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5 ABSTRACT: Thin films derived by the deposition of charged
6 microdroplets generated in the ESI source of a mass spectrometer
7 act as highly concentrated reaction vessels in which the final
8 products of an ion−molecule reaction can be isolated by their
9 precipitation onto a solid surface under ambient conditions. In this
10 study, the ESI Z-spray source supplied to a Q-TOF Ultima mass
11 spectrometer was used to investigate the D-fructose acid-catalyzed
12 reactions by microdroplets deposition onto a stainless-steel target
13 surface. High conversion ratios of D-fructose into 5-hydroxyme-
14 thylfuraldehyde (5-HMF), 5-methoxymethylfuraldehyde (5-
15 MMF), and difructrose anhydrides (DFAs) were obtained with
16 HCl and KHSO4 as metal-free catalysts by using synthetic
17 conditions under which the same products in bulk are not formed.
18 Furthermore, the reaction outcome was found to be highly sensitive to the catalyst and the solvent employed as well as to the ESI
19 source parameters influencing the thin film formation from microdroplets deposition onto the solid surface.

20 KEYWORDS: microdroplets, thin film, D-fructose, dehydration, methylation, dimerization

21 ■ INTRODUCTION

22 In addition to its use as an analytical tool, mass spectrometry
23 (MS) has long been employed in reaction monitoring to
24 intercept elusive intermediates and highlight the mechanistic
25 details of a chemical transformation.1−6 The introduction of
26 electrospray ionization (ESI) by Fenn et al.7 enables one to
27 directly generate a plume of charged microdroplets from a
28 diluted aliquot of a reaction mixture. Once desolvated, the
29 microdroplets release isolated ionic species that provide an
30 accurate picture of the reaction progress in solution. Moreover,
31 by increasing the distance between the ESI source and the MS
32 entrance, the desolvation time of the charged droplets in the
33 air increases. As a consequence, the ionized reagents, typically
34 detected by MS at short distances, may be replaced by the
35 reaction intermediates or even by the reaction final products.
36 In the confined volume of the microdroplets, the reaction rate
37 can be accelerated up to 105 times compared to the same
38 process occurring in bulk8 becoming comparable to that
39 measured in the gas phase where the reactivity of the reactants
40 is not influenced by the solvent molecules. Nevertheless, gas-
41 phase reactions can be fast, but in most cases, they do not
42 produce enough product for practical applications.9−11

43 Conversely, under suitable conditions, the charged micro-
44 droplets generated in the ESI source may act as small reaction
45 vessels in which the final products of an ion−molecule reaction
46 can be easily isolated by their deposition onto a solid

47surface.12−20 The microdroplets landing onto the solid surface
48continuously generate a thin film that is characterized by a
49longer lifetime with respect to the microdroplets but retains
50their peculiar confined volume needed for reaction accel-
51eration.13,21,22

52Since several milestone reactions of organic chemistry have
53been recently accelerated in the microdroplets/thin films
54environment,23 we decide to extend our studies about the
55decomposition of sugars in the gas phase24−28 to the confined
56volumes of the microdroplets/thin films systems in an attempt
57to scale up this procedure for potential synthetic applications.
58Processes allowing the utilization of carbohydrates from
59lignocellulosic biomass as a renewable resource have received
60great attention over time. Furan derivatives, such as 5-
61hydroxymethylfuraldehyde (5-HMF), are produced by the
62acid-catalyzed dehydration of hexoses, thus obtaining key-
63building block molecules from “green” resources.29−33 In water
64solutions, the reaction is conducted at high temperatures and
65catalyzed by strong inorganic acids. The highest 5-HMF yields
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66 were obtained from D-fructose, although the reaction in bulk
67 presents numerous drawbacks that limited its industrial
68 application, such as the rapid hydrolyses of 5-HMF to levulinic
69 acid or the formation of insoluble humins.
70 An additional important reaction observed in D-fructose
71 acidic solutions is the condensation of two D-fructose
72 molecules leading to the formation of difructose anhydrides
73 (DFAs) by the loss of water.34−36 DFAs are a group of
74 isomeric oligosaccharides that can be used as low-calorie
75 sweeteners.37 Important probiotic properties have been
76 recently attributed to this class of compounds, such as
77 promoting the growth of beneficial microflora in the gut and
78 protecting the intestinal tract favoring the assimilation of
79 antioxidants.38

80 Dehydration and dimerization represent the two different
81 reaction channels characteristic of the D-fructose carameliza-
82 tion under acidic conditions. In solution, the fructosylox-
83 ocarbenium cation (m/z 163), arising from the first
84 dehydration of D-fructose, can alternatively dehydrate to
85 produce 5-HMF or dimerize and cyclize to produce DFAs

s1 86 (Scheme 1).

