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Abstract: Water clusters of protonated substituted anilines generated by an electrospray ion source have been
investigated using a Fourier Transform ion cyclotron resonance mass spectrometer. It is observed that evaporation
kinetics and cluster distributions are highly dependent on sites of protonation in the substituted anilines. Based
on the examination of the water cluster distributions of protonated aniline derivatives, the site of protonation

is postulated to be the amine group for anilineanisidine, p-thiomethylaniline, p-ethylaniline, and
m-ethylaniline. The water cluster distributions of these compounds display magic number clustersk{}®]")

for n = 20, 27, 50, and 52. However, there is no indication of clusters with special stabilitg-&isidine
andmthiomethylaniline, suggesting that these compounds protonate on the ring. DFT calculations have been
performed to obtain proton affinities for the different sites of protonation in the substituted anilines and are in
good agreement with experimental observation.

Introduction In the case of substituted anilines, a comparison of the proton
Solvated ions in the gas phase are frequently referred to as2ffinity of ammonia (853.5 kJ/mol) with that of benzene (750.2

model systems that provide a bridge between the gas-phaséd/r_ml) would suggest that _substltuted anilines would prefer_—
chemistry and structure of an isolated ion and its chemistry €ntially protonate on the amine group. However, some substi-
and structure in solution. This has led to wide-ranging inves- tUtéd anilines, such asranisidine,m-thiomethylaniline, and
tigations of the solvation of small ions in the gas phase and Methylaniline, have been observed to protonate on the benzene
the effect of solvent on reactivity using various techniques, N9 in the gas phase due to the increased electron density
including high-pressure mass spectroméfigy tubes? guided (relative to anlllne_) on the _b_enzene nﬁgn agueous solut|o_n

ion beam instrumentsand Fourier transform ion cyclotron @l of these substituted anilines are amine protonated. Highly
resonance (FT-ICR) mass spectroméffyDirect structural localized charge in the protonated amine group of an anilinium

information on small solvated ions has been obtained by infrared [0 (1) can be more effectively solvated by water molecules
predissociation spectroscdpyand by theoretical ab  initio than can the extensively delocalized charge of a benzenium ion

calculations’. (2). These substituted anilines have different protonation sites
Sites of protonation and proton affinities of gas-phase aro- H
matic compounds have attracted considerable interest. Informa- HFSH

tion on the role of solvation in determining the site of proto- N

nation has been obtained through the comparison of gas-phase
proton affinities with solution-phase basicities. Various aromatic

compounds have exhibited linear correlations between gas-phase
proton affinity and solution-phase basicity; failure to do so X
occurs when the site of protonation in the gas phase differs from

N . Anilinium Ion NH;-Benzenium Ion
that in solution.
T Current address: Battelle-Pacific Northwest National Laboratories, ! 2
P.O. Box 999 (K8-98), Richland, WA 99352, ) i ) o
(1) (@) Kebarle, P.; Tang, LAnal. Chem 1993 65, 972A—986A. (b) in the gas phase than they do in the solution phase, so it is of
Meot-Ner, M.; Speller, C. VJ. Phys. Chem1986 90, 6616-6624. interest to determine both their protonation sites in water clusters

88%ﬂé@%@ia{g’cﬁsﬁ;m%"’r‘,'eA FW P?ru !Séig\;vgthCSe?r.Piggs%:9hiam and the number of water molecules required for proton transfer
1996 100, 1291112944, to occur. _ o
(3) (@) Honma, K.; Sunderlin, L. S.; Armentrout, P. Bit. J. Mass Recently, it has been shown that a carefully optimized

Spectrom. lon ProcessS§92 117, 237-259. (b) Armentrout, P. B.; Baer,  glectrospray source can be used to produce extensively hydrated

T. J. Phys. Chem1996 100 12866-12877. : . . .
(4) Kofel, P.; McMahon, T. Blnt. J. Mass Spectrom. lon Processes Molecular ions. The water clusters in this study can contain

