noticeable change in the overall orientation of the water 
molecules. This can be clearly observed from the snapshots 
reported in Figure S10 where, compared to the field-free 
condition, the orientation of water molecules becomes 
more ordered under the field action. During the simulation, 
the angle between the EEF and the reactants dipole moment 
is maintained in a range between 20° and 80° (Figure 3b), 
an arrangement facilitating the charge transfer from CPD to 
ALT. 

The simulated free-energy barrier changes from 18.2 
kcal/mol under field-free condition to 15.8 kcal/mol under 
a 0.1 V/Å field, leading to a drop of 2.4 kcal/mol (Figure S3), 
close to the value (2.2 kcal/mol) predicted using an implicit 
solvent model. This corresponds to roughly 50 times in-
crease in the rate constant using Eyring-Polanyi equation. 
Committor analysis confirms that the asynchronicity of the 
TS with explicit solvent molecules also increases under the 
EEF (Figure S11), where ΔCV increases from 0.75 Å in the 
zero-field condition to 0.89 Å under Fz = 0.1 V/Å. 
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Figure 3. (a) Change of ∆Gǂ of DA reaction between CPD and ALT as a function of uniform external electric field Fz in gas 
(black dots) and aqueous (red squares) phase. (b) Distribution of the angle (ɸ) between the electric field and reactants dipole 
moment during a simulated trajectory under an external electric field of 0.1 V/Å applied along the z-axis from AIMD+MetD 
simulations. (c) Model for calculating the electric field generated by interfacial water molecules. (d) Water density profiles 
from the unbiased AIMD simulation, with the black line marking the Gibbs dividing surface (GDS). (e) Electric field generated 
by the interfacial water molecules along the z-axis as a function of time from the unbiased AIMD simulation. (f) Statistical 
distribution of the electric field generated by interfacial water molecules.  
 
Effect of intrinsic interfacial electric field (IEF). The sim-
ulations presented above give an upper limit of the free-en-
ergy barrier change when a possible EF of water micro-
droplet is perfectly aligned along the reaction coordinate of 
a given chemical reaction. However, microdroplet inter-
faces are strongly dynamic entities, making rapidly fluctu-
ating the orientation and magnitude of the IEF, thus affect-
ing its putative catalytic properties. To shed light on this as-
pect of pivotal concern, we performed unbiased AIMD sim-
ulations (i.e., no MetD) to evaluate the genuine distribution 
of the IEF at the air-water interface by computing the IEF 
generated by interfacial water molecules along the z-axis of 
the DA reaction. To do so, we constructed an air-water in-
terface model with 200 water molecules and placed the RC 
at the interface (Figure S1). The system was simulated for 
50 ps, during which the RC was kept fixed while the water 
molecules were allowed to evolve dynamically by first prin-
ciples at finite temperature.  

Figure 3c shows a snapshot of the AIMD simulation of 
the RC at the air-water interface and Figure 3d shows the 
water density profile. The electrostatic potential generated 
by the Mulliken charges of the water molecules within the 
interfacial region on RC has been calculated. Specifically, we 
consider the solvent EF, F, calculated at the C1 atom position 
of RC and oriented along the Z-axis (i.e., reaction axis). The 
direction of such a Cartesian component is defined in the 
same way as in Figure 2a, so that a positive value promotes 

the DA reaction. Computing details are provided in the Sup-
porting Information. Figure 3e depicts that the IEF gener-
ated by interfacial water molecules along the reaction axis 
fluctuates between -0.2 and 0.2 V/Å, with the majority fall-
ing within the range of -0.1 to 0.1 V/Å. It is noteworthy that 
also additional simulations without fixing the RC were per-
formed, leading to similar results (Figure S12). The dynamic 
nature of the air-water interface and the fluctuating charac-
ter of the IEF was previously reported also by the M. F. Ruiz-
López group where they used an OH radical as a probe,105 as 
well as the T. Head-Gordon group where the IEF was pro-
jected onto the O-H bond of a water molecule.34 According 
to the 50-ps-long AIMD simulation we report in this work, 
the resulting time average of the IEF is -0.007 ± 0.0002 V/Å. 
If we plug this value into the formula ΔΔG‡ = -ΔμZ,0‡FZ, and 
let the value of ΔμZ,0 to be 3.1 D, which is the average of the 
DFT value calculated above in the gas phase (2.62 D) and in 
aqueous phase (3.57 D, implicit solvent model), it leads to a 
barrier increase of only ~ 0.02 kcal/mol. Based on this small 
average value, one might be tempted to conclude that the 
electrostatic solvation effects on chemical reactivity are 
negligible. This, however, should be interpreted with cau-
tion because the average value masks the potential role of 
fluctuations and dynamical effects. Local IEF may have 
chances to catalyze the reaction when properly oriented 
along the reaction axis, as represented in the upper half of 
Figure 3e, f. Nevertheless, the catalytic capability of the IEF 
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might not be as effective as applied spatially and temporar-
ily uniform EEFs since IEFs continuously change both in 
magnitude and direction as time evolves. Although the 
strengths of the EF found on microdroplets surfaces re-
ported in the literature span several orders of magnitude, 
ranging from 105 to 109 V/m,32-36, 106, the fact that the larger 
fields used in the current work (i.e., 109 V/m) are not capa-
ble to dramatically modify the free energy landscape of the 
DA reaction suggests that orders of magnitude lower fields 
have negligible effects on its catalysis. 