87 In this study, the D-fructose acid-catalyzed reactions in the
88 microdroplets/thin-film systems were investigated by using the
89 ESI Z-spray source of a Q-TOF mass spectrometer recently
90 adapted to perform ion and microdroplet deposition experi-
91 ments.39 Different solvent mixtures containing HCl and
92 KHSO4 as acid catalysts were used. Strong inorganic acids,
93 such as hydrochloric acid, are commonly used in the hexose
94 dehydration/dimerization reactions in water, whereas KHSO4
95 has been recently recognized as a selective and safe acid
96 catalyst for sugar conversion to 5-HMF.40 The efficiencies of
97 the observed reactions were evaluated in terms of conversion
98 ratio (CR) and apparent acceleration factor (AAF) with
99 respect to the same process in bulk. The branching ratios of
100 the different reaction channels were evaluated as a function of
101 the catalysts and solvents employed, as well as of the ESI
102 source parameters used.

103■ EXPERIMENTAL SECTION

104Reagents. D-fructose, 5-HMF, 5-MMF, HCl, KHSO4,
105solvents, and all other chemicals were purchased from
106Sigma-Aldrich Ltd. and used without further purification.
107Mass Spectrometric Experiments. Microdroplet deposi-
108tion experiments were performed by using the Z-spray ESI
109source of a quadrupole-time-of-flight (Q-TOF) mass spec-
110trometer (Micromass, Manchester, UK) suitably adapted to
111microdroplets reaction studies and operating in positive-ion
112mode.
113D-Fructose and the catalyst (HCl or KHSO4) were dissolved
114in H2O or CH3OH/H2O and CH3CN/H2O mixtures to
115millimolar concentrations, electrosprayed into the ESI source
116of the instrument, and online analyzed before the micro-
117droplets deposition experiments. Nitrogen was used as
118desolvation gas at a flow rate of 200 L h−1, whereas source
119and desolvation temperatures were set at 80 and 200 °C,
120respectively. Typical source potentials are as follows: capillary
1214 kV, cone 60 V, RF lens-1 70 V, and syringe pump flow 20 μL
122min−1. According to the experimental procedure adopted in
123this study, after acquiring the zero-time mass spectrum of the
124solution in the 50−500 m/z range, 1 mL of the same mixture
125was infused into the ESI source and the charged microdroplets
126were collected onto a stainless-steel plate held 3.0 cm away
127from the capillary tip.
128A total reaction time of 50 min can be estimated by
129considering the solution volume of 1 mL infused at a rate of 20
130μL min−1. Microdroplet deposition leads to the formation of a
131solid precipitate that was rinsed with 1 mL of the same sprayed
132solvents mixture, and the resulting solution was mass-analyzed
133under the same ESI experimental conditions used to acquire
134the zero-time mass spectrum. The amount of the collected
135solid precipitate was measured by depositing the microdroplets
136onto a previously weighed portion of aluminum foil.
137Depending on the spray temperature used, the solid recovery
138in the HCl-containing solutions varied from 90% at low
139temperatures (the solid mainly contains unreacted D-fructose)
140to 60−70% at spray temperatures around 150 °C. The same
141estimation was critical in the KHSO4 systems since this salt is
142hygroscopic and sometimes the amount of the collected mass
143was higher than the starting one.
144The reactions were also performed in bulk by heating the
145starting solutions of D-fructose containing HCl or KHSO4 at
146100 °C for 1 h under reflux. After this time, the reaction
147mixture was quenched, cooled, and analyzed by mass
148spectrometry.
149The reaction progress has been qualitatively evaluated by
150measuring the conversion ratio (CR) following the general
151formula [P1]/([R] + [I] + [P1] + [P2]) where P1 is the ionic
152intensity of the microdroplets product, whereas [R], [I], and
153[P2] are the ionic intensities of the reagent, intermediates, and
154reaction byproducts, respectively. The intensity of the ions was
155processed without any correction due to different ionization
156efficiencies. Changes in the conversion ratios were in turn
157evaluated as a function of the source parameters by varying the
158capillary voltage (0−4 kV), the desolvation temperature (50−
159350 °C), and the capillary tip-stainless steel plate distance
160(0.5−3.0 cm).
161The apparent acceleration factors (AAF) of the reactions
162were obtained by comparing the intensity ratio between
163products and reagents from the droplets deposition process to

Scheme 1. Mechanistic Pathway of the Acid-Catalyzed
Caramelization of D-Fructose in Bulka

aThe dimerization/cyclization reaction showed involves the same C1-
OH groups of two D-fructose molecules leading to difructose
anhydride III.
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164 the corresponding value measured for the reaction in bulk
165 according to the equation ([P]/[R])droplet/([P]/[R])bulk.
166 The reaction products and intermediates were characterized
167 by collision-induced dissociation (CID) experiments. CID
168 mass spectra were acquired by introducing Ar as the target gas
169 into the quadrupole cell at pressures of about 0.1−0.5 mTorr.
170 Data acquisition and processing were carried out by using the
171 MassLynx version 4.0 software supplied with the instrument.

