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Abstract. Sulfa drugs are an important class of pharmaceuticals in the treatment of bacterial infections.
The amido/imido tautomerism of these molecules in their neutral form has been widely discussed in
the literature. Here, we study the protonation preferences of sulfa drugs upon electrospray ionization
(ESI) using IR action spectroscopy of the ionized gas-phase molecules in a mass spectrometer. Our set
of molecules includes sulfanilamide (SA), the progenitor of the family of sulfa drugs, and the actual,
sulfonamide nitrogen substituted, sulfa drugs sulfamethoxazole (SMX), sulﬁsoxazole (SIX), sulfamethizole
(SMZ), sulfathiazole (STZ), sulfapyridine (SP) and sulfaguanidine (SG). IR multiple photon dissociation
(IRMPD) spectra were recorded for the protonated sulfa drugs using a Fourier transform ion cyclotron
resonance mass spectrometer (FT-ICR-MS) and an optical parametric oscillator/ampliﬁer (OPO/OPA)
as well as the FELIX free electron laser (FEL) as IR sources. The OPO provides tunable IR radiation
in the NH stretch region (3100–3700 cm−1 ), while the FEL covers the ﬁngerprint region (520–1750 cm−1 ).
Comparison of experimental IR spectra with spectra predicted using density functional theory allowed us
to determine the gas-phase protonation site. For SA, the sulfonamide NH2 group was identiﬁed as the
protonation site, which contrasts the situation in solution, where the anilinic NH2 group is protonated. For
the derivative sulfa drugs, the favored protonation site is the nitrogen atom included in the heterocycle,
except for SG, where protonation occurs at the sulfonamide nitrogen atom. The theoretical investigations
show that the identiﬁed protonation isomers correspond to the lowest-energy gas-phase structures.

1 Introduction
Introduced in the 1930’s sulfonamide antibiotics (sulfa
drugs) were the ﬁrst eﬀective bacteriostats available
as treatment against a variety of bacterial infections
and are still widely used in veterinary medicine. Sulfanilamide (SA) was the ﬁrst and structurally simplest
representative of this family of drugs and remains the
essential pharmacophore of sulfa drugs (Fig. 1) [1–3].
Sulfa drugs act by competitive inhibition of the
enzyme dihydropteroate synthase (DHPS), so that paminobenzoic acid (PABA), the natural substrate, cannot bind and the bacteria are unable to synthesize
7,8-dihydropteroate, an intermediate in the synthesis
of folate compounds [4–8]. The strongly pH-dependent
solubility of sulfanilamide caused unwanted adverse
health eﬀects, which together with other adverse health
eﬀects, led to the synthesis of a plethora of derivatives
[3,7–12]. The use of sulfonamide antibiotics in human
medicine has decreased substantially since the arrival of
antibiotics derived from microorganisms. Nevertheless,
pharmaceuticals derived from sulfanilamide are still in
use for many indications. Especially, the sulfonamide
a

e-mail: jos.oomens@ru.nl (corresponding author)

