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te concentration in accelerated
reaction rates in evaporating droplets†

Casey J. Chen and Evan R. Williams *

Accelerated reactions in microdroplets have been reported for a wide range of reactions with some

microdroplet reactions occurring over a million times faster than the same reaction in bulk solution.

Unique chemistry at the air–water interface has been implicated as a primary factor for accelerated

reaction rates, but the role of analyte concentration in evaporating droplets has not been as well studied.

Here, theta-glass electrospray emitters and mass spectrometry are used to rapidly mix two solutions on

the low to sub-microsecond time scale and produce aqueous nanodrops with different sizes and

lifetimes. We demonstrate that for a simple bimolecular reaction where surface chemistry does not

appear to play a role, reaction rate acceleration factors are between 102 and 107 for different initial

solution concentrations, and these values do not depend on nanodrop size. A rate acceleration factor of

107 is among the highest reported and can be attributed to concentration of analyte molecules, initially

far apart in dilute solution, but brought into close proximity in the nanodrop through evaporation of

solvent from the nanodrops prior to ion formation. These data indicate that analyte concentration

phenomenon is a significant factor in reaction acceleration where droplet volume throughout the

experiment is not carefully controlled.
Introduction

Reaction rate acceleration in microdroplets has been widely
observed for a broad range of reactions, including complexa-
tion,1 condensation,2,3 phosphorylation,4 reduction,5,6 oxida-
tion,7,8 hydrogen–deuterium exchange,9,10 and many others.11,12

Reaction rate acceleration factors ranging between 10 and 106

have been reported.13 Many droplets are highly charged, but
reaction acceleration can occur in largely uncharged droplets as
well.14 A primary factor implicated in accelerated reactions is
surface chemistry, which is enhanced in microdroplets owing to
their high surface-to-volume ratios. Decreasing the size of the
droplet can lead to increased reaction rates, consistent with
reactions occurring faster at surfaces due to the higher surface-
to-volume ratios.5,8,15

A number of mechanisms to explain why reactions may be
accelerated at surfaces have been proposed. Many reactions
occur faster in the gas phase than they do in solution. In some
cases, acceleration in microdroplets has been largely attributed
to ion–molecule reactions in the gas phase.16,17 Reactants at the
air-liquid interface of a droplet are only partially solvated and
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this can lead to lower reaction barriers than those of fully
solvated reactants leading to rate acceleration.18–21 The rapid
exchange of reactants and products between the surface and
interior has been proposed to contribute to rate enhancing
effects of droplet surfaces.8,22,23 A double layer model describes
parallel reactions occurring at the surface and in the interior of
a microdrop with free diffusion between the two regions.13,20,24

As expected, this model predicts higher reaction acceleration
for small droplets and for reactants with high diffusion coeffi-
cients.13,20,24 Another model developed to understand reaction
rate accelerations in micron-sized droplets at reactant concen-
trations above 100 mM indicates that millisecond timescales are
required in order for surface reactions to contribute greatly to
the reaction acceleration.18

Strong electric elds at the droplet surface may also lead to
accelerated chemistry. For example, it was proposed that elec-
tric elds due to orientation of water at the droplet surface can
produce water radicals, which can act as superacids or super-
bases,7,8,23 and lead to hydrogen peroxide formation.25,26

Computations indicate the electric eld at the surface is high
(∼16 MV cm−1), but insufficient to split bonds in water.27 Other
experiments indicate that hydrogen peroxide is not formed in
microdrops in an inert atmosphere but is produce by exposure
to gaseous ozone.26 Incorporation of external gasses, such as
CO2 reacting with the droplet to generate formic acid with
a catalyst,6 also indicates the importance of gaseous reactants in
microdroplet reactions. These reactions are enhanced at
surfaces and diffusion of the initially gaseous reactant into the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of theta-glass emitters with the emitter oriented in
the long dimension showing the two separate barrels. Four emitters
were imaged for each emitter size and the average emitter diameters
and standard deviations are labelled.
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droplet interior can occur.24,28,29 Other factors, such as reduced
pH in charged microdroplets and reagent concentration that
occurs upon solvent evaporation have also been proposed as
mechanisms for reaction acceleration in microdroplets.13,16

There have been several investigations into the role of ana-
lyte concentration on droplet reaction acceleration. Increasing
the analyte concentration can result in either higher6,7 or
lower8,15 reactant to product conversion ratios. A higher
concentration of sulfone led to increased conversion to sulfonic
acid, a result attributed to spontaneous oxidation at the air-
liquid interface.7 In contrast, increasing the concentration of
phenylhydrazine that reacts with isatin led to a lower conver-
sion ratio.15 This observation was attributed to the surface-to-
bulk concentration ratio undergoing a steep increase with
decreasing concentration. In general, much of the reaction
acceleration that has been observed in microdroplets for
a variety of reactions under a wide range of conditions has been
attributed to the role of the droplet surface.