172 ■ RESULTS AND DISCUSSION
173 To investigate the acid-catalyzed hexose sugar reactivity by
174 microdroplets deposition, D-fructose solutions with variable
175 content of HCl and KHSO4 were sprayed into the ESI Z-spray
176 source of a Q-TOF mass spectrometer recently adapted to
177 perform microdroplets reactivity experiments.39 The stability
178 of the D-fructose acidic solutions at 25 °C was first evaluated
179 by analyzing the starting mixtures. No sugar decomposition
180 was observed at pH = 3 for both the HCl and KHSO4 systems
181 even after several days from their preparation, whereas at lower
182 pH values an increasing decomposition of the sugar even at 25
183 °C was observed especially with HCl. Thus, the D-fructose
184 reactivity was studied by using solutions having pH values ≥ 3.
185 The microdroplets generated by the ESI source were collected
186 onto a stainless-steel plate placed in front of the ESI capillary.
187 After the microdroplets deposition, a white or brown solid
188 residue was formed on the metal surface depending on the

f1 189 source parameters used (Figure 1).

190 The solid was then rinsed with the same sprayed solvent
191 mixture and analyzed with the Q-TOF mass spectrometer. The
192 ESI mass spectra of the CH3OH/H2O 1:1 HCl pH = 3 and
193 CH3OH/H2O 1:1 KHSO4 pH = 3 D-fructose solutions, taken
194 as representative of all the investigated systems, are reported in

f2f3 195 Figures 2 and 3, respectively.
196 The ESI mass spectrum of the HCl pH = 3 starting solution
197 (Figure 2a) is dominated by the ions at m/z 383 and 203,
198 corresponding to the [(D-fructose)2]Na

+ and [D-fructose]Na+

199 species characteristic of the starting reactive sugar bounded to
200 ubiquitous sodium cations.
201 Comparing this spectrum with that of the reaction products
202 obtained by rinsing the residue deposited after the electrospray
203 deposition of 1 mL of the solution (Figure 2b), a decrease in
204 the ions at m/z 383 and 203 was observed, attesting to the
205 extensive sugar decomposition. The main product generated
206 by the D-fructose microdroplets deposition reactions is the ion
207 at m/z 127 formally corresponding to protonated 5-HMF. The

208D-fructose dimerization reaction leading to the formation of
209difructose anhydrides is also catalyzed by HCl, as evidenced by
210the formation of the [DFAs]Na+ adduct at m/z 347. It is
211interesting to underline the formation of the ionic product at
212m/z 217, corresponding to sodiated methyl-D-fructose, that is

Figure 1. Solid residues recovered after microdroplet deposition: (a)
white D-fructose crystals; (b) brown solid containing a mixture of D-
fructose decomposition products.

Figure 2. ESI mass spectra of 10−3 M D-fructose CH3OH/H2O 1:1
(HCl) pH = 3 solutions: (a) zero-time ESI mass spectrum of the
starting solution; (b) ESI mass spectrum of the solution obtained by
rinsing the solid precipitate generated by the ESI deposition of 1 mL
of the starting solution.

Figure 3. ESI mass spectra of 10−3 M D-fructose CH3OH/H2O 1:1
KHSO4 pH = 3 solutions: (a) zero-time ESI mass spectrum of the
starting solution; (b) ESI mass spectrum of the solution obtained by
rinsing the solid precipitate generated by the ESI deposition of 1 mL
of the starting solution.
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213 indicative of a peculiar microdroplets methylation reaction,
214 reasonably due to the presence of methanol as cosolvent.
215 Moving to the KHSO4 system, the spectrum of D-fructose/
216 KHSO4 pH = 3 CH3OH/H2O starting solution (Figure 3a) is
217 dominated by an intense ion at m/z 219 that corresponds to
218 the metal adduct between the potassium cation and D-fructose,
219 whereas the minor ionic distribution of the type [K-
220 (KHSO4)n]

