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ABSTRACT: A droplet imbibition experiment is proposed to study interfacial
effects, which appears to be the main factor influencing reaction acceleration in
charged microdroplets produced by electrospray ionization (ESI). One reagent is
deposited onto the surface of rapidly moving microdroplets containing the second
reagent to be reacted. In this manner, reactions are hindered from reaching
equilibrium and monitored in real time by mass spectrometry. We demonstrated
this phenomenon using Katritzky chemistry, which is known to proceed either by
the solvent-stabilized 2H-pyran intermediate or via the surface-active pseudobase
intermediate. Comparisons with reactions performed using ESI show obvious
surface effects in favor of the droplet imbibition experiment. By keeping reactant
mole ratio constant, it was demonstrated that similar interfacial effects observed in
the droplet imbibition experiment can be reached by allowing ESI microdroplets
containing premixed reagents to traverse a distance >16 mm. At such spray
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distance, molecular diffusion and droplet lifetime become comparable allowing reactants to be enriched at droplet surface.
Reactions were also conducted in rapid mixing, theta capillary-based droplets, which showed markedly reduced yields compared

with the interfacial droplet imbibition experiment.

B INTRODUCTION

Significant enhancements in reaction rates have been reported
in confined (small) volume environments such as micelles,'
emulsions,” nanocapsules,3 microfluidic systems,4 and more
recently in charged microdroplets derived from electrospray
ionization (ESI).>”” These experimental observations are
important because they have direct implications in atmos-
pheric/environmental®” chemistry, origin of life,'"" and
chemical synthesis.'" In particular, air—water microlayers are
ubiquitous from which aqueous droplets (aerosols) can be
created; the lifetimes of these aerosols control chemical
reactions and determine whether equilibrium can be reached
or not. Limiting these reactions from reaching equilibrium can
provide new insights into reaction pathways and, subsequently,
determine the actual effects governing the rate enhancements
observed in the droplet environment.

A multitude of empirical observations point to interfacial/
surface effects as the main factor controlling reaction
acceleration for bimolecular systems in confined volume.'*™"”
In a specific experiment involving emulsion droplets, Fallah-
Araghi et. al.'® proposed that the residual unreacted
carboxylate head groups, found in perfluoropolyether Krytox
FS (MW: 7000—7500) surfactant, interacted with both the
cationic reactants and product at the droplet interface. This
surface adsorption was thought to be responsible for the ~45-
fold increase in the reaction rate compared with the
corresponding reaction performed in the bulk solution. In an
attempt to investigate the role of interfacial effects in reaction
accelerations observed for charged microdroplets and in thin
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films, Li et. al.'” utilized the known strong intermolecular
hydrogen bond interaction between methyl and nitro func-
tional groups. In this case, the interfacial adsorption of p-
methylbenzaldehyde promoted by the presence of p-nitro-
benzaldehyde allowed a 15-fold increase in the reaction rate for
Claisen—Schmidt base-catalyzed condensation reactions per-
formed in droplets and thin films at the ambient paper surface.
The authors argued that neither evaporation of the solvent nor
more effective mixing can explain the anomalous p-
methylbenzaldehyde result, which was supported by the large
difference in p-values between Hammett plots for thin-film-
accelerated reaction and bulk-phase reaction. For reaction
acceleration in charged microdroplets, surface effects can be
caused not only by the concentration of reactants at the
droplet surface but also by the sharp change in droplet pH.
Protons at the charged droplet surface are deemed more acidic
than normal Brensted acids due to the absence of counterions.
Such abundant charging of the microdroplets accompanied by
high effective surface area was thought to be responsible for the
observed 10° rate enhancement of Pomeranz—Fritsch syn-
thesis.”’