Here, we demonstrate that the extent of reaction acceleration
for a simple bimolecular reaction where surface chemistry does
not appear to play a role, depends strongly on the initial reac-
tant concentration, and an acceleration factor of 107 can be
achieved primarily by increased concentration due to solvent
evaporation from nanodrops.

Experimental

Charged nanodrops are formed by nano-electrospray ionization
(nESI) using borosilicate theta capillaries (1.5 mm outer diam-
eter, Sutter Instruments, Novato, CA) that were pulled using
a Flaming/Brown P-87 micropipette puller (Sutter Instruments)
to produce emitters with inner diameters of either 1.84 ± 0.14
mm or 684 ± 51 nm. Emitter tips were imaged using a Hitachi
TM-4000 (Schaumburg, IL) microscope in the Electron Micro-
scope Laboratory at the University of California, Berkeley. Four
emitters were imaged for each emitter size. Mass spectra of ions
formed by nESI were acquired using an Orbitrap Elite mass
spectrometer (Thermo Fisher Scientic, San Jose, CA) using
a capillary temperature of 100 °C. The theta emitters were
positioned 3.0 mm from the inlet of the mass spectrometer, and
a voltage of 0.7–1.2 kV was applied to platinum wires inserted
into both barrels to initiate electrospray.

An internal standard of either leucine-enkephalin (Leu-enk)
or methionine-enkephalin (Met-enk) at a concentration of 2.0
mMwas added to the solutions in each barrel in order tomeasure
any potential differences in ow rates between the two channels
in these mixing experiments. A 1 : 1 mixture of 2.0 mM each of
Leu-enk and Met-enk at pH 3 loaded into both barrels of the
theta emitters resulted in a ratio of the protonated molecular
abundance of Leu-enk to Met-enk of 0.8 : 1.0. Any differences in
ow rates between the two channels in mixing experiments were
determined using the relative abundances of the protonated
peptide in each channel. The relative ow rates were used to
determine the concentration of reactants in the initially formed
droplets from their known initial starting concentrations in each
channel. The initial and mixed concentrations differed only
slightly, ranging between 0% and 10%. These values, and a more
© 2023 The Author(s). Published by the Royal Society of Chemistry
detailed description of the ow calibration process are given in
ESI.† Absolute overall solution ow rates were determined by
measuring the masses of the theta emitters before and aer
electrospray for 15–30 min with the emitter in the same position
and under the same conditions used in all of the experiments. To
determine the contribution from evaporation, the emitters were
placed in the same position in front of the instrument inlet for
15–30 min without any applied voltage. This was done to ensure
equivalent temperature as a result of minor heating from the
mass spectrometer interface. The mass difference was converted
to a volume by using the density of water at room temperature
(997.05 kg m−3).30

All chemicals were obtained from Sigma-Aldrich (St. Louis,
MO) except for 2,6-dichlorophenolindophenol sodium salt
(DCIP) that was obtained from Fisher Scientic (Fair Lawn, NJ).
All chemicals were used without further purication. All solu-
tions were prepared using 18.2 MU water from aMilli-Q integral
water purication system (Millipore, Billerica, MA).
Results and discussion
Effects of concentration on reaction conversion ratios

Theta emitters for nanodrop formation by electrospray ioniza-
tion were prepared with tips that have an inner diameter of
either 1.84 ± 0.14 mm or 684 ± 51 nm in the long dimension
(Fig. 1). Two different tips sizes were used to produce nanodrops
that have different initial diameters and lifetimes.31–34 These
emitters were used to rapidly mix two acidied aqueous solu-
tions (pH 3), one containing 2,6-dichlorophenolindophenol
(DCIP) and the other L-ascorbic acid (L-AA) at equimolar
concentrations (Scheme 1).