group is currently also encountered in a variety of other
classes of drugs targeting diseases other than bacterial
infections [13].
Tandem mass spectrometry (MS/MS) is commonly
used to identify sulfa drugs in various samples, so
that theoretical and experimental studies on their
detection and degradation, as well as their fragmentation pathways have been reported [14–16]. Geometryindependent neutral desorption extractive electrospray
ionization (GIND-EESI) tandem mass spectrometry
(MS/MS), for example, was successfully used to demonstrate that additives like sulfapyridine and several other
sulfa drugs can be detected with high sensitivity in complex mixtures, in this case cosmetics [17]. Detection of
sulfa drugs in food products as a consequence of their
widespread use as antibiotics in livestock is of importance [18]. Furthermore, the subsequent environmental
fate of sulfa drugs and detection in surface and groundwater was studied using MS/MS techniques [19].
The protonation/deprotonation states of sulfa drugs,
and their prevalence in diﬀerent media, have been the
subject of numerous studies. Originally, protonation
and deprotonation sites in sulfanilamide were derived
from UV spectra under acidic and basic conditions,
as well as from an analysis of the possible resonance
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structures and their inﬂuence on frequency and integrated absorbance of the UV bands [20–22]. Later also
pH-dependent Raman spectra were reported [23]. The
pKa values reported for the two acid-base reactions of
SA are, for example, pKa1 = 1.78 (expressed for the
conjugate acid) and pKa2 = 11.19−10.4 [24,25]. Therefore, sulfanilamide exists in its neutral form around pH
7. The corresponding equilibrium in solution + H3 N–
Ph–SO2 –NH2 + OH−  H2 N–Ph–SO2 –NH2 + H2 O
 H2 N–Ph–SO2 –NH− + H3 O+ has been established
[26,27]. Sulﬁsoxazole (SIX), in which one sulfonamide H
atom is replaced by a doubly methylated isoxazole heterocycle, on the contrary, is a weak acid with a pKa value
of 5.00, which is close to the pKa value of acetic acid
(4.75). Protonation occurs at a pH value similar to sulfanilamide with the conjugate acid having a pKa value
of 1.32 [25]. For sulﬁsoxazole as well as the structurally
closely related sulfamethoxazole (SMX), the aromatic
primary amino group is fully protonated in aqueous
sulfuric acid [28]. Spectrophotometric titration was also
used to determine the pKa values of sulfa drugs [14,21],
which give protonation equilibria where the anilinic
NH2 group is protonated. However, Ref. [29] concluded
that the heterocyclic nitrogen atom is protonated in
SMX, SIX, and STZ in solution. At lower pH values the
anilinic NH2 group becomes protonated as well leading
to a dication, as concluded from an observed blue-shift
in their UV spectra, when compared with that of SA.
In addition, comparison with the acid/base equilibrium
of 5-aminoindazole had been reported earlier [30].
In general, sulfonamides have pKa values of 9–10
and for sulfonimides the average pKa values decrease
to 5–6 due to resonance stabilization of the conjugate
anion. N -Arylsulfonamides have pKa values of around
6–7 [27].
Protonation and deprotonation were studied in the
solid-state as well. The crystal structures of co-crystals
of sulfa drugs with acidic and basic compounds were
resolved. For example, the crystal structure of cocrystals of SA and 3,5-dinitrosalicylic acid was determined, indicating that protonation occurs at the anilinic
NH2 group [31]. SMX is protonated at the anilinic NH2
group as well when crystallized as a selenate, sulfate
or oxalate salt [32]. Sulfapyridine is deprotonated at
the sulfonamide NH group upon crystallization with
piperidine [33]. Depending on the nature of the Rgroup bound to the sulfonamide, neutral sulfa drugs
can exhibit amido-imido tautomerism (see Fig. 2). For
some sulfa drugs, such as SP, the most stable tautomer
is diﬀerent for gas phase and solid state [34,35].
A common technique to study isolated molecular ions
in the gas phase is electrospray ionization mass spectrometry (ESI-MS). It has been shown that the ESI
solvent and experimental conditions can inﬂuence the
tautomeric form of the ion in the gas phase, which
can also be diﬀerent from the most stable form in
the solution phase [36–45]. For PABA, a structural
and electronic analog of sulfanilamide, the inﬂuence
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Fig. 1 Base chemical structure of the sulfanilamide derivatives (top left) and substituent groups R for the sulfa drugs
investigated, where the dashed line indicates the link to the
sulfanilamide moiety: sulfanilamide (SA), sulfamethoxazole
(SMX), sulﬁsoxazole (SIX), sulfamethizole (SMZ), sulfathiazole (STZ), sulfapyridine (SP), and sulfaguanidine (SG).
The amido tautomer is depicted in all cases; in the imido
tautomer, the sulfonamide proton is on the nitrogen atom
of the R group