The chemically induced surface enrichment phenomenon is
interesting as it can be made selective, but it is limited to near-
equilibrium reactions. For charged microdroplet reactors,
surface enrichment is inherent in the ESI process. For the
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Figure 1. (A) Experimental setup for droplet imbibition where 1,12-dodecyl diamine-containing microdroplets are used to “pick-up” the pyrylium
cation present in the glass capillary. Reaction products are, subsequently, detected by the mass spectrometer in real time. (B) Photograph showing a
typical pulled glass capillary for (i) nanoelectrospray ionization (nESI) and (ii) droplet imbibition experiment.

generation of positively charged droplets, the intense electric
field at the electrospray (ES) capillary tip draws some of the
cations in the exposed solution to the liquid surface.”'~>* The
electrohydrodynamics of the charged liquid surface causes the
formation of Taylor cone from which a thin filament of the
solution extends until it breaks up into droplets. Like the
solution making up the Taylor cone, the droplets produced
have a surface composition enriched in cations. Surface
enrichment can be further promoted by allowing evaporation
of droplets as they move in air toward a collector surface.
These evaporating droplets are used in many cases where
reaction acceleration is observed.’ Droplet fusion or extractive
electrospray experiments for rapid reactant mixing combined
with evaporating dr%plets have also been shown to accelerate
chemical reactions.””>" Herein, we describe a new droplet
imbibition experiment that has the potential to effectively
capture the structure and dynamics of reactant accumulation
via nonequilibrium molecular adsorption onto the surface of
rapidly moving microdroplets.

Assuming Brownian motion (x* = 2Dt, where x is the
distance traveled, D is the diffusion coefficient, and t is the
time), it will require milliseconds time scale for a small organic
compound (e.g., fluorescein; aqueous diffusion coefficient is
0.64 X 107 m*/s)*” to traverse a 5 um droplet. This suggests
that a charged microdroplet moving at a typical speed of 100
m/s**® across a <5 mm distance can be considered “frozen”
in terms of surface activity/enrichment. The droplet lifetime
(~50 us) will be too short to allow further surface enrichment
beyond that, which is set during Taylor cone formation. We
used this apparent mismatch in droplet lifetime and molecular
diffusion, at short distances, to study surface effects in the
confined environment of the charged microdroplets. We
demonstrate that the droplet pick-up process occurs with
minimal mixing in the droplet imbibition platform; reactions
conducted under this condition were observed to show
markedly different reactivity when compared with evaporating
droplets derived from electrospray and those generated from
theta capillaries, which offer rapid mixing. Collectively, this
study gives the first direct evidence that extricates interfacial
effects in droplet chemistry from concentration effects derived
from solvent evaporation.

B MATERIALS AND METHODS

Droplet Imbibition Experimental Setup. The apparatus used
for the imbibition experiment is shown in Figure 1A, which utilized a
Swagelok union Tee element that allows two inputs: delivery of the
spray solvent through the electrospray (ES) emitter on which a high
direct current voltage is applied and nitrogen (N,) nebulizer gas.
Unless otherwise stated, the spray solvent consisted of MeOH/H,0

(1:1, v/v) in which one reagent (e.g, diamine) to be reacted is
dissolved. The ES emitter comprises of a pair of inner (100 ym ID)
fused silica (FS) capillary and outer (250 ym ID) FS capillary. The
inner ES capillary is pushed through the Union Tee all the way to the
outlet where it is adjusted to be slightly (~1 mm) outside of the outer
capillary. The outer capillary allows the high-pressure N, gas to be
delivered co-axially with the flow of the analyte solution, providing a
fine mist of electrospray droplets. A pulled glass capillary (tip size ~5
um, Figure 1B(ii)) containing the second reactant (e.g, pyrylium
cation) is positioned between the ES emitter and mass spectrometer
inlet. The distance between the ES emitter and the tip of the glass
capillary and that between the tip of the glass capillary and the mass
spectrometer inlet were kept at ~4 and 3 mm, respectively. In a
typical experiment, the tip of the glass capillary is sampled by charged
microdroplets derived from the ES emitter. As will be shown later,
limited mixing occurs during the pick-up process, implying that
chemical reactions between the diamine and the pyrylium occur at the
droplet surface. This reaction is then monitored in real time by mass
spectrometry (MS). Thermo Fisher Scientific linear ion trap mass
spectrometer (San Jose, CA) was used. Optimized parameters for MS
used were as follows: S kV spray voltage, 200 °C capillary
temperature, 3 microscans, 100 ms ion injection time, and 60% S-
lens voltage. MS data collecting and processing were executed using
the Thermo Fisher Scientific Xcalibur 2.2 SP1 software. Tandem MS
with collision-induced dissociation was utilized for the analyte
identification.

