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ABSTRACT: Droplet Assisted Ionization (DAI) is a relatively new method for online analysis of aerosol droplets that enables 
measurement of the rate of an aerosol reaction.  Here, we used DAI to study the reaction of carbonyl functionalities in secondary 
organic aerosol (SOA) with Girard’s T (GT) reagent, a reaction that can potentially be used to enhance the detection of SOA in online 
measurements.  SOA was produced by α-pinene ozonolysis.  Particulate matter was collected on a filter, extracted, and mixed with 
GT reagent in water.  While the reaction hardly proceeded at all in bulk solution, products were readily observed with DAI when the 
solution was atomized to produce micron-size droplets.  Varying the droplet transit time between the atomizer and mass spectrometer 
allowed the reaction rate constant to be determined, which was found to be four orders of magnitude faster than what would be 
expected from bulk solution kinetics.  Decreasing the water content of the droplets, either by heating the capillary inlet to the mass 
spectrometer or by decreasing the relative humidity of the air surrounding the droplets in the transit line from the atomizer to the mass 
spectrometer enhanced product formation.  The results suggest that reaction enhancement occurs at the droplet surface, which is 
consistent with previous reports of reaction acceleration during mass spectrometric analysis, where a bulk solution is analyzed with 
an ionization method that produces aerosol droplets.

INTRODUCTION 
Recent studies have suggested that reaction rates in micro-

droplets can be enhanced by several orders of magnitude over 
similar processes in bulk solution. For the most part, reaction 
enhancements have been observed when analyzing bulk solu-
tions with ionization techniques that involve generating charged 
microdroplets, such as electrospray ionization (ESI),1,2 
nanoESI,3 extractive electrospray ionization 
(EESI)/microdroplet fusion,4,5 desorption electrospray ioniza-
tion (DESI),6,7 and paper spray (PS).8,9 Enhanced reactivity has 
been reported for a variety of processes including Girard reac-
tions of ketones,6,7 Michael reactions,6 the reaction between 2,6-
dichlorophenolindophenol and ascorbic acid,4 and the Katritzky 
reaction of pyrylium ions with functionalized amines to give N-
substituted pyridinium cations.9 
In principle, several factors may contribute to the observed 

reaction enhancements including solvent evaporation,6,8,10 pH 
changes accompanying the formation of charged drop-
lets,2,5,10,11,12  and incomplete solvation of reactants at the air-
droplet interface.3,10,13 Solvent evaporation leads to a higher 
concentration of reactants which increases the reaction rate for 
a given reaction rate constant, and the diffusion timescale de-
creases as the droplet shrinks in size which can enhance the rate 
of diffusion-limited reactions.  In a charged microdroplet envi-
ronment, the effective pH of the solution can move toward an 
extreme.  For example, the pH in an electrospray droplet was 
found to be 0.5 whereas the bulk solution had a pH of 3.0.6 
Thus, acid-catalyzed reactions may be enhanced in charged 
droplets.  Droplets also have a higher surface-to-volume ratio 
than bulk solution, allowing reactions at the air-water interface 

to contribute more strongly to the overall reaction rate.  Factors 
that can influence reactions at the air-water interface include 
surface tension,5 pH6,14 and orientation of reactants relative to 
each other.13,15 Partially solvated molecules at the air-water in-
terface have an incomplete hydration shell which may lower the 
activation barrier for reaction relative to molecules having a 
complete hydration shell in the bulk solution.10 In this respect, 
Cooks and coworkers have pointed out that a typical solution 
phase reaction rate constant can be 6 orders magnitude slower 
than the corresponding rate constant in the gas phase where lit-
tle or no solvation exists.16 