199Q 98, 1-24. _ hundreds of molecules, and so the clusters are nanometer size
() (a) Schindler, T.; Berg, C.; Niedner-Schatteburg, G.; Bondybey, V. droplets containing ions of interest. Here we report studies of

géﬁgggguﬁgysé F‘g&ﬁg‘;ggf \5,7_563(]2)[“80&'{;‘21%%‘lgir%'ggé_'\ﬂggzer' slow evaporation of the “nanodroplets” containing protonated

(6) (a) Yeh, L. I.; Okumura, M.; Myer, J. D.; Price, J. M.; Lee, Y.J. substituted anilines and their utilization in unambiguous deter-
Chem. Phys1989 91, 7319-7330. (b) Cao, Y.; Choi, J.-H.; Haas, B.-M.;  mination of protonation sites in the water cluster. These results
Johnson, M. S.; Okumura, M. Chem. Phys1993 99, 9307-9309.

(7) (a) Xantheas, S. 9. Phys. Chenl996 100, 9703-9713. (b) Wei, (8) Lau, Y. K.; Tse, N. A,; Brown, R. S.; Kebarle, P.Am. Chem. Soc.
D.; Salahub, D. RJ. Chem. Phys1997 106, 6086-6094. 1981, 103 6291-6295.
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are used to interpret chemistry observed in water clusters,
distinct from the chemistry in both the solution phase and the
gas phase.

Experimental Section

All experiments were performed in an external ion source 7T FTICR
mass spectrometer that has been described in detail elsevBrizéy,
the instrument is equipped with a radio frequency-only octopole ion

guide, which transfers the ions from the atmospheric pressure ion source

into the ICR cell. An electromechanical shutter that is located between
the ESI source and the octopole was openead2fs to allow ions
continuously being generated by the ESI source to enter the octopole
ion guide. The radio frequency-field of the octopole was turned on
only during this period of time. Argon collision gas«8 ms pulse,
1076 Torr) was introduced to moderate the ion kinetic energy while
ions were travelling through the octopole ion guide and being trapped
in the ICR cell. For production of hydrated substituted anilines a
modified version of a commercially available electrospray ion source
(Analytica of Branford, Branford, CT) was used that has been described
elsewherd? The anilines were dissolved in pure deionized water
containing 0.01% acetic acid at concentrations around A0 A
syringe pump (Harvard Apparatus, Model PHD 2000, South Natick,
MA) injects electrospray solution through a hypodermic stainless steel
capillary (63um i.d.) at a flow rate of 86150 nL/min. No nebulizer

or counterflowing drying gas was used and the desolvation capillary is

operated at room temperature. All substituted anilines were purchased

from Aldrich Chemical Co. (Milwaukee, WI) and used without further
purification.

DFT calculations have been performed to obtain proton affinities at
different sites of protonation of various anilines, including anilime/,
p-anisidine,m/p-thiomethylaniline, andn/p-toluidine!* Full geometry
optimizations of each compound have been performed at the B3LYP/
631G** level with the Jaguar software packégeinning on Origin2000
(Silicon Graphics Inc.). More refined energies for the optimized
structures were obtained at the B3LYP/6311&%*: level. Zero-point
energy corrections and enthalpy corrections at 298 K were obtained at
the B3LYP/6311G** level. It was observed that the DFT calculations
(B3LYP/6311G**++//B3LYP/631G**) used in this study overestimate
proton affinity of benzene by 4.4 kcal/mol (R4 = 183.7 kcal/mol,
PAexp = 179.3 kcal/mol). The proton affinities for ring protonation of
substituted anilines presented here are corrected accordingly.