Taken together, the aforementioned simulations indi-
cate that 1) partial solvation at air-water interface increases 
the barrier of the DA reaction between ALT and CPD 
(Scheme 1) by about 1 kcal/mol relative to the bulk; 2) an 
applied static and homogeneous EEF of 0.1 V/Å is capable 
of lowering its barrier by about 2 kcal/mol only if oriented 
along the reaction axis; 3) the air-water IEF fluctuates con-
tinuously, rendering its catalytic capability limited as com-
pared to the constant and uniform EEF case. Therefore, the 
cumulative effect of the partial solvation and IEF does not 
appear to promote the DA reaction between cyclopentadi-
ene and acrylonitrile in water microdroplets. If, however, 
this DA reaction was to be accelerated in water micro-
droplets, other factors should be responsible.  

To validate our computational predictions, a series of 
experimental investigations were conducted, which are re-
ported in the following section, which confirm that IEF and 
partial solvation are not important factors to drive this re-
action in microdroplets. Instead, enrichment of reactants in 
confined volumes driven by fast evaporation becomes pre-
dominant. This factor has been identified to be responsible 
for the acceleration of many reactions in the works of Cooks, 
Wilson, and Williams.46, 48, 51, 53, 107-110 

 
Mass spectrometry experiment. In the bulk phase, the 
above DA reaction is known to occur in the presence of a 
heterogeneous catalyst at an elevated temperature.111 Cy-
clopentadiene is highly reactive and undergoes a self-DA re-
action, forming dicyclopentadiene. Therefore, we used dicy-
clopentadiene in our microdroplet experiment, which spon-
taneously undergoes a retro-DA reaction within the droplet 
to produce cyclopentadiene  (vide infra).112 We separately 
prepared two solutions by mixing dicyclopentadiene and 
acrylonitrile, each with 200 µM concentration, in water and 
acetonitrile for comparison, followed by atomizing those so-
lutions immediately using a home-built sonic spray source 
in front of a mass spectrometer inlet (Figure 4a). Unless oth-
erwise stated, the spray source was operated without ap-
plying any voltage under a 120-psi nebulizing gas (nitrogen) 
pressure at a distance of 15 mm from the MS inlet capillary, 
following a 10 μL/min and 50 μL/min flow rates of water 
and acetonitrile solutions, respectively, to ensure the re-
cording of ion signals from species at sufficient intensities. 

Figure 4b schematically presents the MS detection of 
different intermediates and products from dicyclopentadi-
ene (R1) and acrylonitrile (R3) reactions in water or ace-
tonitrile microdroplets (Table S6). In water microdroplets, 
the dominant reaction was oxidation, forming the ketone 
Ox1 from R1 and ketone Ox2 from R2, as recorded in the 
corresponding mass spectrum (Figure 4c). These ketones  

 
Figure 4. (a) Diagram of the experimental setup for mass 
spectrometric monitoring of the reaction of dicyclopentadi-
ene and acrylonitrile in microdroplets obtained from a sonic 
spray source. (b) Schematic presentation of the dual path-
ways leading to DA and oxidation products in microdroplets 
as evaluated by MS. The theoretical m/z values of the 
charged species are indicated below the corresponding 
structures. The sonic spray (under 0V) mass spectra ob-
tained from spraying a mixture of dicyclopentadiene and ac-
rylonitrile in (c) water and (d) acetonitrile (ACN). The cyan 
numerical values denote the absolute intensity of the corre-
sponding peak. (e) Histograms showing the screening of the 
two spray solvents to track the sum of the ion intensities for 
the DA products (left panel) and oxidation products (right 
panel), as recorded in the respective mass spectra. 
 
were also characterized by tandem mass spectrometry (Fig-
ure S18). However, only a minor extent of the DA reaction, 
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relative to oxidation, was observed in the water micro-
droplets, as evidenced by detecting a trace level of the prod-
uct DA1. Assuming similar ionization efficiencies for the ni-
trile compounds (R3 and DA1), the intensity values of these 
species in the mass spectral data (Figure 4c) indicate that 
the yield of the DA reaction in water microdroplets is ap-
proximately 0.02%. However, the acetonitrile micro-
droplets were more effective in facilitating the DA reaction, 
yielding two products (DA1 and DA2) with a combined 
yield of approximately 0.7% (Figure 4d). Given that the av-
erage droplet lifetime is around a few hundred microsec-
onds (see Section III in supporting information), these 
yields, albeit lower in quantity, suggest a more than 106-fold 
increase of the DA reaction rate in both water and acetoni-
trile microdroplets compared to the corresponding bulk 
phase, where the reported rate constant is in the order of 
10-5 M-1s-1.113 (see Section III in Supporting Information). 