Internal standards of Leu-enk and Met-enk were added to
these respective solutions to measure the relative ow rates of
each barrel from the relative abundances of the two protonated
molecular ions (Table S1†).32–35 Differences in the relative ow
rates are small, typically ranging between 0% and 10%. The
initial concentrations of the reagents in data reported for mix-
ing experiments are corrected for these minor differences in
ow rates.

Solutions ranging in concentrations between 1.0 mM, close
to the solubility limit for DCIP, to 10 nM were mixed using both
size emitters. An equivalent concentration of each reactant was
Chem. Sci., 2023, 14, 4704–4713 | 4705
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Scheme 1 Reaction between DCIP and L-AA.

Fig. 2 Reaction of DCIP with L-AA as a function of equimolar
concentration at two droplet sizes formed by 1.84 mm (blue) and
684 nm (red) emitters showing (a) conversion ratio, (b) acceleration
factor and (c) maximum percent surface occupancy.
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loaded into the separate barrels of the theta emitters and mass
spectra were acquired. Representative mass spectra obtained at
25 nM: 25 nM and 500 mM: 500 mM concentration are shown in
Fig. S2.† A conversion ratio for forming products from this
reaction was obtained from eqn (1):

ArDCIP

AoDCIP þ ArDCIP

(1)

where ArDCIP and AoDCIP are the abundances of the reduced and
oxidized forms of DCIP, respectively. The conversion ratio was
not corrected for any differences in ionization efficiency,
although this effect is expected to be small because the reactant
and product differ only by the addition of two hydrogen atoms.
These data as a function of concentration in the mixed nano-
drops is shown in Fig. 2a. In bulk solution, the rate for this
bimolecular reaction decreases substantially with decreasing
reactant concentration. A 104 decrease in the concentration of
both reactants leads to a 108 reduction in initial reaction rate in
bulk solution. In striking contrast, the conversion ratio in
nanodrops increases by up to ∼4× with decreasing initial
concentration of the reactants. This is an unusual increase in
conversion ratio over that expected in bulk solution over this
concentration range. The conversion ratio reaches a maximum
at low concentration values, and rapidly decreases to an
unmeasurable value at even lower concentrations where no
reduced DCIP is detected. Themaximum in the conversion ratio
occurs at a concentration of 25 nM and 250 nM for the 1.84 mm
and 684 nm emitters, respectively (Table S3†). The conversion
ratios are lower for the smaller emitters at all concentrations,
but this difference is most pronounced at the lower concen-
trations. The lifetimes of nanodrops produced with the two
different size emitters differs. The smaller emitters produce
smaller droplets with shorter lifetimes, which would be ex-
pected to lead to less product formation and lower conversion
ratios for a given initial concentration.

We hypothesize that the sharp drop-off in conversion ratio at
low concentration is due to initial droplets containing only one
or fewer reactant molecules. This occurs at a higher concen-
tration for the smaller emitter because the initial droplet size is
smaller and therefore contains fewer reactant molecules at
a given solution concentration. The rapid decrease in conver-
sion factor is consistent with a homogenous distribution of
nanodrop size that is formed with these emitters. Results from
Davidson et al. indicated that the initial distribution of nano-
drop diameters formed from aqueous sucrose solutions
produced by single barrel emitters with 1–3 mm tips was narrow
and centered around ∼60 nm.36 The rapid decrease in conver-
sion factor observed here indicates similar narrow distributions
are formed with theta emitters with tip diameters below 2 mm.
4706 | Chem. Sci., 2023, 14, 4704–4713
Droplet lifetimes

In order to determine the reaction acceleration, the reaction
time must be known. Droplet lifetimes have been estimated
from larger microdrops that can be optically imaged to deter-
mine a droplet velocity, and the droplet lifetime has been esti-
mated based on the distance to an analyzer, typically a mass
spectrometer.9,10,37 However, this method may not accurately
reect the lifetimes of smaller droplets that are too small to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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optically image but may contribute substantially to reaction
acceleration due to their higher surface-to-volume ratios and
more efficient ion production.38 Formation of nanodrops by
nESI leads to signicant improvements in ionization efficiency
from aqueous solutions and their surface-to-volume ratios are
substantially higher than micron sized droplets. Thus, conclu-
sions inferred from optical imaging of 10+ mm diameter drop-
lets may not apply to the nanodrops formed in these and many
other experiments. Moreover, nanodrops formed from 1.7 mm
nESI emitters survive well into the heated metal capillary
interface31 so that their lifetimes can be signicantly longer
than what would be the case if one assumes that ions are
formed at the mass spectrometer interface.