A significant limitation of previous studies is that droplet for-
mation is an integral part of the ionization process, which makes 
it difficult to decouple processes intrinsic to the droplet envi-
ronment from those unique to the specific ion source.  Here, we 
use an atomizer to generate aerosol droplets, which are subse-
quently allowed to undergo reaction under controlled condi-
tions outside the mass spectrometer. At the end of the reaction 
period, the aerosol is analyzed by online mass spectrometry us-
ing droplet assisted ionization (DAI). DAI is a process by which 
aerosol droplets pass through a temperature-controlled capillary 
inlet into the mass spectrometer.17,18 Droplet breakup and 
charge induction are influenced by the pressure gradient across 
the capillary and the temperature to which the capillary is 
heated.16 Droplet reactivity as a function of e.g. reaction time or 
droplet water content is studied by varying the conditions in the 
aerosol reactor while keeping the capillary inlet at room tem-
perature, which minimizes the impact of ionization on the meas-
ured droplet reactivity. In this way, we are able to determine the 
reaction rate constant and compare it to what is known about 
bulk solution reactivity. The temperature of the capillary inlet 
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is explored as a means of increasing the product yield for appli-
cations where the timescale for reaction at room temperature is 
inconvenient.   
The reaction of interest in this study is derivatization by 

Girard’s T (GT) reagent19 of carbonyl functionalities in second-
ary organic aerosol (SOA) produced by α-pinene ozonolysis. A 
substantial fraction of ambient SOA is produced by α-pinene 
ozonolysis,20,21 and improved methods for online analysis are 
needed to enable both laboratory and field measurements. In 
general, SOA is produced by oxidation of volatile organic com-
pounds (VOCs) emitted from biogenic and anthropogenic 
sources.22,23 The chemical composition of SOA is highly com-
plex, often encompassing several hundred distinct molecular 
formulas.24–27 The products of α-pinene ozonolysis contain car-
boxylic acid, ketone, aldehyde, and/or alcohol functional 
groups.28 These “monomers” can form dimers, trimers, and te-
tramers by coupling reactions such as hemiacetal formation,29,30 
aldol condensation27,31 and esterification.27,32 Derivatization of 
α-pinene SOA with GT could selectively target molecules hav-
ing carbonyl functionalities19 and also increase the sensitivity of 
detection owing to the formation of a pre-charged quaternary 
ammonium ion.19,33,34 The kinetics and mechanism of GT reac-
tions in bulk solution have been thoroughly studied in the liter-
ature.35 Enhanced reactivity in microdroplets was first sug-
gested by the work of Girod et al., who studied GT derivatiza-
tion of cortisone in a DESI experiment.6 Subsequently, Laskin 
and coworkers used nano-DESI for GT derivatization of car-
bonyls in SOA produced by limonene ozonolysis.7 Here, we 
build on this previous work by using DAI to study the reaction 
in aerosol droplets under controlled conditions to better under-
stand the kinetics and mechanism. 
 

EXPERIMENTAL 
Materials. All gas flows were generated from zero air.  α-

Pinene SOA was generated by mixing 7 ppmv ozone with 1 
ppmv α-pinene in a flow tube reactor having a residence time 
of about ~15 s. Aerosol particles exiting the flow tube reactor 
(mass concentration ~1000 μg/m3) were collected on a glass mi-
crofiber filter (cat. no. 1823-025, GE Healthcare, Piscataway, 
NJ, USA) for over a time period of several days. The filter was 
sonicated and extracted three times with optima LC/MS grade 
acetonitrile (Thermo Fisher Scientific, Swedesboro, NJ). The 
extraction solutions were combined and filtered through a nylon 
membrane (cat. no. 176, Thermo Fisher Scientific, Swedesboro, 
NJ). The final solution was transferred into a 15 mL disposable 
centrifuge tube (cat. No. 05-539-5, Thermo Fisher Scientific, 
Swedesboro, NJ). The tube was then purged with an ultra-grade 
house nitrogen line overnight until dry. SOA was then reconsti-
tuted to 0.5 mg/mL with optima LC/MS grade water (Thermo 
Fisher Scientific, Swedesboro, NJ). Girard’s T reagent and am-
monium sulfate were purchased from Sigma-Aldrich (St. Louis, 
MO) and used as received. Pinonaldehyde was synthesized us-
ing the procedure described in supporting information. 
Aerosol Generation. Aerosol droplets were generated from 

aqueous solutions with an atomizer (model ATM226; TOPAS, 
Dresden, Germany) and a 1 L/min of house air from Zero Air 
Generator 737 Series (Aadco Instruments, Cleveland, OH, 
USA), which removed gas-phase ammonia and organics.  In our 
previous work, these conditions were found to produce a 