 

 
Figure 5. Evaluating the fractional abundance of Diels-Al-
der (DA) products across all DA and oxidation products in 

water (left column) and acetonitrile (right column) micro-
droplets on tuning various spray parameters: (a) spray volt-
age, (b) distance between spray tip to MS inlet (c) reactant 
concentration, (d) nebulizing gas pressure, and (e) solution 
flow rate. The fractional abundance of DA products was cal-
culated using the formula IDA/(IDA+IOx), where IDA represents 
the sum of the intensities of the DA products, and IOx denotes 
the sum of the intensities of the oxidation products. 

 
Although oxidation reactions predominated over DA 

reactions in both water and acetonitrile droplets (Figures 
4c-d), oxidation efficiency was significantly lower in ace-
tonitrile droplets compared to water droplets. This result 
suggests that microdroplet-generated hydroxyl radicals or 
reactive oxygen species may play a key role in driving the 
oxidation of alkane (R1 and R2) to ketone.10, 12-13, 16, 18, 36, 57 A 
trace amount of water as an impurity in acetonitrile, or the 
exposure of the acetonitrile droplets to moisture in the air 
might have driven the observed oxidation reaction (Figure 
4d). Figure 4e presents the histogram compiling the above 
results, showing that oxidation occurred effectively in water 
droplets, while the DA reaction was relatively more promi-
nent in acetonitrile droplets. To explore the reasons behind 
these differences and identify factors that might influence 
the DA reactions in microdroplets, we assessed the reac-
tions under various spray conditions. 

We measured the fractional abundance of DA products 
across all products (Ox1, Ox2, DA1, and DA2) in the mass 
spectra recorded by tuning the spray parameters. Micro-
droplets formed using a 0V spray (see Figure 4) typically 
carry net charges, mostly attributed to the statistical fluctu-
ations of ions like H+ and OH¯ during the gas-assisted atom-
ization of water.35, 106, 114-115 Earlier reports demonstrated 
that when a spray potential is applied, there is a dramatic 
increase in droplet charging (>100-fold),39 likely facilitated 
by the solvent redox process (electrospray charging). 
Therefore, when we gradually increased the spray potential 
to +5 kV, producing highly charged microdroplets, this 
likely intensified the IEF due to an increased net surface 
charge. Subsequently, we observed a significant reduction 
in the extent of the DA reaction in water droplets as com-
pared to those in acetonitrile droplets (Figure 5a). This re-
sult indicates a marked preference for oxidation reactions 
at the charged surface of water microdroplets at the ex-
pense of the competing DA reactions (Figure S19), which 
may not prefer the charged environment of the droplet and, 
hence, the associated EF at the surface. In other words, the 
IEF has a negligible role in promoting the DA reactions, as 
predicted by our simulations using both water and acetoni-
trile as solvent (Table S4). Instead, the IEF triggers oxida-
tion reactions.  

As increasing the distance between the spray source 
and the MS inlet increases the microdroplet reaction time 
and reduces the droplet size by its evolution (evapora-
tion/fission) process, we tuned this distance to monitor its 
effect on the microdroplet reaction. Surprisingly, the in-
creased flight time and subsequent evaporation of the mi-
crodroplets (Figure S20a) led to a higher fractional abun-
dance of DA products (Figure 5b). This result suggests that 
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the trace level of the DA reaction observed in water micro-
droplets is possibly caused by the confinement or increased 
concentration of reactants in a small volume during the mi-
crodroplet evolution. Indeed, when we gradually increased 
the reactant concentration in microdroplets, the efficacy of 
the DA reaction improved (Figure 5c). The increased nebu-
lizing gas pressure in the spray source is known to cause 
faster droplet solvent evaporation (Figure S20b) and fission, 
producing smaller droplets with a high surface-to-volume 
ratio.116-117 When we raised the gas pressure, the tendency 
of the DA reaction in water microdroplets continued to in-
crease (Figure 5d). This suggests that the DA reaction might 
predominantly occur at the air-water interface, facilitated 
by the accumulation (increased concentration) of hydro-
phobic reactants at that location. The acetonitrile droplet 
also exhibited a similar reaction trend up to a certain gas 
pressure (130 psi), after which the propensity of DA reac-
tion decreased (Figure 5d). This result might be explained 
by the possible distribution of hydrophobic reactants 
throughout the acetonitrile droplet, allowing the DA reac-
tion to occur both at the interface and within the core of the 
acetonitrile droplet, which is in contrast to the water drop-
let case as discussed above.  