Results and Discussion

In a previous study from our laboratol¥ywe have shown
that water cluster distributions of protonated primary alkyl-
amines display characteristic magic numbers of 20, 27, 50, 52,
and 54 (Figure 1a). On the basis of experiments using several
amines with different hydrocarbon groups, we proposed structure
3 for the 20-mer water cluster of protonated 1-adamantylamine,

where the protonated amine group replaces one of the water
molecules in the clathrate structure and an extra neutral water

molecule is encapsulated in the cavity. For clusters with fewer
than 100 water molecules, solvation is dominated entirely by
the protonated amine functional group and not by the hydro-
phobic hydrocarbon portion of the molecule. We note that it
requires three hydrogens from the protonated primary alkylamine
to form the proposed structure.

(9) Rodgers, M. T.; Campbell, S.; Marzluff, E. M.; Beauchamp, J. L
Int. J. Mass Spectrom. lon Processk394 137, 121—-149.

(10) Lee, S.-W.; Freivogel, P.; Schindler, T.; Beauchamp, J.lAm.
Chem. Soc1998 120, 11758-11765.

(11) To avoid the complication in calculations from the different
orientation of the ethyl group in ethylanilines, proton affinitiesnofp-
oluidine were calculated in this study instead mf/p-ethylaniline. It is
expected that the substituent effects of methyl and ethyl groups are similar.
Calculation results frorm-/p-oluidine are accordingly used to explain and
compare with experimental results wi/p-ethylaniline.

(12) Jaguar 3.5, Schdinger, Inc.: Portland, OR, 1998.
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Figure 1. Water clusters of (a) protonated 1-adamantylamine (13 s)
and (b) protonated aniline (18 s). Sample concentrations are ap-
proximately 100uM in 0.01% acetic acid solution. Both are amine
protonated in water clusters.

A spectrum of solvated protonated aniline is shown in Figure
1b. The question of the preferred site of protonation of
substituted aromatics in the gas phase has been the subject of
numerous publications!® Using a combination of STO-3G
calculated energy changes for isodesmic proton-transfer reac-
tions and experimentally determined proton affinities of sub-
stituted anilines, Hehre, Taft, and co-workers reported that
protonation on the aromatic ring of aniline (para position to
the amine group, NiHbenzenium ion2) is only 4—12 kJ/mol
less favorable than protonation on the amine nitrogen (anilinium
ion, 1).14 The water cluster distribution of protonated aniline
(Figure 1b) clearly displays magic numbers characteristic of
protonated primary alkylamines.

Figure 2 shows the relative intensity ratios of the 20-mer,
27-mer, and 30-mer peaks as a function of time, where the
relative intensity ratio is defined as the intensity of tkiener

(13) (a) Freiser, B. S.; Woodin, R. L.; Beauchamp, JJLAm. Chem.
Soc.1975 97, 6893-6894. (b) Martinsen, D. P.; Buttrill, S. EOrg. Mass
Spectrom.1976 11, 762-772. (c) Dookeran, N. N.; Harrison, A. G.
Am. Soc. Mass Spectrorh995 6, 19-26. (d) Chiavarino, B.; Crestoni,
M. E.; Rienzo, B. D.; Fornarini, S1. Am. Chem. S0d.998 120, 10856~
10862.

(14) Pollack, S. K.; Devlin, J. L., lll; Summerhays, K. D.; Taft, R. W.;
Hehre, W. J.J. Am. Chem. Sod.977, 99, 4583-4584.
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Figure 2. Anilinium ion intensity ratios of three different sets of
peaks: 20/21 (circles), 27/28 (squares), and 30/31 (triangles). Intensity
ratios are defined as the intensity of tNemer peak over that of the

(N + 1)-mer peak. The 20-mer and 27-mer are especially stable
structures, as indicated by the high-intensity ratio. The 30-mer exhibits
no special stability.
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Figure 3. Water clusters of (a) protonatep-anisidine and (b)
protonatedm-anisidine detected 23 s after ion accumulation. Sample
concentrations are approximately 1@ in 0.01% acetic acid solution.
While p-anisidine is observed to be amine protonated, reduction in the
intensity of clusters indicative of specific solvation of a protonated
amine suggests that protonation occurs on the aromatic ring of
m-anisidine in water clusters.