polydisperse distribution of droplets having diameters in the 1-
3 μm diameter range.17 Depending on the experiment being per-
formed, the atomization solution contained SOA (0.25 mg/mL), 
GT (50 µM), and/or ammonium sulfate (50 µM) dissolved in 
water. Preliminary experiments were performed with pinon-
aldehyde (1 mM) for confirming formation of products from the 
GT derivatization. The aerosol exiting the atomizer had a num-
ber concentration on the order of ~106 particles/cm3, a solute 
mass concentration on the order of ~102 µg/m3, and a relative 
humidity (RH) of ~100%. 
Aerosol Reaction. Figure 1 shows the experimental setup 

used in this study. Most experiments were performed with the 
configuration in Figure 1a. In Figure 1a, the atomizer and mass 
spectrometer inlet assembly were connected by a 10 mm o.d., 6 
mm i.d. reaction tube whose length could be varied between 3 
and 170 cm. The entrance to the inlet assembly consisted of a 
Swagelok tee where two inlet flows (one from the atomizer/con-
necting tube and the other from makeup air – see below) were 
combined and sent into the DAI capillary.  The droplet reaction 
time is given by the total transit time from the atomizer to the 
DAI capillary, which for this study ranged from 0.3 to 3.5 s de-
pending on the length of the connecting tube. The tube and 
Swagelok assembly were held at room temperature, ~25 ℃. 
A few experiments were performed with the configuration in 

Figure 1b to qualitatively study the effect of RH on droplet re-
activity. Aerosol from the atomizer was sent through 0, 1 or 2 
drying tubes containing molecular sieves (part. no. L-4A812B-
IMS, Labsorbents, Park Ridge, IL, USA). The RH of the aerosol 
exiting the tube assembly was determined by the number of 
tubes: zero tubes inline gave 98%-100% RH, one tube inline 
gave ~36% RH, and two tubes in line gave ~16% RH.  The RH 
values reported represent the average of measurements at the 
beginning and end of each experiment. After exiting the drying 
tube assembly, the aerosol was sent though a condensation 
growth chamber (CGC; custom built by Aerosol Dynamics, 
Inc., Berkeley, CA) to condense water back onto the particles 
so that the DAI signal response was independent of initial RH. 
In this device, the aerosol passed through a water-saturated 
wick encased in three separate temperature regions. The first 
was a “conditioner” region at 5 ℃, followed by a heated “initi-
ator” region at 45 ℃, and finally a cooled “moderator” region 
at 10 ℃. This sequence of temperatures exposed particles in the 
air flow to supersaturated water vapor, which condensed onto 
the particles and grew them to a final size in the ~1-3 μm dia. 
range, independent of the RH of the aerosol entering the CGC. 
The total transit time between the atomizer and DAI capillary 
was ~3 s. 
  
DAI Mass Spectrometry. Mass spectrometry was per-

formed with a Waters SYNAPT G2-S quadrupole ion mobility 
time-of-flight mass spectrometer (Waters, Milford, Ma) modi-
fied for droplet assisted ionization, as shown in Figure 1c.17 
Since air flow through the atomizer and reactor was 1 L/min 
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and the mass spectrometer sampled air at ~1.3 L/min, an addi-
tional ~0.3 L/min of make-up air was added to the air flow 
through the Swagelok tee at the entrance to the inlet assembly.  
The inlet consisted of a 62 mm long, 1 mm o.d., 0.5 mm i.d. 
stainless steel capillary. The first 19 mm of the capillary was 
unheated, while the remaining portion could be heated up to 850 
℃ by applying a voltage to 24‐gauge NiChrome wire that was 
encased in a ceramic insulating jacket around the capillary.17  
This assembly is discussed in more detail by Apsokardu et al.18 
Most experiments were performed with the capillary at room 
temperature. When the capillary was heated above room tem-
perature, the reported temperature was the capillary wall tem-
perature, though the actual temperature that droplets were ex-
posed to in the air flow inside the capillary was likely much 
lower.  For capillary temperature dependence experiment, the 
transit time from the atomizer to the DAI capillary was ~1.2 s, 
while the temperature applied on the capillary increased from 
25 ℃ to 800 ℃.  Aerosol transit time through the capillary was 
~0.6 ms. 
The mass spectrometer was run in sensitivity mode (resolu-