The lifetimes of aqueous nanodrops formed by theta capil-
laries have been determined previously by measuring the extent
of protein folding that occurs upon rapid solution mixing using
proteins with known folding time constants.31,32,34 This method
for measuring droplet lifetimes should be well suited for
determining the reaction time frame for this biomolecular
reaction because the initial nanodrops size and experimental
conditions are the same. This method for measuring droplet
lifetimes does not rely upon imaging much larger droplets nor
is it necessary to make any assumptions about where bare,
unsolvated ions are formed. There is signicant evidence that
these unimolecular reactions that are typically done under
conditions where there is one or fewer protein molecules in the
droplet are not accelerated at surfaces. This appears to be true
for other unimolecular reactions that occur in larger droplets as
well.21

Cytochrome c in an acidied solution in one barrel was
mixed with pure water in another barrel to increase the solution
pH upon mixing. The resulting pH jump induces folding and
the extent of folding is monitored by a change in the charge-
state distribution of the protein.31,32,34,35 Results from the
protein refolding experiments are shown in Fig. 3. A represen-
tative nESI mass spectrum of the acidied solution loaded into
both barrels of the theta-emitter shows two distinct charge-state
distributions (Fig. 3a). The charges states between 11+ and 20+
(indicated by a purple bar) are characteristic of an unfolded
form or forms of this protein in solution whereas the charge
states between 7+ and 10+ (indicated by a red bar) are consistent
with a folded form. The population abundance of the folded
form of cytochrome c in this acidied solution is determined to
be 7.4%± 1.8% from the weighted ion abundances of these two
forms of the protein. When both solutions were mixed in equal
volumes and the solution was loaded into both barrels of the
theta emitters, the folded population is 68.4% ± 4.8% (Fig. 3b).
This value represents the equilibrium distribution between the
folded and unfold forms of the protein in the mixed solutions.
Results from the theta emitter mixing experiments where the
acidied solution containing the protein was loaded into one
barrel and pure water was added to the other barrel are shown
in Fig. 3c and d for the 1.84 mm and 684 nm emitters, respec-
tively. The population of folded protein is 18.6 ± 2.6% and
11.5% ± 2.4% for the 1.84 mm and 684 nm emitters, respec-
tively. These results show that the droplet lifetimes are insuffi-
cient to reach equilibrium with either emitter, but that the
© 2023 The Author(s). Published by the Royal Society of Chemistry
greater extent of folding with the emitter with the larger tip
indicates a longer droplet lifetime. From the folding time
constant of cytochrome c in unbuffered aqueous solution
(114 ms),39 a reaction time corresponding to the droplet lifetime
can be obtained. The droplet lifetime determined from these
data are 23.0 ± 4.6 ms and 7.8 ± 2.6 ms for the 1.84 mm and
684 nm emitters, respectively. These values are slightly lower
than those previously reported for theta emitters with similar
size tips31 because no backing pressure that increases ow rates
and droplet sizes were used in the current experiments. The two
reagents in the bimolecular reaction investigated here are also
in aqueous solutions, and the experiments are performed using
identical emitters under the same conditions. Thus, the life-
times of nanodrops containing the two reagents that are formed
from the two different size emitters are expected to be the same
as well.

Based on a report of no apparent solvent loss from 10+ mm
diameter droplets prior to the entrance to a mass spectrometer40

or minimal loss from large droplets imaged in vacuum for
millisecond timescales,41 several reviewers have asserted that
solvent evaporation does not occur in our experiments despite
overwhelming evidence to the contrary. Charged water droplets
formed by nESI with diameters ranging from a few nanometers
to ∼32 nm have been trapped in either Fourier-transform ion
cyclotron resonance (FT-ICR)42–44 or electrostatic ion trap based
charge detection mass spectrometry (CDMS) instruments.44