Chemical and Reagents. 2,4,6-triphenylpyrylium tetrafluorobo-
rate (98%), cortisone (98%), methanol (99.9% high-performance
liquid chromatography (HPLC) grade), and acetonitrile (99.9%
HPLC grade) were all obtained from Sigma-Aldrich (St. Louis). 1,12-
diaminododecane (98%) and 1,3-diaminopropane were ordered from
Fisher Scientific (Columbus, OH). Dodecylamine (98%) was ordered
from Acros Organics (New Jersey). Ethanol (99.5%) was ordered
from Decon Laboratories (King of Prussia, PA). All aqueous solutions
were prepared in 18.2 MQ water from a Milli-Q water purification
system (Millipore, Billerica, MA).

B RESULTS AND DISCUSSION

Selection of Chemical Systems. We used the Katritzky
chemistry’' ~** involving the reaction between 2,4,6-triphenyl-
pyrylium cation (1) and primary @, @-diamines (carbon
numbers, n = 3 and 12) as model systems. This reaction was
selected because a recent study utilizing surface-enhanced
Raman spectroscopy and MS showed the presence of two
distinct intermediates depending on the level of reactant
solvation:** bulk solution-phase reaction conditions favored a
2H-pyran intermediate, whereas reactions occurring in a
solvent-free environment were determined to involve a
pseudobase intermediate. We hypothesized that the formation
of pseudobase intermediate will be favored if the charge
microdroplet reaction system embodies substantial surface
effects. To further enhance surface activity, we devised a
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droplet imbibition experiment to allow the deposition of
pyrylium ions onto the surface of rapidly moving charged
microdroplets; the pyrylium ions were contained in a glass
capillary, which was, subsequently, placed between the ESI
emitter and the inlet of the mass spectrometer, as already
described in Figure 1A. The glass capillary was pulled to a
wider tip (S ym) and a shorter protruding edge (Figure 1B(ii))
to facilitate reagent pick-up (imbibe) by the charged
microdroplets. Pyrylium ions desorption from the microtip
occurred at ~1.5 nL/min flowrates (see Figure S1 for
optimization of the setup).

The Katritzky reaction was examined in two ways: in one
experiment, the diamine was ionized and delivered in charged
microdroplets to the pyrylium ions present in the glass
capillary. In the other experiment, the reagents were
interchanged and the pyrylium ions were sprayed toward the
diamines. The former experiment is discussed first. The
interfacial Katritzky reaction occurring under our novel droplet
imbibition experimental condition was compared to the
conventional charged microdroplet reaction where the diamine
was premixed with pyrylium ion in methanol/water (50/50 (v/
v)) solution before electrospray. Chemical pathways leading to
the main products/intermediates from the reaction of 1 with
1,12-dodecyl diamine (2) are illustrated in Scheme 1. The
formation of the monopyridinium product (6) involves two
competing intermediates: (1) the pseudobase intermediate (3,
MW: 326) is formed via reaction of 1 with water and (2) the

Scheme 1. Proposed Reaction Pathways for Katritzky
Chemistry Involving Pyrylium Cation (1) and 1,12-Dodecyl
Diamine (2)“
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“The pseudobase intermediate (3) is favored at solvent-limited,
interfacial conditions, while the 2H-pyran intermediate (4) is
stabilized under bulk solution-phase conditions.

2H-pyran intermediate (4, MW: 508) is formed by direct
reaction of 1 with 2. Reaction efliciency was estimated using
the ratio (R) of ion intensity of the reaction product of interest
to the intensity of the unreacted pyrylium cation, all detected
in a specific mass spectrum.