tion 10000 FWHM) and continuum mode (continuous signal 
measurement) for positive and/or negative ion detection as 
needed. The source temperature was set at 100 ℃, cone voltage 
at 10 V, and offset voltage at 60 V. For DAI-MS/MS experi-
ments, a quadrupole mass filter isolated GT-pinonaldehyde 
product precursor, with subsequent analysis using collision in-
duced dissociation (CID) with the collision energy adjusted 
around 12 eV. Spectra were processed as 4 min summations us-
ing Waters Masslynx v4.1 software. Peaks in the mass spectra 
with a relative intensity below 0.5% and an absolute intensity 
below 5 times the noise were removed from consideration. 
Background mass spectra were acquired by atomizing pure wa-
ter. 

RESULTS AND DISCUSSION 

GT Derivatization of Carbonyls in SOA. GT reacts with 
carbonyl functional group via two step reaction as shown below 
(Scheme 1).  First, addition of GT to the carbonyl group pro-
duces carbinolamine intermediate, followed by the dehydration 
of water to form a hydrazone.19,35  The  rate-determining step of 
Scheme 1 is dependent on the pH of the solution.35  As the pH 
decreases from about 5 to 4, the rate determining step changes 
from the second step to the first.35  Below a pH of about 4, the 
hydrazone product is favored.35,36  The second-order rate con-
stant also increases with decreasing pH.35 
 

Scheme 1. GT Reaction Mechanism 

 

  The reaction is first demonstrated by mixing GT reagent with 
pinonaldehyde, a product of α-pinene ozonolysis that is pro-
duced in high yield. Figure 2 shows (a) the mass spectrum ob-
tained from DAI of GT + pinonaldehyde and (b) the MS/MS 
spectrum of the GT-pinonaldehyde product, which gives an ex-
ample what is expected from the GT reaction. The DAI mass 
spectrum contains a product peak at 282.2 m/z that corresponds 
to the formula C15H28O2N3, which is the final hydrazone product 
in Scheme 1 for pinonaldehyde. The observation of just the final 
hydrazone product suggests that the pH of the droplet is low. 
Stachissini et al.35 pointed out for the reaction between benzal-
dehyde and GT reagent, that hydrazone product formation be-
came favored at a pH of about 4 and below.  Figure 2b shows 
the MS/MS spectrum of the precursor ion at 282.2 m/z. Loss of 

Figure 1. Experimental setup for studying aerosol reactions by DAI.  The two reaction configurations used in this work are illus-
trated in (a) and (b).  The DAI capillary inlet to the mass spectrometer is illustrated in (c).   
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trimethylamine produces the fragment ion at 60.1 m/z and 223.1 
m/z, further elimination of CO produces the fragment ion de-
tected at 195.1 m/z. Loss of trimethylamine and cross-ring 
cleavage gives rise to the product ion at 125.1 m/z. 
Molecular species in SOA are generally detected as [M+H]+, 

[M+Na]+, and/or [M-H]-. When derivatized with GT, the prod-
ucts are observed in the positive ion spectrum. Thus, formation 
of the final hydrazone product results in an m/z increase of ei-
ther 113.0947 (GT-H-H2O) and/or 91.1128 (GT-Na-H2O) com-
pared with underivatized peaks in positive mode or 115.1104 
(GT+H-H2O) compared with underivatized in negative mode. 
Figure 3 shows positive ion mass spectra of SOA taken under 

different conditions. Figure 3a is the DAI mass spectrum of 
droplets produced by atomization of a solution of SOA in water. 
Monomers (for the purpose of this study defined as molecules 
having 10 or fewer carbon atoms), dimers (defined here as mol-
ecules having between 11 and 20 carbon atoms), trimers (de-
fined here as molecules having between 21 and 30 carbon at-
oms) are observed. Most peaks in the positive ion spectrum are 
sodium cationized. The sodium contamination most likely 
comes from glass surfaces in the atomizer and/or CGC. 
Figure 3b is the DAI mass spectrum of droplets containing 