Water nanodrops with diameters around 20 – 30 nm trapped for
one second in an electrostatic ion trap lose 100's of kDa in mass
corresponding to the continuous evaporation of many thou-
sands of water molecules.45 The rate at which solvent evapora-
tion occurs depends on the effective droplet temperature, which
is reduced in vacuum by evaporative cooling. When ions are
trapped in high vacuum, ions reach a low steady state effective
temperature where heat loss by evaporative cooling is balanced
by energy absorption by blackbody radiation in the low-pressure
trapping region (∼10−9 Torr) of both FT-ICR MS and CDMS
instruments.46 Some collisional activation also occurs in CDMS
due to the high ion kinetic energy and large collisional cross
sections of nanodrops with diameters of 10's of nm. The slow
rate of water evaporation in ultra-high vacuum is due to the very
low effective temperatures of the trapped nanodrops.43,45,47

Results from highly charged ions that are preserved in aqueous
nanodrops but do not survive as bare ions in the gas phase
clearly show that aqueous nanodrops can survive intact through
the instrument and throughout the measurement process.48,49

However, survival of these aqueous nanodrops requires
unusually “so” interface conditions that minimize activation
with rapid transfer to high vacuum where the rate of water
evaporation is low. These are not conditions that are predomi-
nantly used in nESI MS, such as done here, where bare unsol-
vated ions are measured. Bare or unsolvated ions are achieved
through energy transfer early on, in or about the electrospray
interface, in the form of heated metal capillaries, strong electric
elds at atmospheric or slightly reduced pressures and/or
heated gasses introduced around the interface. Signicant
energy transfer to droplets in these atmospheric or near atmo-
spheric conditions occurs, which substantially increases the
Chem. Sci., 2023, 14, 4704–4713 | 4707
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Fig. 3 Representative mass spectra of cytochrome c used to determine the lifetime of nanodrops from the kinetics of protein refolding, (a) an
initial solution of cytochrome c with Met-enk (m/z = 574) in water with 1% acetic acid (pH = 2.85), (b) a 1 : 1 mixture of the solution in (a) with
water and Leu-enk (m/z= 556) at equilibrium (pH= 3.06), (c) theta emitter mixing of solution used in (a) with water containing Leu-enk with 1.84
mm emitters and (d) theta emitter mixing of solution used in (a) and water containing Leu-enk with 684 nm emitters.
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rate of solvent evaporation and promotes bare ion formation
prior to the high vacuum conditions of a mass spectrometer.
Molecular dynamics simulations also provide evidence for rapid
water evaporation from aqueous nanodrops when the effective
temperature of the droplet is maintained at an ambient value,
such as would be the case in a heated metal capillary. Simula-
tions of a 5 nm diameter droplet indicates that full evaporation
occurs in 18 ns when the temperature was maintained at 40 °
C.50 This fast evaporation rate is consistent with the larger
nanodrops in our experiment surviving on the low microsecond
timescale.

Others have strongly asserted that bare ion formation occurs
at the entrance to the mass spectrometer and thus there is no
change in droplet lifetime in our experiments where different
droplet sizes are produced. In our experiments, the distance
between the emitter tip and the mass spectrometer is xed at
3.0 mm. The emitter tip diameter is changed to produce drop-
lets that have different average diameters. There is extensive
evidence that smaller diameter emitters produce smaller
droplets.31,34,51 There is also strong evidence that ions produced
from 317 nm theta emitters are formed outside the mass
spectrometer owing to their short∼1 ms lifetime, but nanodrops
formed by >1 mm emitters with lifetimes >10 ms survive long
enough to enter a heated interface metal capillary.31 The
temperature of a nanodrop can be affected by raising the
4708 | Chem. Sci., 2023, 14, 4704–4713
temperature of the metal capillary to a point where the
temperature of the nanodrop exceeds the melting temperature
of the protein. Under these conditions, protein unfolding is
energetically favorable. However, the extent of unfolding can
depend on droplet size because of the different droplet life-
times. Different droplet lifetimes can limit the time available for
a chemical process, such as protein unfolding to occur, which is
a kinetic effect. For example, laser heating of nanodrops outside
of the mass spectrometer can induce protein unfolding in the
droplets from which melting curves as a function of laser power
are obtained.52 The extent of unfolding is related to nanodrop
size where less unfolding has been observed for smaller nano-
drops due to their shorter lifetimes and thus less time for
unfolding in the droplet to occur.