peak over the intensity of théN(+ 1)-mer peak. All clusters
show an increase in the relative intensity ratio as a function of
time, because the maximum in the distribution of water clusters
shifts to lowernvVz values as evaporation proceeds. However,
at all times the 20-mer and 27-mer exhibit special stability
compared to the 30-mer (and other nonmagic water clusters).
This is a strong indication that protonation occurs on the amine
group of aniline. The ring-protonated aniline (MHenzenium

ion, 2) does not have a convenient hydrogen bonding site to
incorporate into the pentagonal dodecahedron structure of 20-
mer water clusters such as shown in strucBueis accordingly
expected that ring-protonated aniline would have substantially
different cluster distributions from those of primary alkyl-
amines.

Cluster distributions for protonatgd andm-anisidine (X=
—OCH;) are compared in Figure 3. While the cluster distribution
of protonatedp-anisidine exhibits the characteristic magic
numbers suggesting amine protonation, protonatechisidine
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Figure 4. Water clusters of (a) protonatgeethylaniline (18 s), (b)
protonated m-ethylaniline (18 s), and (c) protonatethiomethylaniline
(28 s). Sample concentrations are approximately 2BDin 0.01%
acetic acid solution. Botp- andm-ethylaniline are amine protonated;
m-thiomethylaniline is ring protonated.

has a markedly different water cluster distribution, showing no
specific solvatiori8 This is an indication that protonation occurs
on the aromatic ring ofm-anisidine in water clusters. Clearly,
even with a large number of water molecules, the gas-phase
behavior of the naked ion is still observed.

Figure 4 shows water cluster distributions observed for
protonatedp-ethylaniline, methylaniline, anan-thiomethyl-
aniline® The mass spectrum (Figure 4a) of hydratpd
ethylaniline again shows the magic number clusters character-
istic of protonated amines, suggesting amine protonation.
Interestingly, methylaniline also exhibits the same magic number
clusters, indicative of amine protonation (Figure 4b). This
indicates a shift in the favored site of protonation to the amine
nitrogen from the ring, the preferred site of protonation in the
naked ion. The water cluster distribution of protonated
thiomethylaniline (Figure 4c) is quite smooth with no indication
of specific solvation. This suggests that protonation occurs on
the ring in water clusters.

Density functional calculations have been performed to obtain
proton affinities at specific sites on each substituted aniline
(Figure 5). The proton affinities obtained with B3LYP/

(15) We were not able to measure water clusters-tifiomethylaniline,
since the mass spectrum pthomethylaniline contains a strong impurity
peak, which is not assigned, and overlaps with water cluster peaks of
protonatedp-thiomethylaniline, affecting the relative abundance of cluster
peaks.

(16) There is a slight indication of a magic numberrat= 20 for
manisidine (the average intensity ratio faranisidine is 1.01 with a
standard deviation of 0.15, and the intensity rationat= 20 is 1.26).
However, the intensity ratio at = 20 for p-anisidine is 2.02 (average
1.02, standard deviatios 0.26). It is unclear whether the slight increase
in intensity ratio ah = 20 for mansidine is due to a small sub-population
of amine-protonated species, a stable isomen at 20 which does hot
resemble the clathrate structures proposed here, or whether it simply
occurs as a statistical fluctuation in the data.
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intensities with the change in proton affinity between ring and amine
protonation for anilinem-ethylaniline,m-anisidine, andn-thiomethy-
NH, 887.0(-5.9) laniline. When ring protonation is highly preferred to amine protonation,
(

the intensity ratio is low. As the difference in energy between the
879.1 (-13.8) 871.1 (21.8) 861.5 (-29.3) protonation sites decreases, an increase in intensity ratio characteristic

NH, 8908(0.0)

of amine protonation is observed.