Comparison of Microdroplets and Bulk-Phase Re-
activities. The 2H-pyran intermediate was detected at m/z
509 at the onset of the bulk solution reaction (Figure 2A) and
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Figure 2. Positive-ion mode mass spectra showing reaction between
2,4,6-triphenylpyrylium cation and 1,12-dodecyl diamine using: (A)
nESI-MS (bulk-phase reaction) at the onset of mixing the two
reactants, (B) ESI-MS (conventional charged microdroplet reaction)
at the onset of mixing the two reactants in the bulk solution phase,
and (C) the droplet imbibition experimental setup. In all cases,
reactants were prepared in methanol/water (1:1) solvent mixture.

the corresponding monopyridinium cation was formed at 5%,
relative to the intensity of the unreacted pyrylium ion. The
monopyridinium product is expected to react through two
distinct intermediates (7 and 8) to give the dipyridinium
product (9). No trace of product 9 was detected in the bulk-
solution-phase reaction. The solution-phase reaction mixture
was analyzed using nanoelectrospray ionization MS (nESI-
MS), which produces less reactive nanodroplets.”> Upon
electrospray of the same solution, the resultant charged
microdroplets showed markedly different product distribu-
tions, at the onset of mixing of the two reactants (Figure 2B).
The monopyridinium and dipyridinium products were
observed at 40 and 0.6% (relative to the abundance of 1),
respectively. This represents at least an 8-fold increase in
reaction efficiency for monopyridinium production when
compared with the bulk-phase reaction.

The uniqueness of the microdroplet reaction environment is
exemplified by the type of intermediates involved. Unlike bulk-
phase reaction where 2H-pyran intermediate was observed, we
detected the pesudobase intermediate in the charged micro-
droplet experiment at m/z 327 and as adduct with 3 at m/z
527 (5, Adduct A). Also, there is no trace of Adduct B (7) at
m/z 400 (i.e., the doubly charged adduct from 6 and 1), which
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confirms the absence of the 2H-pyran intermediate and
reinforcing interfacial effects in the ESI experiment. The
precise mechanism of how the pseudobase intermediate is
enriched at the surface of the charged microdroplet requires
further investigations. However, this may be related to the time
scale of the initial hydration reaction leading to 3, which could
be very eflicient at the air—droplet interface. We anticipated
that the separation of the pyrylium ion from the electrospray
solvent and the deposition of it on the surface of the moving
microdroplets should even enhance the formation and
reactivity of the pseudobase intermediate. This expectation
has been met.

Droplet Imbibition Reveals Droplets Dynamic and
Structure. The resultant mass spectrum recorded after on-line
exposure of diamine-containing microdroplets to 1 is provided
in Figure 2C, which showed the formation of all expected
products and intermediates related to pseudobase. The major
difference is the appearance of the peak at m/z 401, which is
the doubly charged species of intermediate 8. The effective
protonation of 8 under the droplet imbibition experiment
signifies that this intermediate is formed near or at the surface,
which, in turn, confirms the existence of the pseudobase at the
droplet surface. The pseudobase itself and Adduct A were also
detected at m/z 327 and 527, respectively. Like the
conventional charged microdroplet reaction, no trace of the
2H-pyran intermediate (ie., 4, m/z 509 and Adduct B, m/z
400) was detected in the droplet imbibition experiment. This
confirms our hypothesis that limited diffusion of reagent is to
be expected given the short-time scales of the imbibition
experiment. The fact that two molecules of diamine do not
react with a single pseudobase molecule (containing two
distinct carbonyl functional groups) indicates that the
formation of Adduct A and the subsequent intramolecular
ring closure via the loss of two water molecules (5 — 6,
Scheme 1) to give the monopyridinium product (6, m/z 491)
happen almost instantaneously.

Based on the above results on surface effects, two possible
structures of diamine assembly at the droplet surface are
proposed and illustrated in Scheme 2. That is, one or both of
the amine functional groups in the diamine may be located at
the air—droplet interface. If only one amine is found at the air—
droplet interface (Scheme 2A), then we would expect the
pyrylium ion to diffuse a minimum distance of ~25 A (the
length of 1,12-dodecyl diamine) to encounter the second
amine inserted inside the droplet. The intermediate corre-