+ (n = 1−3) at m/z 175, 311, and 447 can be
221 ascribed to the molecular speciation characteristic of the
222 inorganic salts in the gas phase.
223 As shown in Figure 3b, also the ESI mass spectrum of the
224 solid obtained by the microdroplets deposition reaction
225 catalyzed by KHSO4 is dominated by the [5-HMF]H+ ions
226 at m/z 127 and [5-HMF]K+ ions at m/z 165, characteristic of
227 the D-fructose dehydration reaction. Methylation and dimeri-
228 zation reaction products are also present, as attested by the
229 formation of the ion at m/z 141, corresponding to protonated
230 5-methoxymethylfuraldehyde, and the [DFAs]K+ adduct at m/
231 z 363. It is worth noting that, in this case, the methylation
232 reaction seems to involve 5-HMF rather than the D-fructose
233 starting reagent, as observed in the reaction catalyzed by HCl.
234 To verify whether the methylation reaction occurs on D-
235 fructose that subsequently dehydrates to form the ion at m/z
236 141 or the latter species derives by the direct methylation of 5-
237 HMF, a CH3OH/H2O 1:1 KHSO4 pH = 3 solution of 5-HMF
238 was submitted to microdroplets deposition reaction under the
239 same experimental conditions used for D-fructose. No
240 methylated products were observed, thus demonstrating that
241 D-fructose is methylated prior to undergoing the dehydration
242 reaction leading to the ions at m/z 141. Evidently, KHSO4
243 more efficiently catalyzes the dehydration of methylated D-
244 fructose with respect to HCl.
245 The definitive attribution of reaction neutral products to 5-
246 hydroxymethylfuraldehyde and 5-methoxymethylfuraldehyde
247 was obtained by comparing the characteristic CID mass
248 spectra of the ions at m/z 127 and m/z 141 with those of
249 protonated standard molecules (Figures S1 and S2). The Na+-
250 and K+-cationized DFAs ions at m/z 347 and 363, respectively,
251 do not fragment by collision, thus suggesting the formation of
252 strongly bound molecules, such as difructose anhydrides,
253 rather than simple cation adducts between two 162 Da neutral
254 moieties.
255 The ESI mass spectra of the recovered solutions obtained by
256 rinsing the solid residue obtained after the microdroplets
257 deposition clearly demonstrate that dehydration, methylation,
258 and dimerization are the peculiar D-fructose reaction channels
259 common to the two different inorganic acid catalysts used. To
260 investigate the role of the solution composition on the
261 branching ratios of these reaction channels, different solvent

t1 262 mixtures at different pH values were tested. Table 1 reports the

263conversion ratios of the three different processes measured
264starting from a pure water solution to H2O/CH3OH and
265H2O/CH3CN mixtures.
266Among the systems catalyzed by HCl, the H2O/CH3OH 1:1
267mixture at pH = 3 gives the higher sugar conversion ratio with
268the dehydration channel that strongly predominates over the
269methylation and dimerization reactions. Methylation disap-
270pears when the reaction is performed in H2O/CH3CN,
271whereas all the reaction channels are suppressed by using
272pure water. The lack of methylated products in the mixtures
273containing CH3CN clearly underlines the role of methanol to
274promote the methylation reaction channel. No reactions were
275observed with HCl at pH values higher than 3 even at
276desolvation gas temperatures above 300 °C.
277A total conversion ratio approaching 100% was measured for
278all the investigated mixtures involving KHSO4 as an acid
279catalyst. The H2O/CH3CN solution at pH = 3 is the optimal
280system to catalyze the D-fructose dehydration with KHSO4,
281whereas the dimerization reaction is increased under the
282conditions that seem to hinder the dehydration channel as in
283the case of a pure water solution.
284By comparing all of the results, KHSO4 seems to be the best
285catalyst to accelerate the D-fructose reactions by microdroplets
286deposition in the slightly acidic condition used (total CR =
28799.2%). Moreover, the H2O/CH3OH pH = 3 systems
288containing HCl or KHSO4, allowing the observation of more
289extensive D-fructose decomposition, were chosen as model
290solutions for the subsequent experiments.
291Effects of the ESI Z-Spray Source Parameters. In
292previous studies concerning accelerated microdroplets reac-
293tions, the ESI source parameters were crucial in affecting the
294conversion ratio of the process under investigation.41−43

295Considering that the temperature strongly affects the D-
296fructose caramelization reaction, the influence of this
297parameter on the branching ratio between the observed
298reaction channels of the two D-fructose H2O/CH3OH pH = 3
299model mixtures was first investigated. In the instrumental setup
300used in our experiment, the source block temperature does not
301influence the D-fructose reactivity since the microdroplets
302formed on the way from the ESI needle to the metal plate do
303not cross the MS inlet before being collected. On the contrary,
304the reaction outcome can be mainly affected by the
305temperature of the desolvation gas that promotes solvent
306evaporation both in the flying microdroplets and in the thin
307film resulting from their deposition onto the solid target. In the
308ESI Z-spray source, the nitrogen desolvation gas is heated and
309delivered as a coaxial sheath to the nebulized liquid spray by
310passing through a desolvation nozzle that can be heated up to
311350 °C. The temperatures of the desolvation nozzle were
312varied from 50 to 350 °C and the corresponding actual spray

Table 1. D-Fructose Conversion Ratios Measured in Different Solvent Mixtures at a Desolvation Temperature of 200 °C

catalyst pH solvents CRadehydration CRadimerization CRa,bmethylation total CR

HCl 3 H2O 8.1 8.1
HCl 3 H2O/CH3CN 1:1 54.8 4.0 58.8
HCl 3 H2O/CH3OH 1:1 60.7 1.7 3.7 66.1
HCl 4 H2O/CH3OH 1:1
KHSO4 3 H2O 51.1 42.2 93.3
KHSO4 3 H2O/CH3CN 1:1 80.5 14.9 95.4
KHSO4 3 H2O/CH3OH 1:1 72.0 22.3 4.9 99.2