SOA and GT. Though obtained under the same DAI conditions 
as Figure 3a, the ions detected are totally different. Ions high-
lighted in red have molecular formulas consistent with GT deri-
vatization. The ion highlighted in blue is unreacted GT reagent 
at 132.1 m/z. Ions from unreacted SOA molecules are detected, 
but the signal intensities are very low, indicating that the GT 
reagent and GT derivatives cause substantial signal quenching 
of the unreacted SOA peaks. Signal quenching by GT and its 

reaction products was also reported by Laskin et al.7 who stud-
ied GT derivatization of limonene SOA by nano-DESI. With 
both DAI and nano-DESI, charged derivatives generally ionize 
more readily than the uncharged percursors.  Given the exist-
ence of SOA reactant ion signal suppression, a useful measure 
of the extent of reaction is the ratio of the summed total signal 
intensities of the product ions (P) divided by the intensity of the 
GT reagent ion.  For the mass spectrum in Figure 3b, the P/GT 
signal intensity ratio is 13.   
 

The DAI mass spectrum in Figure 3b was obtained with a 
capillary wall temperature of 25 ℃.  At this temperature, most 
of the reaction occurs in the connecting tube since the droplet 
transit time through the capillary is short by comparison. This 
assumption was checked experimentally by performing a con-
trol experiment where a pipet tip was positioned just outside the 
capillary entrance so that droplets could be pulled from the tip 
directly into the capillary with minimal transit time. The exper-
imental setup is shown in Figure S1, and the mass spectrum ob-
tained from this experiment is shown in Figure S2. Relative to 
the mass spectrum in Figure 3b where  P/GT=13, the DAI-pipet 
mass spectrum in Figure S2 shows hardly any product for-
mation (P/GT= 0.2), confirming that virtually all of the reaction 
in the Figure 3b experiment occurred in the transfer line rather 
than inside or beyond the capillary.  
This assumption was further checked by electrospray ioniza-

tion (ESI).  Figure 3c is an ESI mass spectrum of the solution 
used to generate the droplets for the experiment in Figure 3b. 
The amount of SOA reacted is much less than that in Figure 3b 

Figure 3. (a) DAI mass spectrum (+) of droplets produced by 
atomization of 0.25 mg/mL α-pinene SOA in water.  (b) DAI 
mass spectrum (+) of droplets produced by atomization of a so-
lution containing 0.25 mg/mL SOA and 50 µM GT in water. (c) 
ESI (+) mass spectrum of the solution containing SOA and GT 
in water. Temperature of capillary inlet for DAI: 25 ℃.  Ions 
corresponding to the products of the GT reaction are highlighted 
in red. Unreacted GT is highlighted in blue. 

Figure 2. Mass spectra of GT derivatized pinonaldehyde. (a) 
DAI-mass spectrum (+) obtained from atomization of solution 
with 50 µM GT and 1 mM pinonaldehyde and (b) DAI-
MS/MS (+) spectrum obtained from GT-pinonaldehyde prod-
uct.  
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(P/GT=0.3 for the mass spectrum Figure 3c), which is not sur-
prising since the transit time between droplet formation and 
sampling in the ESI source is only about 0.6 ms, while it is much 
longer in the DAI experiment (1.2 s for the mass spectra in both 
Figure 3a and Figure 3b). The mass spectra in Figures S2 and 
3c also highlight that the reaction effectively stops when bare 
molecular ions are formed from partially desolvated droplets 
within the mass spectrometer inlet, as reported previously by 
Bain1 in an ESI-MS experiment and Lee4 in a droplet fusion 
experiment.  
Product ions detected in Figure 3b are listed in Table S1 along 

with the corresponding elemental formulas and in some cases 
proposed molecular structures of the underivatized carbonyls. 
Thirty-six formulas were assigned within 5 ppm for product 
peaks in the monomer and dimer range. Four of the most intense 
peaks in Figure 3b and their MS/MS spectra correspond to 
known monomer products of α-pinene ozonolysis containing an 
aldehyde group (pinalic acid, pinonaldehyde, norpinalic acid, 
norpinonaldehyde).37–40 The fraction of product peaks from di-
mers is fewer than the product peaks from monomers, which 
may be due to the characteristics of oligomerization reactions 
expected to occur in SOA. For example, aldehydes can react 
with alcohols to form hemiacetals/hemiacetals,29,30 with carbon-
yls to form aldol,27 and with stabilized Criegee intermediates 
(SCIs) to form secondary ozonides,41 all of which remove the 
aldehyde group from the dimer product. 
Reaction Rate Constant. To determine the reaction rate con-