Scheme 2. Depiction of Droplet Structure and Reaction
Dynamics Occurring in the Droplet Imbibition Experiment
Leading to the Formation of Distinct Intermediates: (A)
Striaght Packing Configuration where One Amine Reacts at
the Droplet Surface and (B) Mixed Packing Configuraiton
where a U-shaped Diamine Enables Both Amine Functional
Groups to React at the Air—Droplet Interface
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sponding to this event would occur at m/z 400, but it is not
detected. Surprisingly, our results suggest that the U-shaped
configuration, where both amines are exposed to air (Scheme
2B) is more probable due to the appearance of the m/z 401
species, which is possible only when the pseudobase (3) reacts
with the free amine in 6. The singly charged species of
intermediate 8 is observed in all experiments at trace levels, but
its charge state and exceedingly high abundance in the droplet
imbibition setup indicate the presence of a unique condition,
which we attribute to marked surface effects. We note that the
peak at m/z 401 could correspond to the proton-bound dimer
of the diamine. Although this peak is completely absent in
conventional electrospray, even at high concentrations, tandem
MS analysis (Figure S2) of control experiments suggests that
its presence in the droplet imbibition experiment cannot be
ruled out. We believe that the structure of assembly of the
diamine at the droplet surface is dynamic, which can change
from the straight packing (one amine at the interface)
configuration into mixed packing mode where U-shape
diamines present two free amines at the interface after the
deposition of the pyrylium (Scheme 2B). In other words, the
surface pyrylium species is able to trigger a response from the
amine functional group where it moves from inside the droplet
to the surface. Not only will this phenomenon facilitate
interfacial reactions, but it will also increase the diamine
evaporation rate from the droplet surface leading to high gas-
phase concentration and a possible dimerization reaction.

Due to limited time and mixing, the final product 9 is
trapped mainly as intermediate 8. Ion intensities for Adduct A,
6, 8, and 9, relative to that of 1, were 10, 12, 24, and 0.4%,
respectively. Although similar conversion ratios are seen for 9
in the two droplet-based reaction conditions, further experi-
ments involving evaporative droplet (discussed later) have
shown that the presence of doubly charged intermediate 8,
which is a primitive form of 9, signifies > 10° times
enhancement in reaction rate in favor of the droplet imbibition
experiment.

Effect of Pyrylium Cation Concentration. The Katritzky
reaction was also examined by reversing the reagents and
electrospraying the pyrylium ion toward the diamine contained
at the microtip glass capillary. Although this kind of droplet
imbibition experiment was less efficient, we observed all
possible intermediates, including the pseudobase, Adduct A,
Adduct B, 2H-pyran, and intermediate 8 at m/z 327, 527, 400,
509, and 401, respectively (Figure 3A). This result is not
surprising given that the initial electrosprayed droplets contain
both the intact pyrylium (inside of droplet) and the
pseudobase (at the surface of droplet), as well as the fact
that the deposited diamine can respond and change orientation
allowing access to inside of the droplet to react with intact
pyrylium producing the doubly charged Adduct B. Clearly this
situation is consistent with a nonequilibrium system that is able
to access multiple reaction landscapes enabled by conforma-
tional changes at the droplet surface. The corresponding
monopyridinium reaction product (6, m/z 491) was not
stable; it released H, instantaneously to give species at m/z
489. The species at m/z 399 is formed from the complexation
of ion at m/z 489 and 1 confirming our proposed mechanism
in Scheme 1. Only a very small amount of 9 was observed at
m/z 391. Note: in this droplet imbibition experiment, the
electrosprayed pyrylium ion is in excess. Therefore, because of
its high abundance, the pseudobase intermediate gave rise to
many other new peaks (not shown), but proper structural
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Figure 3. Mass spectra recorded using (A) droplet imbibition setup
where 2,4,6-triphenylpyrylium cation was sprayed toward 1,12-
dodecyl diamine contained in the glass capillary; (B) ESI-MS
(conventional charged microdroplet reaction) when the reactant
solution was prepared using 10X excess pyrylium ion and electro-
sprayed at the onset of mixing with 1,12-dodecyl diamine; (C) droplet
imbibition setup where 1,3-diaminopropane was sprayed toward
2,4,6-triphenylpyrylium cation contained in the glass capillary. All
reactants were prepared in methanol/water solvent mixture.

assignment would require further investigations due to the
complexity of the reactions (perhaps because of the
involvement of radical species indicated by the removal of
hydrogen atoms). We investigated similar concentration effects
in the bulk solution (methanol/water, 1:1) using 10X excess of
the pyrylium ion. We observed a significantly reduced reaction
efficiency, where no reaction products were detected even after
25 min of reaction time in bulk (Figure S3; analyzed with
nESI-MS). Interestingly, when the same reaction mixture
containing excess pyrylium ion was electrosprayed, we
observed abundant ion signals for the monopyridinium and
dipyridinium reaction products at 200% and 50%, relative to
the signal from 1 (Figure 3B). This incredible rate acceleration
supports the proposal that interfacial activities of reagents play
crucial roles in reactions occurring in the charged microdroplet
environment.