of the ESI solvent on the protonation site of the ion
obtained in the gas phase was reported [39,45]. The
O-protonated ion, which is the most stable tautomer
in the gas phase on account of eﬃcient charge delocalization, was the species produced by ESI when using
a CH3 OH/H2 O mixture as solvent. In contrast, a mixture of CH3 CN/H2 O as solvent led to the N-protonated
species, which is the most stable tautomer in solution.
The question of whether or not the ESI-mediated transfer from solution to gas phase is accompanied by isomerization of the species to the new ground structure
has been the subject of much debate. Infrared action
spectroscopy of the ions in the mass spectrometer has
in recent years served as a primary tool to resolve
gas-phase protonation sites [38,40–42,44,45] and other
structural issues, among others in drug molecules, see
e.g. Refs. [44,46–48,48–52] and in sulfur containing
compounds, see e.g. Refs. [53–59].
Regarding the sulfa drug molecules studied here,
the protonation site in the gas phase was not a primary focus of any previous study and no IR spectra of the protonated species were previously reported,
which allow unequivocal determination of the protonation site. Therefore, this contribution addresses the
preferred gas-phase protonation sites of seven sulfa
drugs, sulfanilamide (SA), sulfamethoxazole (SMX),
sulﬁsoxazole (SIX), sulfamethizole (SMZ), sulfathiazole (STZ), sulfapyridine (SP), and sulfaguanidine (SG)
(Fig. 1). We employed infrared multiple-photon dissociation (IRMPD) spectroscopy to record the IR spectra
of the protonated sulfa drugs produced by ESI from
a methanol solution. Density functional theory (DFT)
calculations were used to derive the protonation site
from the experimental IR spectra.
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2 Methods
2.1 Experimental
All sulfa drugs (Fig. 1) were purchased from SigmaAldrich and used without further puriﬁcation. The samples were dissolved in methanol and a few drops (∼
0.7 vol%) of formic acid were added to enhance protonation. Sample concentrations of 2–3 mM were used. The
IR spectroscopic experiments were conducted at the
Free Electron Laser for Infrared eXperiments (FELIX
[60]) facility in Nijmegen (NL). Infrared multiphoton
dissociation (IRMPD) spectra of the gaseous protonated compounds were recorded in a Fourier-Transform
Ion Cyclotron Resonance (FT-ICR) mass spectrometer
that has previously been described [61]. Brieﬂy, gaseous
protonated sulfa drugs were generated in a Micromass
Z-spray ESI source. The desolvated ions were trapped
and accumulated in a hexapole ion trap before being
guided towards a quadrupole bender and an octopole
ion guide into the ICR cell. The kinetic energy of the
ions is reduced just prior to capture in the ICR cell by
switching the DC-bias voltage on the octopole rf guide
[62]. This avoids the use of a gas pulse to stop the ions
and hence any collisional heating; since, in addition,
the residence time of the ions in the ICR cell amounts
to several seconds, we estimate the ions to be approximately at room temperature.
After trapping in the ICR cell, the ions were massisolated and irradiated with multiple IR pulses from a
pulsed OPO/OPA (10 Hz, 12–15 mJ per pulse, 3100–
3700 cm−1 , LaserVision) or a FEL (10 Hz, 20-75 mJ per
pulse, 520–1750 cm−1 , FELIX). After irradiation in the
FT-ICR (10−8 mbar) a mass spectrum is recorded and
the intensity of the IR-induced fragments as well as the
remaining precursor ion is recorded. Irradiation times
were chosen between 3 and 13 s based on the susceptibility of the compounds to fragmentation. Shorter irradiation times (3–4 s) were chosen for the spectra recorded
with FELIX. To enhance the on-resonance dissociation
yield for the OPO measurements, the ions are irradiated for 4–13 ms with the output of a 30 W cw CO2
laser directly after each OPO pulse [42]. The IR source
was scanned through the region of interest in 5 cm−1
steps. The frequency was determined with a wavemeter for the OPO/OPA and a grating spectrometer for
FELIX. The parent and fragment ion peaks were integrated and the fragmentation yield was calculated to
reconstruct the IR spectra. All spectra are plotted as
natural logarithm of the fragmentation yield assuming
pseudo ﬁrst order
 kinetics forthe photofragmentation:

S = − ln(1 − [ Ifragments /( Ifragments + Iparent )])
[63]. The yield was linearly corrected for frequencydependent variations in the laser pulse energy [47,64].
2.2 Computational
The Gaussian suite of programs (Gaussian 09, Rev.
D.01) [65] was used to carry out all DFT calculations. The M06-2X functional [66] in conjunction with
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the 6-311++G(3df,3pd) basis set [67–70] was used.
Tight convergence criteria were used for the geometry optimizations. Subsequently, harmonic IR spectra
were calculated, frequencies were scaled, and stick spectra were convoluted with a Gaussian lineshape function (FWHM = 20 cm−1 ). For spectra in the ﬁngerprint
range a scale factor of 0.980 was adopted. Scaling factors for N–H stretches may depend strongly on the type
of NH moiety and the degree of H-bonding [71] and
the use of a uniform scaling factor in this frequency
range often gives disappointing results. Moreover, for
the charged (protonated) systems studied here, deviations likely become worse [72], because intramolecular
interactions are stronger and the degree of proton sharing between two Lewis basic sites increases [73,74]. Furthermore, note that scaling factors reported in the literature have almost exclusively been derived for test sets
of neutral molecules. We have therefore employed ad
hoc scaling factors for the spectra in the 3 micron range,
which are chosen such that visually the best match is
obtained; these scaling factors are given in the caption
of each ﬁgure.
Geometries were also optimized in the presence of
methanol as solvent to evaluate the inﬂuence of the solvent on the relative stability of diﬀerent protonation
sites. To mimic bulk solvation the integral equation
formalism variant polarizable continuum model (IEFPCM) method [75] was used.