Our conclusions from evaluating prior work are that (1) water
evaporation from aqueous nanodrops does occur to ultimately
form unsolvated gaseous ions under typical mass spectrometry
operating conditions with commercial mass spectrometers, (2)
smaller nanodrops are initially produced using emitters with
smaller diameter tips, (3) smaller nanodrops have shorter life-
times, and (4) the different nanodrop lifetimes can limit the
kinetic time frame inside the nanodrop that can affect the
extent to which either protein unfolding52 or protein folding31

occurs. Thus, we conclude that the droplet lifetimes determined
from the protein folding experiments also applies to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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bimolecular reactions that occur in identically formed nano-
drops. It is possible that the presence of the reagents may affect
the physical properties of the nanodrops, especially at high
initial concentrations. However, the relative lifetimes of the two
different size nanodrops should be the same. Thus, while there
may be a slight uncertainty in the absolute lifetimes, there is
little uncertainty that the size and lifetimes of nanodrops
depends on emitter tip diameter.
Effective reaction rate constant for a bimolecular reaction

In bulk solution, the concentrations of reactants typically
change only due to reaction that depletes the reactant concen-
tration. In contrast, the concentration of reactants in the
nanodrops changes both due to reaction and due to water
evaporation. Water evaporation leads to an increase in reactant
concentration with time whereas reaction depletes the reactant
concentration with time. Because the reactant concentration
changes continuously throughout the nanodrop lifetime, an
integrated rate law is used instead of a rate equation. An
observed or “effective” rate constant in the nanodrop, knanodrop,
was obtained from the integrated rate law for the bimolecular
reaction, which can be simplied when the initial concentra-
tions of the two reactants are equal (eqn (2))

knanodropt ¼ 1

½X �t
� 1

½X �0
(2)

where [X]0 is the initial concentration of DCIP and [X]t is the
abundance ratio of reduced to total DCIP multiplied by the
initial concentration. This is an “effective” rate constant
because it is determined using the initial reagent concentration
in the nanodrop as well as the nal concentrations of the
reagents that are based on the abundances of reactants and
products in the mass spectra. An acceleration factor is dened
as the ratio of knanodrop to the bulk solution rate constant (kbulk
= 5.6 × 104 M−1 s−1 at pH 3 in water53). The acceleration factor
depends strongly on concentration (Fig. 1b), ranging from 102

to 107. The acceleration factor does not depend on droplets size
over the range in concentrations where there are a sufficient
number of molecules in each nanodrop to react. In contrast to
the conversion ratio where the smaller nanodrops have lower
values due to the shorter time available for reaction to occur, the
acceleration factor takes this time difference into account.
These results show that the acceleration factor depends on
concentration but does not depend on droplet size.

In order to determine the extent of mixing and reaction that
can occur in the Taylor cone prior to droplet formation, the ow
rates were determined from mass measurements of the nano-
spray emitter before and aer electrospray and these values
were corrected for water evaporation from the emitter.31 The
total ow rate due to electrospray is approximately 36 nL min−1

and 18 nL min−1 for the 1.84 mm and 684 nm emitters,
respectively (Table S4†). The Taylor cone volume was estimated
as a cone with the same base diameter of the long dimension of
the emitter and the height as 1.5 times this value, resulting in
a volume of 2.4 fL and 0.12 fL and an analyte transit time
through this region of ∼4.1 ms and ∼0.4 ms for the 1.84 mm and
© 2023 The Author(s). Published by the Royal Society of Chemistry
684 nm emitters, respectively. The time spent in the Taylor cone
is short compared to the droplet lifetime indicating that reac-
tions in the Taylor cone do not signicantly contribute to the
observed acceleration factors.

Spontaneous reduction of species in aqueous nanodrops has
been reported.5 To investigate whether this occurs here, solu-
tions of DCIP at either 10 or 100 mM (pH 3) were added to one
barrel and water was added to the other barrel of the emitters.
No reduced product was observed. The same experiment with L-
AA resulted in no oxidation product. These results indicate that
both reagents are necessary for a reaction to occur and that the
reaction occurs as a result of the intended bimolecular reaction.
pH changes can contribute to reaction acceleration.13,16 For the
reaction between DCIP and L-AA, the rate constant in solution
was measured at pH 3, the same pH as our initial droplets. The
rate constant in solution changes by less than 3% between pH 1
and 3.53 Thus, any acidication of the nanodrop as solvent
evaporates should not signicantly affect the rate for this
reaction. The capillary interface temperature can affect some
microdroplet acceleration factors.54 Larger nanodrops, such as
ones produced by the larger emitter, survive into the interface
capillary.31 To investigate the role of temperature, the capillary
inlet was varied between 60 and 300 °C. No signicant change in
the conversion ratio was observed over this temperature range
(Fig. S4†).
The role of the droplet surface