However, the oxidation reaction in either acetonitrile 
or water droplets is expected to occur primarily at the drop-
let surface, where reactive oxygen species are more preva-
lent. The rapid evaporation of acetonitrile results in a sub-
stantial increase in the surface-to-volume ratio of acetoni-
trile microdroplets at elevated nebulizing gas pressures 
(>130 psi), promoting oxidation reactions at the expense of 
DA reactions at the interface. This hypothesis is supported 
by studies investigating the impact of varying spray solution 
flow rates on the reactions (Figure 5e). Ramping up the flow 
rate of the spray solution leads to larger microdroplets with 
a decreased surface-to-volume ratio (Figure S20c). As both 
DA and oxidation reactions are expected to occur at the sur-
face of water microdroplets, the efficacy of both these reac-
tions decreased with the increase in the aqueous solution 
flow rate. However, the DA reaction experienced a more 
pronounced decrease than the oxidation reaction, reducing 
the fractional abundance of DA products with an increasing 
flow rate (Figure 5e). This result again points to the effect of 
polar water on enhancing the local concentration of hydro-
phobic reagents at the air-water interface to impart the DA 
reaction, albeit with a lower propensity compared to the 
dominant oxidation reactions. In contrast, the impact of the 
acetonitrile flow rate on the DA reaction was different, i.e., 
the fractional abundance of DA products increased by in-
creasing the flow rate (Figure 5d). This result indicates that 
the DA reaction in acetonitrile microdroplets is not re-
stricted solely to its surface but predominantly extends 
throughout its core. The increased solution mass flow sup-
plied a greater quantity of reagents per droplet, and due to 
the rapid evaporation of acetonitrile, the droplet became 
enriched with reagents confined in a small space, which 
subsequently impacted the DA reaction inside the acetoni-
trile droplet.    
 
CONCLUSIONS 

By the means of a series of simulation approaches and 
experimental investigations, we explore the acceleration 
phenomenon (i.e., catalysis) of a Diels-Alder (DA) reaction 
between cyclopentadiene and acrylonitrile in water micro-
droplets. Quantum-mechanical calculations and first-princi-
ples molecular dynamics coupled with enhanced sampling 
techniques revealed that the partial solvation effect and lo-
cal interfacial electric field at the water microdroplet sur-
face are not factors accelerating the DA reaction. Specifically, 
the free-energy barrier of the DA reaction at the water mi-
crodroplet interface was found to be approximately 1 
kcal/mol higher compared to the bulk phase one. Although 
the presence of a local strong electric field at the gas-liquid 
interface could slightly decrease the barrier by about 2 
kcal/mol along the reaction axis, the fluctuating nature of 
this interfacial electric field significantly inhibits its cata-
lytic effect on the DA reaction. These predictions were con-
firmed by microdroplet experiments.  

Experimentally, the DA reaction is not as highly fa-
vored as oxidation reactions in water microdroplets. How-
ever, the detection of trace levels (0.02%) of DA products 
from the reaction between dicyclopentadiene and acryloni-
trile in water microdroplets is attributed to the surface en-
richment of these hydrophobic reactants on the droplet sur-
face. The increased polarity (or charge) or electric field on 
such droplet surfaces inhibits the DA reaction by promoting 
substrate oxidation, indicating that the local electric field 
does not facilitate the DA reaction at the air-water interface. 
Additionally, the study, dependent on spray parameters, re-
vealed that while the DA reaction might occur at the surface 
of water microdroplets, it prefers to occur within the core 
of acetonitrile droplets, suggesting that partial solvation is 
not necessarily a critical factor for this reaction. Instead, the 
rapid evaporation of microdroplets and the subsequent re-
agent enrichment within the accessible confined volume of 
microdroplets are the driving force for acceleration of the 
DA reaction in microdroplets. We also emphasize that the 
conclusions drawn above are based on a single DA reaction 
and may not necessarily apply universally to other reac-
tions, as the specific factors accelerating each reaction type 
can vary. Overall, the reactivity enhancement in micro-
droplet is a result of multiple factors working in concert, 
and our combined computational and experimental efforts 
are dedicated to dissecting the contribution of each factor 
to such a model reaction. However, further research is ex-
pected to provide better insights into these aspects in the 
next future. This work provides insights for manipulating 
reactions in water microdroplets, offering potential per-
spectives on leveraging water microdroplet chemistry for 
future applications.  
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