aCR denotes the ratio between the product ion intensity and reactant and byproduct ion intensity. bMethylation products refer to the sum of 5-
methoxymethylfuraldehyde and methyl-D-fructose.
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313 temperatures were measured by a thermocouple intercepting
314 the microdroplets stream prior to their deposition onto the
315 target (Figure S3). Commonly, the actual temperatures
316 measured were around 50% of the set desolvation gas
317 temperature, i.e., a desolvation gas temperature of 200 °C
318 corresponds to an actual spray temperature of about 90 °C. In

f4f5 319 Figures 4 and 5, the relative intensities of the three reaction

320 channels catalyzed by HCl and KHSO4, respectively, are
321 plotted as a function of the actual microdroplet spray measured
322 temperatures.
323 By using HCl as a catalyst, the dehydration reaction (red
324 bars) predominates over the other reaction channels at all the
325 tested temperatures. The 5-HMF formation starts at a spray
326 temperature around 90 °C and reaches a maximum relative
327 intensity of about 100% at 140 °C.
328 The methylation and dimerization are minor side reaction
329 channels that never overcame a relative intensity of 10%, with
330 the methylation that has its maximum intensity at 120 °C.
331 As displayed in Figure 5, the D-fructose conversion catalyzed
332 by KHSO4 is already complete at a spray temperature of 90 °C,
333 converse to the HCl system where a temperature of at least
334 140 °C is necessary to fully decompose the sugar.
335 The yield of 5-HMF in the KHSO4 system progressively
336 increases with the spray temperature up to a threshold value of
337 ca. 90% at 160 °C. Moreover, a temperature around 90 °C is
338 required to maximize the selectivity of the process toward the

339dehydration reaction. The optimal temperature to drive the
340reaction to the production of DFAs is 70 °C, whereas the D-
341fructose methylation reaction starts at a temperature around 50
342°C and reaches a maximum relative intensity of about 40% at
343140 °C.
344By comparing the graphics of the two different catalysts
345used, it is evident the stronger ability of KHSO4 to promote all
346the D-fructose decomposition channels even at lower temper-
347atures than HCl. The peculiar property of the HCl solution is
348the capability to drive the reaction almost completely to the
349selective formation of 5-HMF.
350The ESI capillary voltage is another fundamental source
351parameter that typically influences the nature of the desolva-
352tion process leading to the microdroplets formation.44,45 The
353relative intensities of the three different reaction channels were
354measured at a capillary voltage of 0 kV and at a spray
355temperature of 50 °C, at which the D-fructose is not fully
356decomposed, in order to determine whether this parameter
357influenced the observed reactions. Similar results were
358obtained in the absence of the applied capillary voltage with
359respect to the 4 kV capillary voltage experiments, thus
360demonstrating that the conversion ratios measured are only
361slightly affected by the ESI source electric field (Figure S4).
362Microdroplets or Thin Films Reactions? To determine
363whether the reactions occur during the microdroplets flight to
364the target or by the fast evaporation of the thin film formed by
365their deposition onto the solid surface, the target surface was
366moved closer to the ESI source cone entrance (0.5 cm). At
367such a small distance, the microdroplets lifetime is too low to
368allow reactions and the spray composition reflects that of the
369starting mixture, as demonstrated by the starting solution
370 f6spectra previously reported. As shown in Figure 6, the mass
371spectra of the solid residues recovered by spraying the D-

Figure 4. HCl-catalyzed reaction channel relative intensities (%)
versus microdroplet spray temperatures (°C). Other source
parameters are as follows: capillary 4 kV, pump flow 20 μL min−1,
and desolvation gas flow 200 L h−1.

Figure 5. KHSO4-catalyzed reaction channel relative intensities (%)
versus microdroplets spray temperature (°C). Other source
parameters are as follows: capillary 4 kV, pump flow 20 μL min−1,
and desolvation gas flow 200 L h−1.

Figure 6. Mass spectrum of the solid residue obtained by spraying a
10−3 M D-fructose solution onto the solid target positioned at a 0.5 cm
distance from the ESI tip: (a) H2O/CH3OH HCl 1:1 pH = 3
solution; (b) H2O/CH3OH 1:1 KHSO4 pH = 3 solution. The
measured spray temperature was 110 °C.
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372 fructose model mixtures onto the solid surface positioned at
373 the shortest distance from the ESI probe contain all the
374 characteristic dehydration, dimerization and methylation ionic
375 products already observed at the longer target distance.
376 This suggests that the observed reactions do not occur
377 during the microdroplets flight toward the solid surface; rather,
378 the recovered solid products derive from the rapid evaporation
379 of the thin film of liquid produced by the microdroplets
380 deposition. Moreover, this evidence explains the strong
381 sensitivity of the reaction outcome to the spray temperature
382 value and the lack of remarkable effects by changing the
383 capillary voltage that influences only the microdroplets
384 formation process.
385 Microdroplet Thin-Film Deposition versus Bulk
386 Reactions. To establish the apparent acceleration factors of
387 the reactions observed in the microdroplets thin films
388 deposition process with respect to the same reactions in
389 bulk, the same D-fructose H2O/CH3OH 1:1 pH = 3 solutions
390 containing HCl or KHSO4 were heated at 100 °C under reflux
391 for 1 h, i.e., almost the same experimental conditions used to
392 measure the conversion ratios reported in Table 1.
393 The spectra of the HCl solution taken at time zero and after
394 1 h of reaction are completely superimposable (Figure S5).
395 None of the dehydration, dimerization, and methylation
396 reactions occur in the HCl solution at pH = 3. Only a very
397 low conversion ratio to 5-HMF was, instead, observed for the
398 solution containing KHSO4 as a catalyst (Figure S6).
399 D-Fructose dimerization and methylation reactions catalyzed
400 by HCl and KHSO4 at pH = 3 are peculiar reaction channels of
401 the microdroplets thin film deposition process and do not
402 occur in solution under the same experimental conditions.
403 KHSO4 catalyzes the dehydration reaction both in the thin-
404 film system and in solution at pH = 3. Nevertheless, by
405 considering the KHSO4 dehydration conversion ratio of about
406 7.0% measured in bulk, an apparent acceleration factor of 10.5
407 can be estimated for the corresponding thin-film process.