An increase in conversion ratio with smaller droplets has been
used as evidence that a reaction is accelerated at the surface.2,5,15

In our experiments, the conversion ratio is lower with smaller
droplets (Fig. 1a) and the acceleration factor is independent of
droplet size (Fig. 1b). These experimental results strongly indi-
cate that this reaction is not accelerated at the nanodrop
surface. The initial droplet diameter depends on the diameter
of the emitter tip. There is a∼2.7-fold difference in tip diameter
that should translate to a roughly 2.7-fold difference in the
surface-to-volume ratios of the nanodrops formed by these two
emitters. The acceleration factors (Fig. 2a) were t to a line over
the range of concentrations that these data appear linear. The
ratio of acceleration factors for the two different emitter tip
sizes varies from 0.73 to 1.17 over a concentration range of 0.5
mM to 50 mM. This range is much smaller than the ∼2.7 fold
difference in surface-to-volume ratios. We conclude that these
acceleration factors depend primarily on initial reactant
concentration and not on the surface-to-volume ratio, which
suggests that this reaction is not accelerated at the surface.

This reaction does not lead to a signicant difference in
structure between the reactant and the product. Two hydrogen
atoms are transferred to oxidized DCIP to produce reduced
DCIP. The similarity in structures between the reactant,
product, and likely transition states suggests that the reaction
energetics should not be substantially affected by partial
solvation that may occur at the surface.21

To further elucidate the role of the surface in these experi-
ments, the maximum surface occupancy was (over)estimated
using the average polar surface area for both reactants55,56 (∼40
Chem. Sci., 2023, 14, 4704–4713 | 4709
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Å2) and assuming all molecules are at the surface (Fig. 1c). With
the smallest emitter, this value ranges from 0.00004% to 0.2%.
For the larger emitters that have lower surface-to-volume ratios,
the maximum surface occupancy does not exceed 2%, and is
less than 0.0001% at the lowest concentration. The extraordi-
narily low surface occupancy indicates that the vast majority of
the droplet surface remains available for reactions to occur, yet
the rate acceleration factor changes by more than 104 over
a range of initial concentrations. Surface occupancy increases
as solvent evaporation occurs and this could be a factor as the
size of the droplet shrinks. However, there should be a differ-
ence between droplets of different initial size, which is not
observed (Fig. 2b). Diffusion of reactants from inside the
nanodrop to the surface can occur, so all molecules have the
potential to be exposed to the surface especially as the nano-
drop diameter decreases due to evaporation.57 However, if this
were the primary mechanism, and not reactant concentration
due to evaporation, then the conversion ratio would not be ex-
pected to increase at lower concentrations. The experimental
observation that the reaction acceleration factor increases by
more than 104 with decreasing concentration cannot be
explained by diffusion and enhanced surface reactivity.
The role of increasing reactant concentration inside
a nanodrop

A range in acceleration rate factors by four orders of magnitude
for the same reaction in the same initial size nanodrops may
initially seem remarkable, and a value of 107 is among the
highest acceleration factors reported.13 However, these results
are consistent with an increase in analyte concentration due to
solvent evaporation that occurs once a nanodrop is initially
formed. For a bimolecular reaction, both reactant molecules
must be in close proximity for a reaction to occur. Two reactant
molecules coming together in dilute solution is a low proba-
bility event and hence the rate of a chemical reaction in bulk
decreases with decreasing concentration of a reactant. However,
the reactant concentration can increase in the nanodrops due to
solvent evaporation making it more probable for two reactant
molecules to come into close proximity even in initially dilute
solutions. At the extreme, two molecules in a single large
nanodrop are unlikely to interact because of their low proba-
bility of contact. However, interaction between two reactant
molecules is nearly guaranteed when virtually all of the solvent
has evaporated from the nanodrop thereby bringing the two
reactant molecules into close proximity. This concentration
effect leads to a large acceleration factor between a reaction in
a nanodrop and that in bulk solution.