3 Results and discussion
The goal of the present study was to determine the
protonation site of seven sulfa drugs (Fig. 1) in the gas
phase. IRMPD spectra were recorded for all compounds
in the NH stretch region. IRMPD spectra are usually
close to linear absorption spectra, thus allowing for a
direct comparison of calculated and experimental spectra to determine the protonation site. For three of the
systems (SMZ, SMX, and SP), IRMPD spectra were
also recorded in the ﬁngerprint region to conﬁrm the
assignment based on the NH stretch vibrations. Other
authors have employed the strong vibrational transitions associated with the SO2 group in this range for
structural elucidation of sulfones [76,77], although we
do not focus on these bands in this work.
Before discussing the IRMPD spectra, we brieﬂy
report the observed IR-induced dissociation of the sulfa
drugs. A characteristic fragment ion signal at m/z 156
was detected for all sulfa drugs. This ion has previously been observed and identiﬁed as the sulfanilyl
fragment, H2 N–C6 H4 –SO+
2 [15,18,19]. Its high abundance is attributed to the high stability of the sulfanilyl
cation, which derives from eﬃcient charge delocalization as suggested by the mesomeric structures shown
in Fig. 2a. For all molecules except SA, a fragment
at m/z 108 was also observed, due to SO loss from
the sulfanilyl fragment ion [15,16,18]. For SMZ, SIX,
SP and SG we further detected a fragment at m/z 92,
which can be attributed to formation of an anilinium
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Fig. 2 a Resonance structures for the sulfanilyl cation. b
Protonation isomers for SMX: anilinic N (top left, shown
for amido tautomer), sulfanamide nitrogen (top right), heterocyclic nitrogen (bottom left) and heterocylic nitrogen of
the imido tautomer (bottom right). Note that the chosen
nomenclature refers to amido tautomers by default

carbocation [15] or a ring-expanded azatropylium ion
[18]. For SMX, SIX and SG, we also observed additional fragments when irradiating with frequencies in
the NH stretch region. SG also produced a fragment ion
at m/z 60. For SMX, we observed seven additional fragment masses in agreement with the results presented in
Ref. [78]. SMX was the only molecule studied for which
the m/z 156 fragment was not the dominant fragment.
The main photofragment was observed at m/z 188,
followed in intensity by a photofragment at m/z 147.
This suggests that the main photodissociation pathway for SMX is diﬀerent from that of the other sulfa
drugs. The photofragment at m/z 188 is probably due
to loss of H2 SO2 similar to what was reported for CID
of SP [17] and the loss of 66 Da observed for some sulfa
drugs [15]. For SP, loss of 66 Da was also observed, but
it was not the dominant photofragment. This dissociation/rearrangement pathway is possible for all sulfa
drugs except SA, but was only observed for SMX and
SP under our experimental conditions. Irradiation with
FELIX generally led to the observation of more fragments likely due to sequential photofragmentation.
The most probable protonation sites of SA are
the anilinic and sulfonamide NH2 groups and the
SO2 group. For the derivatives of sulfanilamide, additional protonation sites are available, and especially the
hetero-atoms in the heterocycle form reasonable alternatives (see Fig. 2). These likely candidates were computationally investigated by optimizing their structures
also taking into consideration that diﬀerent conformers
might exist for a given protonation isomer. Table 1 lists
the relative Gibbs free energies for a selection of protonated structures. Harmonic IR spectra were calculated
for all structures and compared with the experimental
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Not all possible protonation sites are listed, but only the
lowest-energy structures and for comparison protonation at
the anilinic NH2 group. All calculations were carried out at
the M06-2X/6-311++G(3df,3pd) level of theory. Given is in
each case the name of the group protonated. “htc” denotes
the diﬀerent heterocycles
a
NHhtc ··· O hydrogen bond
b
Shtc ··· O interaction
c
Other proton in imido position