stant, experiments with various connecting tube lengths were 
performed. As indicated by Figures S2 and 3c, hardly any prod-
uct formation occurs inside the DAI capillary when the wall 
temperature is set to 25 oC.  Therefore, the droplet reaction time 
is given by the transit time from the atomizer to the DAI capil-
lary. Before we derive the reaction rate constant, we first need 
to know an approximate concentration of aldehyde/ketone in 
the SOA solution. It is reported that the concentration of car-
bonyl functional groups in α-pinene SOA is ~4 μmol/mg, deter-
mined by a spectrophotometric derivatization method.42 Ac-
cording to this result, there is ~1100 μM carbonyl functional 
groups in the 0.25 mg/mL SOA solution available for reaction. 
Since carbonyls are in excess when mixed with 50 μM GT, the 
reaction is assumed to be pseudo-first order in GT: 
 
!!
"#!

= 𝑒$Ⅰ% − 1                        (1) 

𝑘Ⅰ = 𝑘Ⅱ[𝑆𝑂𝐴	𝐶𝑎𝑟𝑏𝑜𝑛𝑦𝑙𝑠]                      (2) 
 

where GT = Girard’s T reagent concentration, P = derivatization 
product concentration, kⅠ is the pseudo-first order rate constant, 
kⅡ is the second order rate constant. The plot in Figure 4 is for 
the ratio of the sum of all product ion intensities divided by the 
reagent ion intensity, which is proportional to the ratio of the 
concentrations. The assumption here is that the ionization effi-
ciency of [GT]+ is the same as [M+GT-H2O]+ products. Using 
Equation 1 to fit the data in Figure 4, gives an average first order 
rate constant of 1.43 ± 0.01 s-1, which corresponds to a second 
order reaction rate constant of 1296 ±FF 38 M-1s-1 based on the 
bulk solution concentrations of SOA carbonyls. Uncertainty in 
the reaction rate constant is obtained from propagation of stand-
ard error of the slope and replicate experiments. In contrast, the 
second-order reaction rate constant of various carbonyls in bulk 

solution is reported to be on the order of 0.1 M-1s-1 for GT reac-
tion at pH of 4.7, which is the pH of SOA + GT bulk solution 
used in this experiment, as measured with pH meter.35 By this 
reasoning, the average second-order rate constant for SOA car-
bonyls in droplets is four orders of magnitude greater than that 
previously reported in bulk solution under comparable reaction 
conditions. Alternatively, it is possible that the reactants be-
come highly concentrated in the droplet experiment (see discus-
sion below). By this reasoning, the SOA carbonyl concentration 
in droplets is four orders of magnitude larger than that in bulk 
solution concentration at most, making the pseudo-first order 
rate constant much higher than expected. It is also possible that 
both cases happen at the same time, the increase of the observed 
reaction rate is a result of combination of these two factors. 

Capillary Temperature Dependence. Changing the temperature 
of the DAI capillary provides the opportunity to qualitatively study 
the temperature dependence of the reaction for the purpose of en-
hancing product formation.  We anticipate using the Girard T reac-
tion for online detection of carbonyls in SOA through a droplet fu-
sion experiment where droplets containing reagent are produced by 
electrospray and then allowed to fuse with SOA particles.  Based 
on the data in Figure 4, the relatively long reaction times needed 
for optimum product formation is disadvantageous since, while the 
ratio of product to reactant increases with reaction time, the abso-
lute signal intensity decreases owing to wall loss.  A potential so-
lution to this problem is to increase the capillary wall temperature 
to enhance product formation. 
Increasing the capillary wall temperature has two advantageous 

effects.  First, Figure 5a shows that the total signal intensity (prod-
uct plus reagent ion intensities) increases with increasing tempera-
ture.  Second, Figure 5b shows that the signal intensity ratio of 
product to reagent ion also increases with increasing temperature.  
This combination of effects (increasing absolute signal intensity 
and product formation) means that the sensitivity of product detec-
tion is greatly increased when using higher capillary temperatures.  