408 ■ CONCLUSIONS

409 The fast desolvation of D-fructose thin films generated by
410 microdroplets deposition of HCl or KHSO4 slightly acidic
411 solutions onto a stainless-steel surface leads to the formation of
412 D-fructose dehydration, methylation, and dimerization prod-
413 ucts, such as 5-hydroxymethylfuraldehyde, 5-methoxymethyl-
414 furaldehyde, and difructose anhydrides. The reaction outcome
415 is highly dependent on the catalyst and solvent employed as
416 well as on the spray temperature value. It is interesting to note
417 that a diluted solution of a “green” catalyst, such as KHSO4,
418 promotes the total conversion of the sugar at a spray
419 temperature around 90 °C, whereas HCl selectively drives
420 the reaction to the D-fructose dehydration under mild synthetic
421 conditions by which the bulk reaction does not take place. The
422 dimerization and methylation reactions catalyzed by KHSO4
423 are peculiar to the thin-film system and do not occur in bulk,
424 whereas KHSO4-catalyzed dehydration is accelerated by an
425 apparent factor of about 10.5 with respect to the same reaction
426 in solution.

427 ■ ASSOCIATED CONTENT

428 *sı Supporting Information
429 The Supporting Information is available free of charge at
430 https://pubs.acs.org/doi/10.1021/jasms.1c00363.

431CID spectra of standard molecules compared with the
432CID spectra of the D-fructose microdroplets/thin film
433reaction products (Figures S1 and S2). Picture of the
434ESI Z-spray source adapted to spray/thin-film temper-
435ature measurements (Figure S3). Reaction channel
436relative intensities at 0 and 4 kV applied capillary
437voltage (Figure S4). ESI mass spectra of D-fructose HCl
438or KHSO4 solutions heated at 100 °C under reflux
439(Figures S5 and S6) (PDF)

440■ AUTHOR INFORMATION
441Corresponding Authors
442Federico Pepi − Department of Chemistry and Drug
443Technologies, “Sapienza” University of Rome, 00185 Rome,
444Italy; orcid.org/0000-0001-6617-8192;
445Email: federico.pepi@uniroma1.it
446Chiara Salvitti − Department of Chemistry and Drug
447Technologies, “Sapienza” University of Rome, 00185 Rome,
448Italy; Email: chiara.salvitti@uniroma1.it

449Authors
450Giulia de Petris − Department of Chemistry and Drug
451Technologies, “Sapienza” University of Rome, 00185 Rome,
452Italy
453Anna Troiani − Department of Chemistry and Drug
454Technologies, “Sapienza” University of Rome, 00185 Rome,
455Italy
456Marta Manago ̀ − Department of Chemistry and Drug
457Technologies, “Sapienza” University of Rome, 00185 Rome,
458Italy
459Claudio Villani − Department of Chemistry and Drug
460Technologies, “Sapienza” University of Rome, 00185 Rome,
461Italy; orcid.org/0000-0002-3253-3608
462Alessia Ciogli − Department of Chemistry and Drug
463Technologies, “Sapienza” University of Rome, 00185 Rome,
464Italy
465Andrea Sorato − Department of Chemistry and Drug
466Technologies, “Sapienza” University of Rome, 00185 Rome,
467Italy
468Andreina Ricci − Department of Mathematics and Physics,
469University of Campania L. Vanvitelli, 81100 Caserta, Italy;
470orcid.org/0000-0002-6172-0074

471Complete contact information is available at:
472https://pubs.acs.org/10.1021/jasms.1c00363

473Author Contributions
474F.P. conceived the idea, supervised the work, and wrote the
475original draft. C.S. and A.T. supervised the work and revised
476the original draft. C.S., M.M., A.C., and A.S. performed the
477experiments. The final version of the manuscript was written
478through the critical contributions of all the authors.

479Notes
480The authors declare no competing financial interest.