Droplet Reactivity Depends on Surface Activity of
Reactants. The observed interfacial effect was further
investigated by electrospraying a solution of 1,3-diaminopro-
pane (MW 74), which has less surface affinity than 2. As
expected, exposure of 1 to 1,3-diaminopropane-containing
microdroplets using our droplet imbibition experimental setup
resulted in a much-reduced reaction efficiency compared to the
corresponding reaction described above for 1 and 2. The
monopyridinium reaction product was observed at m/z 365
(0.5% relative to 1; see Figure 3C) alongside the
corresponding 2H-pyran and pseudobase intermediates at
m/z 383 and 401, respectively (Figure 3C). The dipyridinium
cation was not observed, but it appeared to have been trapped
as two adducts of monopyridinium cation with 1 and 3, which
were detected at m/z 674 and 691, respectively. In addition to

1,3-diaminopropane being less surface active, the short carbon
chain may also introduce a strong coulombic repulsion in the
dipyridinium product due to the two adjacent positive charges.
The short dwell time in our droplet imbibition experiment is
also a contributing factor for the low yields and incomplete
reactions observed.

Concentration Effects due to Evaporating Droplets. It
was surprising that the conventional charged microdroplets
from ESI did not register the presence of the doubly charged
species of intermediate 8 (m/z 401) when the reagents were
premixed. Surface enrichment in microdroplet reactivity can be
enhanced via solvent evaporation. To investigate this effect, we
performed the charged microdroplet reaction using different
spray distances (2, 8, 16, and 24 mm) from the ESI emitter to
the inlet of the mass spectrometer. To be completely
consistent with the droplet imbibition experiment, the reaction
mixture consisted of excess diamine (10X). The effect of each
spray distance on the formation of m/z 401 ions was
monitored at the onset of mixing of the two reactants. The
results of this experiment are summarized in Figure S4, which
showed increased amounts of m/z 401 species when the spray
distance was increased. At 24 mm spray distance, the droplet
lifetime is on the order of milliseconds time scale, which is
comparable to molecular diffusion enabling significant
concentration and surface effects. Concentration effect, due
to reduced droplet volume, is seen in the concomitant
appearance of the solution-phase 2H-pyran intermediate at
m/z 509. The abundance of the Adduct A (m/z 527) also
increased with spray distance signifying a more surface activity
as the solvent evaporated. The corresponding bulk-phase
reaction was also examined using nESI-MS at different reaction
times. Here, m/z 401 appeared after 10 min (Figure SS). This
will represent 10° times enhancement in reaction efficiency for
the droplet imbibition experiment, which achieves comparable
yields of m/z 401 in a matter of microseconds. The marked
difference in appearance times for m/z 401 species in the three
reaction systems (i.e., minutes for bulk phase, milliseconds for
conventional ESI charged microdroplets, and microseconds for
the droplet imbibition e)gperiment) may signify major differ-
ences in diffusion rates’® for species in the solution versus
those inside of a charged microdroplet versus species at the
surface of the charged microdroplet. Such a rapid diffusion rate
at the curved droplet surface could account (among other
factors) for the remarkable rate enhancements observed. The
uniqueness of the droplet system includes new reaction
pathways not available in the solution.”” Such reaction is
observed in the loss of H, from the monopyridinium cation,
which occurred only in droplet-based reactions (Figures 3A
and SS).