Figure 4. P/GT signal intensity ratio vs reaction time for DAI 
(+) analysis of droplets containing 0.25 mg/mL SOA + 50 µM 
GT.  Results are shown for two separate experiments.  Exponen-
tial fits are described in the text.  Error bars represent one stand-
ard deviation of the signal intensity ratio. 
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This enhancement should be of great use in organic aerosol studies 
where the mass flow of aerosol into the mass spectrometer is small. 
Increasing absolute intensity has been observed in previous DAI 

studies and is attributed to an increased efficiency of droplet charg-
ing prior to molecular ion ejection.17,18  As in these previous stud-
ies, the absolute signal intensity in Figure 5a is relatively independ-
ent of capillary wall temperature below about 300 ℃.  Droplet 
charging appears to be inhibited by slow evaporation of water in 

this temperature range.18 The increasing P/GT ratio with increasing 
temperature may arise from a combination of fast evaporation of 
water, which would enhance hydrazone product formation, and in-
creased droplet charging, which could lower the droplet pH and 
thereby favor hydrazone product formation. These possibilities are 
discussed in more detail in the next section.   
Reaction Mechanism.  Figure 5b suggests that, at least for 

the region inside the capillary, removing water from the drop-
lets enhances product formation.  To qualitatively confirm that 
this is also true in the transfer line at room temperature, we per-
formed an additional set of experiments where drying tubes 
were inserted into the transfer line assembly to lower the rela-
tive humidity (RH) of the surrounding air and thereby decrease 
the water content of the droplets. The experimental setup is 
shown in Figure 1b. To assure that the loss of water from drop-
lets in the air flow from the atomizer to the capillary did not 
affect DAI detection sensitivities of the products and reactants, 
a condensation growth chamber was inserted just before the 

DAI capillary. In this way, the water content of droplets enter-
ing the capillary was independent of the RH coming out of the 
diffusion driers. The results are shown in Figure 6. In experi-
ments both with and without ammonium sulfate, decreasing the 
RH had the effect of increasing the product to reactant signal 
intensity ratio. It is not possible to develop a quantitative rela-
tionship between droplet water content (as given by RH) and 

reaction rate from the data in Figure 6, because the RH varies 
substantially along the reaction path and is measured in only 
one specific location. Nonetheless, Figures 5 and 6 together 
suggest that removing water, either by heating the droplets or 
lowering the RH of the air surrounding them, enhances the for-
mation of product. 
   One consequence of removing water from the droplets is con-
centrating the reactants, which could result in a substantial en-
hancement of the reaction rate. Pure ammonium sulfate pro-
vides a helpful example.  If droplets produced from a 50 µM 
ammonium sulfate solution are exposed to air at 90% RH at 
room temperature, water leaves the droplets and the equilibrium 
concentration increases to about 4 M.43 A subsequent decrease 
of RH will increase the concentration, but by a much smaller 
amount until efflorescence occurs around 40% RH which cor-
responds to a concentration of about 20 M.43 While concentra-
tion increases of this magnitude could lead to the observed en-
hancement of the pseudo-first order reaction rate constant be-
tween carbonyls and GT reagent, other factors may limit the 
amount of concentration achieved such as the timescale of the 
reaction relative to the time to reach equilibrium and the limit-
ing solubilities of GT reagent and SOA carbonyls in water. Fur-
thermore, in experiments performed without drying tubes, the 
RH we measured was in the 98%-100% range, which makes it 
unlikely that the observed reaction rate enhancement in the con-
necting line at room temperature was achieved by concentration 
of the reactants alone.   

Figure 5. a) Plot of total signal intensity (P+GT) as a function of 
capillary wall temperature.  b) Plot of P/GT signal intensity ratio 
vs. capillary wall temperature.  Error bars represent propagation 
of error from replicate experiments. 

 

Figure 6. The DAI signal intensity ratio of products (P) to reac-
tant (GT) vs. relative humidity (RH) after the diffusion drier(s). 
All solutions contained 0.25 mg/mL SOA + 50 µM GT in water.  
Error bars represent propagation of error from replicate experi-
ments. 
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An alternative explanation for enhanced product formation 
with increasing temperature and decreasing water content in-
side the inlet is the possibility of reaction at the air-water inter-
face. As water evaporates by drying and heating, the surface-to-
volume ratio increases. This favors reactions that proceed faster 
at the air-droplet interface than in bulk solution.3,13,44 Molecular 
organization and orientation of reactants could be influenced at 
air-water interface,13,15,45 which further results in the change of 
activation barrier for reaction.10 If reaction at the interface is 
fast, the overall second-order rate constant could be much 
greater in droplets than bulk solution since the diffusion time-
scale within the droplet is short (~3x10-5 s).  
Because SOA often coexists with inorganic salts in the at-