481■ ACKNOWLEDGMENTS
482This research was funded by Sapienza Rome University
483‘“Progetti di Ateneo”’ (Projects no. 000202_20_RS_Pepi-
484progetti medi di Ateneo 2020) and supported by the project:
485Dipartimenti di Eccellenza-L. 232/2016 by the Italian Ministry
486of Education, Universities and Research. C.S. thanks the
487Dipartimento di Chimica e Tecnologie del Farmaco, Sapienza

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Research Article

https://doi.org/10.1021/jasms.1c00363
J. Am. Soc. Mass Spectrom. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/jasms.1c00363/suppl_file/js1c00363_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.1c00363/suppl_file/js1c00363_si_001.pdf
https://pubs.acs.org/doi/10.1021/jasms.1c00363?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jasms.1c00363/suppl_file/js1c00363_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+Pepi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6617-8192
mailto:federico.pepi@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiara+Salvitti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:chiara.salvitti@uniroma1.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+de+Petris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Troiani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marta+Manago%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudio+Villani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3253-3608
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessia+Ciogli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Sorato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreina+Ricci"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6172-0074
https://orcid.org/0000-0002-6172-0074
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.1c00363?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


488 Rome University, for a postdoc position within the project
489 Dipartimenti di Eccellenza-L. 232/2016.

490 ■ REFERENCES
(1)491 Cooks, R. G.; Chen, H.; Eberlin, M. N.; Zheng, X.; Tao, W. A.

492 Polar Acetalization and Transacetalization in the Gas Phase: The
493 Eberlin Reaction. Chem. Rev. 2006, 106, 188−211.

(2)494 Eberlin, M. N. Electrospray Ionization Mass Spectrome-try: A
495 Major Tool to Investigate Reaction Mechanisms in Both So-lution
496 and the Gas Phase. Eur. J. Mass Spectrom. 2007, 13, 19−28.

(3)497 Salvitti, C.; Bortolami, M.; Chiarotto, I.; Troiani, A.; de Petris, G.
498 The Knoevenagel reaction catalysed by ionic liquids: a mass
499 spectrometric insight into the reaction mechanism. New J. Chem.
500 2021, 45, 17787−17795.

(4)501 Vikse, K. L.; McIndoe, J. S. Mechanistic insights from mass
502 spectrometry: examination of the elementary steps of catalytic
503 reactions in the gas phase. Pure Appl. Chem. 2015, 87, 361−377.

(5)504 Ray, A.; Bristow, T.; Whitmore, C.; Mosely, J. On-line reaction
505 monitoring by mass spectrometry, modern approaches for the analysis
506 of chemical reactions. Mass Spec. Rev. 2018, 37, 565−57.

(6)507 Iazzetti, A.; Mazzoccanti, G.; Bencivenni, G.; Righi, P.;
508 Calcaterra, A.; Villani, C.; Ciogli, A. Primary Amine Catalyzed
509 Activation of Carbonyl Compounds: A Study on Reaction Pathways
510 and Reactive Intermediates by Mass Spectrometry. Eur. J. Org. Chem.
511 2022, DOI: 10.1002/ejoc.202101272.

(7)512 Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C.
513 M. Electrospray ionization for mass spectrometry of large
514 biomolecules. Science. 1989, 246, 64−71.

(8)515 Yan, X.; Bain, R. M.; Cooks, R. G. Organic Reactions in
516 Microdroplets: Reaction Acceleration Revealed by Mass Spectrom-
517 etry. Angew. Chem. 2016, 55, 12960−12972.

(9)518 Salvitti, C.; Rosi, M.; Pepi, F.; Troiani, A.; de Petris, G.
519 Reactivity of transition metal dioxide anions MO2- (M = Co, Ni, Cu,
520 Zn) with sulfur dioxide in the gas phase: An experimental and theo-
521 retical study. Chem. Phys. Lett. 2021, 776, 138555.

(10)522 Troiani, A.; Rosi, M.; Garzoli, S.; Salvitti, C.; de Petris, G. Iron-
523 Promoted C-C bond formation in the gas phase. Angew. Chem. 2015,
524 54, 14359−14362.

(11)525 Troiani, A.; Salvitti, C.; de Petris, G. Gas-phase reactivi-ty of
526 carbonate ions with sulphur dioxide: an experimental study of cluster
527 reactions. J. Am. Soc. Mass Spectrom. 2019, 30, 1964−1972.

(12)528 Hou, J.; Zheng, Q.; Badu-Tawiah, A. K.; Xiong, C.; Guan, C.;
529 Chen, S.; Nie, Z.; Wang, D.; Wan, L. Electrospray soft-landing for the
530 construction of non-covalent molecular nanostruc-tures using charged
531 droplets under ambient conditions. Chem. Commun. 2016, 52, 13660.

(13)532 Yan, X.; Bain, R. M.; Cooks, R. G. Organic reaction in
533 microdroplets: reaction acceleration revealed by mass spectrometry.
534 Angew. Chem. 2016, 55, 12960.