IRMPD spectra to determine the actual isomer present
in the ion population.
Sulfanilamide (SA) For SA in aqueous solution, the
anilinic amine moiety has been identiﬁed as the protonation site [20]. Calculations employing the polarizable
continuum model (PCM) show that this is indeed the
most stable protonated species in solution (Table 1).
In contrast, in the gas phase, protonation at the sulfonamide NH2 group is computed to yield the lowestenergy species, with protonation at the anilinic amine
being higher in energy by a signiﬁcant margin of
6.3 kcal/mol. Interestingly, the DFT calculations also
show that protonation at one of the oxygen atoms is
preferred over protonation at the anilinic NH2 , lying
only 4.0 kcal/mol higher than protonation at the sulfonamide NH2 . Comparison of the calculated gas-phase IR
spectra for the diﬀerent protonation isomers of sulfanil-

Eur. Phys. J. D (2021) 75 :23

Page 5 of 13

1.94 A

no

n yield

1

sulf NH2

0
1

anil NH2

0
1

SO2

0
3100

3200

3300

3400

3500

3600

wavenumber (cm-1)
Fig. 3 Comparison of the experimental IRMPD spectrum
(black) of protonated SA compared with computed IR spectra (red) for three protonation isomers. Frequency scaling
factors are SA protonated at the sulfonamide NH2 (0.950),
the anilinic NH2 (0.966), and the SO2 group (0.926). The
computed 3D-structure with key structural parameters of
the assigned sulfonamide protonated species is shown on
top

amide (SA) with the experimental IRMPD spectrum in
Fig. 3 enables us to unambiguously establish the gasphase protonation site as the sulfonamide NH2 group.
Apparently, the system adopts its gas-phase structure
upon transfer from solution to the gas phase in the ESI
source.
The diﬀerences between gas-phase and solutionphase protonation sites can be rationalized in terms
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of charge localization. Protonation at the anilinic NH2
group leads to the positive charge being strongly localized on this nitrogen atom. Interaction with polar solvents disperses the charge in solution, but not in the
gas phase, where such structures are relatively high in
energy [44,45]. Placing the proton on the sulfonamide
NH2 -group generates a species that resembles a sulfanilyl cation and a neutral ammonia molecule, where the
positive charge is eﬃciently delocalized in the sulfanilyl fragment (Fig. 2a). The computed structure of this
protonation isomer is shown in the top panel of Fig. 3,
with key structural parameters indicated. The nearly
planar sulfanilyl fragment (CCSO dihedral angle is 14◦ )
and nearly perpendicularly attached NH3 (CSN angle
is 102◦ ) testify of the suggested sulfanilyl+ -NH3 structure. Other indications are the unusually long S–N bond
(1.94 Å versus 1.77 Å typical [79]) and the Mulliken
charge of only 0.38 on the NH3 group versus 0.62 on
the sulfanilyl fragment. Hence, we conclude that SA is
an example of a compound which relaxes to the most
stable gas-phase structure during transfer from solution
in the ESI source. The environment, i.e. solution versus
gas phase, plays a crucial role in stabilization of the two
protonation isomers of SA.
For derivatives of sulfanilamide studied here (see Fig. 1),
protonation of the sulfonamide N in the gas phase was
suggested in the literature based on MS/MS results
[18]. However, although the observed fragments indeed
excluded the possibility of protonation at the anilinic
NH2 group, it did not exclude the possibility of protonation at the substituent R group, which could therefore be an alternative to protonation at the sulfonamide
nitrogen. Here we investigate the protonation site of
these systems spectroscopically. For the following discussion, we note that the distinction between the amido
and imido tautomers [35] vanishes upon protonation
at the sulfonamide nitrogen of the neutral imido tautomer or at the substituent group nitrogen of the neutral amido tautomer. Distinction of the two tautomers
remains for protonation at the anilinic nitrogen and for
protonation of the amido tautomer on the sulfonamide
nitrogen and protonation at the R-group nitrogen of
the imido tautomer, forming species with a quaternary
nitrogen (see Fig. 2b).
Sulfamethoxazole (SMX) and sulfisoxazole (SIX) Despite
their similar molecular structures, SMX and SIX have
signiﬁcantly diﬀerent 3-µm IR spectra, see Fig. 4. Nevertheless, in both cases comparison of experimental
and calculated spectra leads to the conclusion that the
nitrogen atom in the heterocycle (Nhtc ) is protonated,
with the sulfonamide group in the amido tautomer, i.e.
conﬁguration SMX-Nhtc in Fig. 2b. The protonation
isomers SMX-Nsulf and SMX-Nhtc -imido involving quaternary nitrogen atoms (Fig. 2b), which are not listed
in Table 1, are 17 and 33 kcal/mol higher in energy,
respectively. Moreover, their computed spectra match
poorly (not shown).
Two conformers exist for Nhtc protonated SMX, differing in the orientation of the oxazole substituent, see
bottom left panel of Fig. 4. Conformer A allows for a
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Fig. 4 Comparison of the experimental IRMPD spectrum (black) of SMX (amido tautomer) protonated at the heterocycle
N atom for conformers A and B. The most notable diﬀerence between the two conformers is the ability of A to form an
Nhtc H· · ·O=S hydrogen bond, which causes a signiﬁcant redshift of the Nhtc −H stretch mode, as indicated by the red
arrows. Scaling factor is 0.980 in the ﬁngerprint range and 0.942 (conformer A) and 0.944 (conformer B) in the NH stretch
range. The bottom panel shows a comparison of the experimental IRMPD spectrum of protonated SIX (black) and its
computed IR spectrum, where protonation is on the Nhtc atom (green, 0.944); hydrogen bonding of this proton with the
sulfonamide oxygens is not possible for SIX