If the sharp drop-off in reaction rate acceleration at lower
concentrations (Fig. 1b) is due to on average fewer than two
molecules per droplet, then the volume that contains two
molecules can be estimated from the concentration corre-
sponding to the midpoint of this fall-off. A volume of 8.3 × 10−2

fL and 1.7 × 10−2 fL would contain two molecules for the 1.84
mm and 684 nm emitters, respectively (Table S4†). This volume
corresponds to a spherical droplet with a diameter approxi-
mately 1/3 of that of the emitter. This initial droplet size as
4710 | Chem. Sci., 2023, 14, 4704–4713
a fraction of the tip diameter is higher than that for single bore
emitters,36,58 but this value is an overestimate because of the
statistical probability of having an equal number of molecules
of both analytes is low with fewmolecules in the droplet and the
possibility of analyte molecules leaving the nanodrop prior to
complete solvent evaporation as a result of droplet ssion or ion
emission that may occur. The center divider in the theta emit-
ters and the non-symmetrical shape may also affect the droplet
formation process. These data provide additional support for
our conclusion that reaction rate acceleration is highest when
there are a limited number of molecules in each nanodrop,
which are brought into close proximity when solvent evapo-
rates. These results are consistent with a recent model that
indicates that reactant enrichment due to solvent evaporation
can lead to a few orders of magnitude in reaction acceleration
and this effect is predicted to be more pronounced for smaller
droplets.16

The phenomenon of analyte concentration occurs at all
initial concentrations, yet the highest acceleration factors occur
at the lower concentrations. The solubility limit of DCIP is
around 1 mM,55 and the highest concentration of 500 mM DCIP
might be expected to lead to only a 4× increase in the acceler-
ation factor at equilibrium in bulk solution. The higher value
measured here could be due to formation of a supersaturated
solution owing to the very rapid solvent evaporation that may
lead to increased product formation in these nanodrops.
Moreover, formation of large aggregates with reactivities that
may not reect those of individual molecules in solution could
occur. There are abundant protonated and sodiated homo-
dimers of L-AA at the higher concentrations, but no hetero-
dimers are observed at any concentration, indicating that
bifurcation likely occurs with increased concentration within
the nanodrop that may lead to decreased reaction efficiency at
the higher initial concentrations compared to that at lower
concentrations.

Conclusions

In conclusion, these experiments demonstrate the role of
increasing analyte concentration due to solvent evaporation
from droplets on the resulting acceleration rate factors that are
measured. The acceleration rate factor for the bimolecular
reaction between DCIP and L-AA ranges from 102 to 107. This
value depends on the initial reagent concentration and is
highest when the concentration is sufficient for at least a few
molecules of each reagent to enter into each of the initially
formed droplets. This wide range of acceleration factors does
not appear to be related to the air–water interface at the droplet
surface, but rather is primarily a result of solvent evaporation
that brings widely dispersed reactants into close proximity as
the droplet shrinks in size.

Many factors differ between this experiment and many prior
experiments on reaction acceleration in evaporating droplets.
The distance from the emitter to the mass spectrometer inlet
affects droplet lifetimes and droplet sizes8,10,15,23 and this effect
was not investigated here. Organic solvents have been used in
many prior experiments compared to the aqueous solutions
© 2023 The Author(s). Published by the Royal Society of Chemistry
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used here. Solvent volatility can change droplet lifetimes and
the composition of mixed solvents can vary as the more volatile
solvent evaporates.59 Never-the-less, reagent concentration is
expected to play a role under any condition where droplet
evaporation occurs. Although reaction acceleration was
demonstrated for a reaction that does not appear to be accel-
erated at surfaces, this effect should also play a signicant role
for reactions where acceleration at surfaces may also play a role.

The results presented here indicate that this analyte
concentration effect in evaporating droplets is signicant and
can lead to acceleration factors that are among the highest that
have been reported for reaction acceleration in microdroplets
where droplet volume is not carefully controlled. In experiments
where droplets evaporate prior to chemical analysis, such as
occurs in spray ionization methods with mass spectrometry,
this reactant concentration effect needs to be taken into
account in order to attribute any reaction acceleration to the
unusual properties of the droplet surface.
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