mosphere, the influence of ammonium sulfate on product for-
mation was investigated for a capillary temperature of 25 oC.  
As Figure 6 shows, ammonium sulfate has the general effect of 
enhancing product formation. Two possible reasons for this en-
hancement are pH lowering and “salting out” of reactants. Am-
monium sulfate is a weak acid and may assist the acid-catalyzed 
second step of the reaction sequence (R1). The pH of the SOA-
GT bulk solution was ~4.7 while that of the solution with am-
monium sulfate added was ~4.4.  While this difference is small, 
it could increase the product-to-reactant ratio since the reaction 
rate increases with decreasing pH.  
In experiments where highly charged droplets are formed, the 

pH of the microdroplet has been found to be drastically lower 
than the bulk solution.2,5,6,8,10 In our experiment, droplet charg-
ing occurs in the capillary inlet, so it is possible that successive 
iterations of  solvent evaporation and Coulomb fission could in-
crease the proton density and thereby continuously lower the 
pH of the droplet.2,5,11,12,46  However, very little product for-
mation occurs inside the capillary at 25 oC, so fission-induced 
pH lowering is unlikely.  On the other hand, evaporation of am-
monia from the droplets may occur in the transfer line, which 
would decrease the pH when ammonium sulfate was added in 
the solution and thereby enhance product formation.  When 
higher capillary wall temperatures are used, it is possible that 
increased droplet charging, as indicated by the total ion signal 
intensity increase in Figure 5a, does lead to pH lowering and 
enhanced product formation.   
A second possibility is “salting out” of reactants. Salting out 

refers to the observation that some α-pinene-derived oxidation 
products exhibit enhanced surface activity in the presence of 
ammonium sulfate owing to decreased solubility with the addi-
tion of inorganic salt.47 Therefore, the increase in product for-
mation caused by the addition of ammonium sulfate (Figure 5) 
could be interpreted as an increase in the surface reaction rate 
caused by a higher reactant concentration at the air-water inter-
face.  

CONCLUSIONS 
In this work, DAI was used to determine the rate constant and 

activation energy for SOA carbonyl derivatization by Girard’s 
T reagent.  At room temperature, the reaction rate is shown to 
be four-orders of magnitude larger than the comparable reaction 
in bulk solution.  Two separate effects may explain this in-
crease:  concentration of the reactants as water evaporates from 
the droplets, and fast reaction at the air-water interface relative 
to the bulk solution.  Water evaporation, either by heating the 
droplets in the capillary inlet or drying the air surrounding the 

droplets in the transfer line, enhances product formation.  This 
suggests that fast reaction at the air-water interface appears to 
be the major contributor to rate enhancement in microdroplets.  
Since the Girard’s T derivatization reaction requires loss of wa-
ter to give a final product, it is reasonable to expect that the re-
action proceeds more quickly in the partially solvated environ-
ment of the air-water interface. In the future, this hypothesis 
could be tested by analyzing size-selected droplets. Several ac-
cretion reactions important to SOA formation also involve elim-
ination of water as the final step and may proceed more quickly 
at the air-water interface than in bulk solution.  Reactions such 
as these will be the focus of future studies of reaction rate en-
hancement in droplets. 
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Reaction Kinetics of Organic Aerosol Studied by Droplet Assisted Ionization: Enhanced Reactivity in Droplets Relative to 
Bulk Solution 

Yao Zhang, Michael J. Apsokardu, Devan E. Kerecman, Marcel Achtenhagen, Murray V. Johnston* 

A brief synopsis: Droplet assisted ionization is used to study the reaction of carbonyl functionalities in secondary organic 
aerosol (SOA) with Girard’s T (GT) reagent, including determination of the second order rate constant and investigation of the 
effect of inlet temperature, aerosol relative humidity and the presence of salt. Reaction acceleration in droplets is discussed in 
relation to solvent evaporation and reaction at air-water interface. 

 

 

 

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 