Effect of Mixing. The possible influence of mixing on the
observed rate enhancement was investigated using theta
capillary, which allowed the pyrylium cation and 2 to be
sprayed from two separate chambers. Prior studies have shown
mixing in theta capillaries to be completed within the
microsecond lifetime of the droplets,”*™*" suggesting equili-
brium type products should be formed under this theta
capillary electrospray reaction condition. The mass spectrum
recorded from the theta capillary spray experiment using excess
pyrylium (10X) is provided in Figure S6, which showed no
major product formation except the pseudobase intermediate
and Adduct A at m/z 327 and 527, respectively. The absence
of mono- and dipyrydinium reaction products is not surprising
given that mixing in theta capillaries begins in the Taylor
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cone,”® which resembles bulk mixing rather than interfacial
effect. Further evidence of limited mixing in our droplet
imbibition experiment is found in the fact that cortisone (100
uM), a hydrophilic, low-proton-affinity analyte (PA 787.8 kJ/
mol)*" showed comparable ion intensity as the surface-active
dodecylamine analyte (100 xM; PA 879.5 kJ/mol)** (Figure
S7B. Comparable ion intensities are observed after pick-up
because cortisone remained distributed on the outside of the
droplet, eliminating unfavorable competition for space. Marked
difference in ion yields was observed when the two analytes
were premixed in the solution before ESI (Figure S7A)
signifying that cortisone was greatly suppressed by the surface-
active dodecylamine analyte.

To further explore the possibility of mixing via convection
during collision events in the droplet imbibition experiment,
the reactants were prepared in two immiscible solvents: 1 was
prepared in water and 2 in ethyl acetate. Although we do not
expect mixing, the mono- and dipyrydinium products were
detected at m/z 491 and 391 (trace), respectively, upon
spraying the diamine organic solution toward the aqueous
pyrylium cation (Figure 4). Two new peaks were observed at

519

Relative Abundance

570

Figure 4. Positive-ion mode mass spectrum recorded from the droplet
imbibition experiment when 1,12-dodecyl diamine in ethyl acetate
organic solvent is sprayed toward the aqueous solution pyrylium
cation solution present in the glass capillary. The insert shows the
zoomed-in spectrum in m/z 370—417 range indicating the absence of
doubly charged intermediate 8 at m/z 401.

m/z 519 and 533, which were identified in tandem MS
experiments (Figure S8) as being related to 6, formed via the
reaction of the free amine in 6 with ethyl acetate solvent
culminating in the addition of ethyl (MW: 29 Da) and acyl
(MW: 43 Da) groups, respectively. The presence of these
solvent-related species appears to have suppressed the
formation of species at m/z 401 (see insert, Figure 4 for
details). The solvent mismatch should prevent the pyrylium
cation from diffusing into the ethyl acetate microdroplet.
Therefore, the presence of the dipyridinium product is
consistent with the proposed mechanism in Scheme 2B,
where the diamine molecules are inserted in the microdroplet
in a U-shaped fashion (anchored by the nonpolar hydrocarbon
portion) where both of the polar amine groups are located at
the air—droplet interface to allow the reaction with two
molecules of pyrylium cations. This result, and those from the
theta capillary experiments point toward interfacial effects, and
that reagent mixing might contribute very little to the observed
rate enhancements in the droplet imbibition experiment.

B CONCLUSIONS

In summary, we have shown a simple but effective droplet
imbibition approach to manipulate the surface of rapidly
moving charged microdroplets to allow chemical reactions
occurring at air—liquid interfaces to be examined in real time

using MS. By employing the Katritzky pyrylium reaction with
diamines, direct evidence for surface effects was obtained by
detecting intermediates that are stabilized under solvent-
limited conditions. Concentration effects resulting from
solvent evaporation also play a role in reaction acceleration
as seen in the reduction of the amount of time required for the
monopyridinium cation to encounter the pyrylium ion for the
charged microdroplet system (milliseconds) versus bulk
solution-phase conditions (minutes). This study suggests that
the droplet imbibition experiment can be used to screen
various factors controlling confined volume reactions. The
results also revealed that rapid mixing in confined micro-
reactors could be important, but chemical reactions may still
be limited if opportunities (e.g., evaporation, physical
deposition, chemical stimulation, etc.) for surface enrichment
are not created. Aside from rapid mixing and interfacial effects,
droplet size can also influence results and deserves further
investigation.
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