804.2 (-86.6)
CHs mthiomethylaniline m-hydroxyaniline, and methylaniline with
8929 (0.0) CHs one water molecule attached whileranisidine and 1,3-
Figure 5. Theoretical site-specific proton affinities (in kJ/mol). Proton dlamlnober\zeqe _remalned rnng pr.o.tonated. Our resultg for
affinities were calculated at B3LYP/6311G#:+//B3LYP/631G** + mrethylaniline indicate that a significant amount of amine

ZPE(B3LYP/6311G**). The highest proton affinities are in bold. The ~Protonation occurs with a large number of water molecules.
proton affinity differences between the specific site of protonation and However, contrary to Kebarle’s conclusions, we observe a
the site of highest proton affinity are in parentheses. Experimental proton preference for ring protonation in small water clusters of

aﬁin?ties are an‘il_ine (882.4)nan_isidine (91_2_.9)p-anisidine (9_0(_).4), mthiomethylaniline. This difference appears because we cal-
m-thiomethylaniline (902.1)p-thiomethylaniline (N/A),n+toluidine culate the proton affinity difference between ring and amine
(895.8), andp-toluidine (896.6). protonation as 28 kJ/mol, while Kebarle estimated the same

difference to be 15 kJ/mol by correlating experimental nitrogen
6311G**++//B3LYP/631G** + ZPE(B3LYP/6311G™) cal- 1s core electron ionization energies with free energies of proton
culations are in good agreement with experimental values. For yransfer to aniline. We believe that the calculated values are
aniline, ring protonation is calculated to be 7.5 kJ/mol (1.8 kcal/ more accurate for species suchathiomethylaniline, for which

m_ol) less favorable than amine protonation, which agrees well the amine protonation and ring protonation differ in energy by
with the results of Hehr, Taft and co-workers. For all para- |gess than 50 kd/mol.

substituted anilines used in this study, amine protonation is
favored over ring protonation. However, ring protonation is ynclusion
favored over amine protonation for all meta-substituted anilines.

We note that the proton affinity differencAPA = PAsng — Slow evaporation of water clusters containing-1®0 water
PAamind between the ring protonation and amine protonation molecules (“nanodroplets”) of substituted anilines formed by
for meta-substituted anilines decreases as the substituent’'san electrospray ion source has been studied using a FT-ICR

electron donating abilities decrease. For example ARA’s mass spectrometer. The generation of hydrated substituted
of manisidine (X= —OCH;) and mthiomethylaniline (X= anilines in the gas phase provides a unique possibility for
—SCH;) are 33.5 and 28.0 kJ/mol (8.0 and 6.7 kcal/mol), studying the interface between gas phase and solution chemistry
respectively, while th&PA of m-toluidine (X= —CHj) is only in water clusters. Water cluster distributions of substituted

5.9 kd/mol (1.4 kcal/mol). Figure 6 compares the intensity ratios anilines are observed to be heavily dependent on their site of
of the 20-mer water clusters of the meta-substituted anilinium protonation in water clusters. While protonated anilipe,
ions, plotted againshPA. When ring protonation is highly  anisidine p-ethylaniline, andn-ethylaniline exhibit characteristic
preferred to amine protonation, the 20-mer cluster is not favored. magic numbers of protonated primary amines, none are observed
As APA decreases, we observe an increase in intensity ratio,for m-anisidine andmthiomethylaniline. These observations
corresponding to increased stability of the 20-mer water cluster lead to the conclusion that the favored site of protonation in

and indicating amine protonation. nanodroplets can be readily correlated (as shown in Figure 6)
Kebarle and co-workers measured monohydration equilibria with energetic differences of protonation at different positions
in the gas phase for several substituted anilih&som the in a molecule, as calculated for the unsolvated species. Nano-

measured hydration energy of the first water, they predicted droplets thus represent a unique environment for studies of
that proton transfer from ring to amino group occurred for solvated ions, since bulk phase behavior is not always observed.
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