hydrogen bond (1.98 Å) between the heterocycle protonation site and one of the sulfonamide oxygen atoms.
In conformer B, this hydrogen bond cannot form, which
comes at an energetic penalty of about 6 kcal/mol. The
spectral comparisons in the top two panels indicate
that the lower-energy conformer A is the one formed
in the mass spectrometer. In the NH stretching range
of the spectrum, the Nhtc −H stretching mode shows a
clear redshift in conformer A, induced by the hydrogen bonding, as compared to conformer B. Clearly, the
experimentally observed redshift is substantially larger
than what is predicted by the harmonic frequency cal-
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culation, showing that the use of a single scaling factor
has its limitations in the analysis of NH-stretch modes
[71]. In order to validate our assignment, the IR spectrum was also recorded in the 520–1750 cm−1 region.
Indeed, the agreement between experimental and theoretical spectra is clearly better for conformer A than
for conformer B.
The diﬀerent spectral signatures of SMX and SIX
can now be understood in terms of this intramolecular hydrogen bond between the Nhtc proton and the
sulfonamide oxygen. In SIX, this hydrogen bond cannot form irrespective of the orientation of the isoxazole
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substituent group (see bottom right panel of Fig. 4).
The IR spectrum of protonated SIX matches well with
the computed spectrum of the Nhtc protonated species.
Moreover, it is similar to the computed spectrum of conformer B of Nhtc -protonated SMX. We conclude that
gas-phase protonation of both SMX and SIX occurs at
the Nhtc site of the amido tautomer.
Sulfamethizole (SMZ) and sulfathiazole (STZ) The
experimental 3-µm IR spectra of SMZ and STZ shown
in Fig. 5 resemble that of SMX. Compared to SMX the
spectral features span a wider frequency range and features appear better separated. For SMZ and STZ three
peaks are distinguishable in the range 3350–3500 cm−1 .
In addition, a weak transition at 3555 cm−1 is observed,
which can be assigned to the asymmetric anilinic NH
stretch vibration based on calculations and the IR spectrum of protonated SA. Furthermore, another relatively
weak band is observed below 3200 cm−1 . As predicted
by the calculations, STZ displays symmetric and asymmetric CH stretch vibrations localized at the heterocycle around 3130 cm−1 . Finally, an intense and broadened band is observed near 3300 cm−1 for SMZ and
3250 cm−1 for STZ, which in analogy with SMX is
assigned as an H-bonded NH stretch mode.
Comparison of calculated and experimental IR spectra suggests that the protonation site for these two
molecules is the nitrogen atom of the heterocycle adjacent to the carbon atom connecting to the sulfonamide
moiety (Nhtc 1), being in its amido tautomeric form. The
assignment is corroborated by the fact that protonation
at this site also corresponds to the energetically most
favored structure (Table 1). The most stable conformer
of this structure exhibits an Nhtc H· · ·O=S hydrogen
bond (conformer A), analogous to SMX, with computed
H-bond lengths of 1.958 Å for SMZ and 1.913 Å for
STZ. The redshifted NH stretch band near 3300 cm−1
in SMZ and 3250 cm−1 in STZ is again a sensitive diagnostic providing convincing evidence for this structure,
even though quantitatively, the calculated IR spectra
appear to underestimate the redshift. Conformer B has
the heterocyclic substituent rotated by 180◦ so that this
hydrogen bond is absent; it corresponds to the second
most stable structure for both SMZ and STZ. Compared to the global minimum, these structures have relative energies of 1.4 kcal/mol for SMZ and 3.7 kcal/mol
for STZ. For SMZ, the next species in the energetic
ordering is formed by protonation of the other nitrogen
atom of the heterocycle substituent, Nhtc 2, which leads
to a structure that is 2.2 kcal/mol higher in energy. For
STZ, the second most stable protonation site is the SO2
group (ΔG = 8.7 kcal/mol).
Interestingly, for both SMZ and STZ, three distinguishable peaks are visible around 3400 cm−1 , whereas
two peaks are expected based on the computed spectrum for the lowest energy structure. Possibly, there is
is a minor contribution from conformer B of the lowestenergy protomer. For SMZ, a contribution from a struc-
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ture protonated at Nhtc2 could also explain the additional experimental band, but this is not possible for
STZ. These structures are energetically disfavored, but
calculated energy diﬀerences decrease substantially in
solution (using the PCM method), even to less than
1 kcal/mol for some structures. Perhaps, the ion population does not reach the gas-phase thermal equilibrium upon desolvation in the ESI source, but remains
partly reminiscent of the thermal equilibrium in solution. Another possibility is an accidental overtone or
combination band which gains in intensity due to strong
Fermi interaction with one of the NH-stretch fundamentals. Yet an alternative explanation is that the band
is due to a combination band of the sulfonamide NH
stretch and a low-energy torsional mode of about 25–
30 cm−1 ; all sulfa drugs possess low-frequency torsions
generally matching the observed frequency diﬀerence
[80,81].
For SMZ, an IRMPD spectrum was also recorded
in the ﬁngerprint region, as also shown in Fig. 5.
The computed spectrum of the proposed structure, the
amido tautomer protonated at the Nhtc 1 nitrogen atom,
matches the experimental IR spectrum in this frequency
range very well if one considers the band frequencies; we
suspect that the experimental intensity of the bands in
the 1600 cm−1 range is underestimated due to some saturation on these strong bands. Close inspection of the
match between experimental and computed IR spectra, especially in the 750–1050 cm−1 range, qualitatively reveals signiﬁcant mismatches in band position
for the species protonated at Nhtc 2, indicating that its
presence in the ion population is unlikely. However, a
minor contribution from conformer B of the Nhtc 1 protonated species cannot be excluded.
Evaluating the eﬀect of solvation on the stability of
the isomers of SMZ and STZ that are protonated at
the anilinic NH2 group, shows in contrast to SA, that
protonation of the anilinic NH2 group is not favored
in solution nor in the gas phase; protonation at the
N-atom in the heterocycle remains the most stable
protonated species. Nevertheless, the energy diﬀerence
between species protonated at the anilinic NH2 and at
the heterocyclic N decreases substantially upon solvation: from 20.7 to 3.3 kcal/mol for SMZ and from 22.8
to 6.7 kcal/mol for STZ (see Table 1). On that note, it
has previously been reported [32] that in oxalate, sulfate
and selenate salts of SMZ, the anilinic NH2 group is protonated. Together with the present gas-phase results,
this showcases again the large inﬂuence of the environment on the stabilization of the diﬀerent cations of these
sulfa drugs.
Sulfapyridine (SP) The IRMPD spectrum of protonated SP is shown in Fig. 6, compared with computed IR spectra for the two lowest-energy structures,
conformers A and B of the pyridine nitrogen protonated amide tautomer. The computed ﬁngerprint IR
spectrum of conformer A, featuring a hydrogen bond
between the proton at the pyridine nitrogen and the
sulfonamide oxygen, presents an excellent match with
experiment. Hence, we assign this structure, being also
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the NH stretch range