(14)535 Badu-Tawiah, A. K.; Cyriac, J.; Cooks, R. G. Reactions of
536 organic ions at ambient surfaces in a solvent-free environment. J. Am.
537 Soc. Mass Spectrom. 2012, 23, 842.

(15)538 Badu-Tawiah, A. K.; Campbell, D. I.; Cooks, R. G. Re-actions
539 of microsolvated organic compounds at ambient surfaces: droplet
540 velocity, charge state, and solvent effects. J. Am. Soc. Mass Spectrom.
541 2012, 23, 1077.

(16)542 Müller, T.; Badu-Tawiah, S. K.; Cooks, R. G. Accelerat-ed
543 carbon-carbon bond-forming reactions in preparative elec-trospray.
544 Angew. Chem. 2012, 51, 11832.

(17)545 He, Q.; Badu-Tawiah, A. K.; Chen, S.; Xiong, C.; Liu, H.;
546 Zhou, Y.; Hou, J.; Zhang, N.; Li, Y.; Xie, X.; Wang, J.; Mao, L.; Nie, Z.
547 In situ bioconjugation and ambient surface modification using reactive
548 charged droplets. Anal. Chem. 2015, 87, 3144.

(18)549 Ansu-Gyeabourh, E.; Amoah, E.; Ganesa, C.; Badu-Tawiah, A.
550 K. Monoacylation of symmetrical diamines in charge microdroplets. J.
551 Am. Soc. Mass Spectrom. 2021, 32, 531.

(19)552 Huang, K. H.; Wei, Z.; Cooks, R. G. Accelerated reac-tions of
553 amines with carbondioxide driven by superacid at the mi-crodroplet
554 interface. Chem. Sci. 2021, 12, 2242.

(20) 555Zhao, P.; Gunawardena, H. P.; Zhong, X.; Zare, R. N.; Chen,
556H. Microdroplet ultrafast reactions speed antibody character-ization.
557Anal. Chem. 2021, 93, 3997.

(21) 558Wei, Z.; Wleklinski, M.; Ferreira, C.; Cooks, R. G. Reac-tion
559Acceleration in Thin Films with Continuous Product Deposi-tion for
560Organic Synthesis. Angew. Chem. 2017, 56, 9386−9390.

(22) 561Wei, Z.; Zhang, X.; Wang, J.; Zhang, S.; Zhang, X.; Cooks, R.
562G. High yield accelerated reactions in nonvolatile mi-crothin films:
563chemical derivatization for analysis of single-cell in-tracellular fluid.
564Chem. Sci. 2018, 9, 7779−7786.

(23) 565Wei, Z.; Li, Y.; Cooks, R. G.; Yan, X. Accelerated Reac-tion
566Kinetics in Microdroplets: Overview and Recent Deve-lopments.
567Annu. Rev. Phys. Chem. 2020, 71, 31−51.

(24) 568Pepi, F.; Ricci, S.; Garzoli, A.; Troiani, A.; Salvitti, C.; Di
569Rienzo, B.; Giacomello, P. A mass spectrometric study of the acid-
570catalysed D-fructose dehydration in the gas phase. Carbohydr. Res.
5712015, 413, 145.

(25) 572Garzoli, S.; Antonini, L.; Troiani, A.; Salvitti, C.; Gia-Comello,
573P.; Patsilinakos, A.; Ragno, R.; Pepi, F. Gas-phase struc-tures and
574thermochemical properties of protonated 5-HMF isomers. Int. J. Mass
575Spectrom. 2020, 447, 116237.

(26) 576Troiani, A.; de Petris, G.; Pepi, F.; Garzoli, S.; Salvitti, C.; Rosi,
577M.; Ricci, A. Base-assisted conversion of protonated D-fructose to 5-
578HMF: searching for gas-phase green models. Chem. Open. 2019, 8,
5791190.

(27) 580Antonini, L.; Garzoli, S.; Ricci, A.; Troiani, A.; Salvitti, C.;
581Giacomello, P.; Ragno, R.; Patsilinakos, A.; Di Rienzo, B.; Pepi, F. Ab-
582initio and experimental study of pentose sugar dehydration
583mechanism in the gas phase. Carbohydr. Res. 2018, 19, 458−459.

(28) 584Cimino, P.; Troiani, A.; Pepi, F.; Garzoli, S.; Salvitti, C.; Di
585Rienzo, B.; Barone, V.; Ricci, A. From ascorbic acid to furan
586derivatives: The gas phase acid catalyzed degradation of vitamin C.
587Phys. Chem. Chem. Phys. 2018, 20, 17132.

(29) 588Shrotri, A.; Kobayashi, H.; Fukuoka, A. Catalytic Con-version
589of Structural Carbohydrates and Lignin to Chemicals. Ad-vances in
590Catalysis. 2017, 60, 59−126.

(30) 591Mika, L. T.; Cséfalvay, E.; Németh, Á. Catalytic Con-version of
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