the most stable structure, to the species present in the
MS. In the hydrogen stretch range of the spectrum,
the experiment reveals a strong but severely broadened
band centered at 3100 cm−1 , in the range of the aromatic CH stretches which are usually not that strong.
We attribute this band to the Nhtc H stretch vibration,
which is strongly shifted and broadened due to the
strong H-bond with the sulfonamide oxygen. Indeed,
this H-bond is stronger in protonated SP as compared
with the other sulfa drugs studied here, because the
6-membered pyridine ring positions the proton closer
to the sulfonamide oxygen than in the systems with a
5-membered heterocycle. The H-bond length for protonated SP is computed to be 1.81 Å as compared to, for
instance, 1.98 Å for conformer A of protonated SMX.
The Nhtc H stretch vibration for conformer A is calculated at 3190 cm−1 ; clearly, the scaled harmonic frequency calculations underestimate the H-bond induced
redshift for this vibration. In fact, protonated SP shows
the largest redshift of this NH stretch vibration of all
sulfa drugs presented here (SMX < SMZ < STZ < SP),
which then agrees with this system having the strongest
H-bond and the largest broadening of this band. The
redshift with respect to the harmonic frequency calculation is probably caused by the more anharmonic
shape of the potential of this vibration due to hydrogen
bonding, approaching the situation where the proton
becomes shared between the two nucleophiles. Many
examples are found in the literature for redshifts and
broadening of transitions due to hydrogen bonding and
proton sharing [82–86].
The only other species providing a reasonably matching IR spectrum is the pyridine N protonated system in
conformation B. The lack of the strong Nhtc H· · ·O=S
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hydrogen bond brings the Nhtc H stretch mode back in
the range of the other NH stretches between 3400 and
3500 cm−1 . Although one could argue that the experimental band centered at 3100 cm−1 is due to the aromatic CH stretches, we believe that its intensity is too
high for this assignment. Moreover, the spectrum in the
ﬁngerprint range does not match as closely as that computed for conformer A, which is also energetically more
favorable.
Noteworthy, the IR spectrum of protonated SP also
shows a shoulder at 3429 cm−1 , in addition to the
expected transitions for conformer A. This appears similar to the additional spectral feature observed for protonated SMZ and STZ. For SP, only one protonation
isomer has a reasonably low relative energy and solvation eﬀects do not suggest any other species or conformers having a low enough energy to contribute to the IR
spectrum. This could indicate that the additional spectral feature is actually due to a (torsional) combination
band.
Sulfaguanidine (SG) Figure 7 shows the IRMPD spectrum recorded for protonated SG, the only compound
in this study in which the R group is not an aromatic
heterocycle. SG is also the only compound of the series
of sulfa drugs presented here that is in its imido form as
neutral molecule in the gas phase [87]. The only viable
assignment based on the agreement between the calculated and experimental spectra is obtained for the
structure protonated at the sulfonamide N, shown in
Fig. 7. This structure also corresponds to the global
minimum in gas and solution phase according to the
DFT calculations.

23

The agreement of calculated and experimental IR
spectrum is generally convincing. The most prominent
deviation is the intensity of the hydrogen-bonded NH
stretch vibration computed near 3320 cm−1 . The relative intensity of this transition is lower than calculated
and it appears that there are actually two transitions
in the experimental spectrum. In a previously recorded
gas phase IR spectrum of neutral SG [87] it was shown
that the experimentally observed relative intensity of
the hydrogen bonded NH stretch vibration is markedly
lower than calculated. Also in many IRMPD spectra, strongly hydrogen-bonded XH-stretches tend to
broaden signiﬁcantly and concomitantly show reduced
peak intensity. The observation of an additional feature
may again be due to an overtone or a combination band.

4 Conclusion
A set of seven gaseous protonated sulfa drugs was structurally characterized using IRMPD spectroscopy, particularly focusing on the site of gas-phase protonation.
Even though the NH stretch region of the IR spectrum
was usually diagnostic for the determination of the protonation site, the spectra in the ﬁngerprint region for
selected systems were useful for further conﬁrmation,
leading to reliable spectral assignments. SA and SG
are protonated at the sulfonamide nitrogen atom. The
preferred protonation site of the other sulfa drugs was
found to be the nitrogen atom of the heterocyclic substituent group. With the exception of SA, the drug compounds show amido-imido tautomerism in their neutral
form, with the amido tautomer being lowest in energy.
Protonation then occurs at the position of the proton
in the neutral imido tautomer (except for SG), i.e. in
the protonated species the amido and imido positions
are both protonated (see also Fig. 2). Note that this
allows one to draw resonance structures with the formal charge on either the nitrogen atom of the heterocycle or of the sulfonamide moiety. Protonation at the
heterocyclic nitrogen thus forms a resonance-stabilized
cation.
For SA the preferred protonation site in the gas phase
diﬀers from the preferred protonation site in solution.
Calculations employing the PCM method to account for
solvent eﬀects successfully predict this switch in protonation site. The most stable protonated species does
not change for the other sulfa drugs, but the energetic
ordering of the higher energy structures changes. Even
in solution protonation of the anilinic NH2 group is not
preferred in the sulfanilamide derivatives, nevertheless
the diﬀerence in energy decreases dramatically going
from gas phase to solution.
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