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a b s t r a c t

The gas-phase structures of protonated histidine (His) and the side-chain model, protonated 4-phenyl
imidazole (PhIm), are examined by infrared multiple photon dissociation (IRMPD) action spectroscopy
utilizing light generated by the free electron laser FELIX. To identify the structures present in the experi-
mental studies, the measured IRMPD spectra are compared to spectra calculated at a B3LYP/6–311+G(d,p)
level of theory. Relative energies of various conformers are provided by single point energy calculations
carried out at the B3LYP, B3P86, and MP2(full) levels using the 6–311+G(2d,2p) basis set. On the basis of
these experiments and calculations, the IRMPD action spectrum for H+(His) is characterized by a mixture
istidine
midazole
RMPD

of [N�,N�] and [N�,CO] conformers, with the former dominating. These conformers have the protonated
nitrogen atom of imidazole adjacent to the side-chain (N�) hydrogen bonding to the backbone amino
nitrogen (N�) and to the backbone carbonyl oxygen, respectively. Comparison of the present results to
recent IRMPD studies of protonated histamine, the radical His•+ cation, H+(HisArg), H2

2+(HisArg), and
M+(His), where M+ = Li+, Na+, K+, Rb+, and Cs+, allows evaluation of the vibrational motions associated
with the observed bands.
. Introduction

Histidine (His) is chemically one of the most flexible protein
esidues because the imidazole side chain can function as both an
cid and base near neutral pH [1]. The histidine molecule presents
hree potential coordination sites in aqueous solution. The car-
oxyl group (pKa = 1.9), the imidazole nitrogen (pKa = 6.1), and the
mino nitrogen (pKa = 9.1) become available for complexation as
H increases. The acid–base properties of a biomolecule affect
hysicochemical activities such as solubility, hydrophobicity, and
lectrostatic interactions that directly impact the biological activity
f the molecule in a living system. Because the pKa of the imida-
olium form is around 6, histidine can undergo protonation and
eprotonation reactions at physiological pH. Therefore, it func-
ions as a competent proton-transfer mediator in various proteins
2–5]. Histidine also serves as both a hydrogen-bond donor and an
cceptor, and this hydrogen-bonding property is of importance in

roton-transfer reactions [5] and in organizing the active centers of
nzymes. As a consequence, histidine is often found at the catalytic
ites of protein enzymes.

∗ Corresponding author. Tel.: +1 801 581 7885; fax: +1 801 581 8433.
E-mail address: armentrout@chem.utah.edu (P.B. Armentrout).
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© 2012 Elsevier B.V. All rights reserved.

In recent years, the structures of many proteins have been
studied by X-ray crystallography; however, because of the poor
sensitivity of X-ray crystallography in detecting hydrogen atoms,
the protonation structures and hydrogen-bonding interactions of
amino acid side chains are not well resolved in many cases. To
obtain such information, vibrational spectroscopy is a powerful
method as it is more sensitive to chemical bonds and molecular
interactions. In the case of histidine, its protonation state, metal
binding, and hydrogen bonding interactions have been investigated
using both Raman [6–18] and Fourier transform infrared (FTIR)
[19] spectroscopy. Huang et al. [20] investigated the neutral, pro-
tonated, and deprotonated histidine conformers in the gas phase
using time-dependent density functional theory (TDDFT) to cal-
culate the electronic spectra and charge-transfer processes. Also,
Hasegawa et al. [21] studied 4-methylimidazole (a simple model
compound of the histidine side chain) and its different protonation
forms using FTIR and Raman spectra for systematic investigation of
vibrational markers of the protonation state of histidine.

Infrared multiple photon dissociation (IRMPD) spectroscopy has
been used to probe the structures of ionized complexes in the gas

phase and can be a powerful tool for understanding ion–protein
interactions. An important advantage of this technique is the
ability to investigate the structures of biomolecules in isolation,
where complicating structural effects of solvent and counter-ions

dx.doi.org/10.1016/j.ijms.2012.06.002
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:armentrout@chem.utah.edu
dx.doi.org/10.1016/j.ijms.2012.06.002
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re absent. Recently, gas-phase structures of protonated his-
amine [22], histidine radical cation (His•+) [23], H+(HisArg) and
2

2+(HisArg) [24], and M+(His) [25], where M+ = Li+, Na+, K+, Rb+,
nd Cs+, have all been investigated by IRMPD spectroscopy utiliz-
ng light generated by a free electron laser. In the present study, we

easure the IRMPD action spectra for photodissociation of proto-
ated His and 4-phenyl imidazole (PhIm), where the latter provides
model for assessing the vibrations of the imidazole side-chain

ing. Conformations of these molecules are identified by comparing
he experimental spectra to IR spectra of the low-lying structures
f the cationized His and PhIm complexes predicted by quantum
hemical calculations at the B3LYP/6–311+G(d,p) level of theory.
RMPD action spectra for H+(His) and H+(PhIm) are also com-
ared to the previous results for H+(histamine), His•+, H+(HisArg),
2

2+(HisArg), and M+(His), where M+ = Li+, Na+, K+, Rb+, and Cs+.

. Experimental and computational

.1. Mass spectrometry and photodissociation

Experiments were performed using the Free Electron Laser
or Infrared eXperiments (FELIX) [26] in combination with a
ome-built Fourier transform ion cyclotron resonance (FTICR)
ass spectrometer, which has been described in detail elsewhere

27–29]. Protonated histidine and protonated phenyl imidazole
omplexes were generated using a Z-spray (Micromass UK Ltd.)
lectrospray ionization source. Solutions used were 1.0–3.0 mM
is with 1 mM acetic acid in 50% MeOH and 50% H2O for H+(His)
nd 1.0 mM phenyl imidazole acidified with acetic acid in 58%
eOH and 42% H2O for H+(PhIm). Solution flow rates were about

0 �L/min and the electrospray needle was held at a voltage of
3.2 kV. Ions were accumulated in a hexapole trap for about 4 s fol-

owed by pulsed extraction through a quadrupole bender prior to
eing injected into the ICR cell via a radio frequency (rf) octopole

on guide. Electrostatic pulsing of the dc bias of the ion transfer
ctopole allows ions to be captured in the ICR cell without the
se of a gas pulse [28]. In contrast to the conventional gas pulsing
ethod to stop the ions, this technique does not cause collisional

eating of the ions. The precursor ions were mass selected using
tored waveform inverse Fourier transform (SWIFT) techniques and
rradiated by the FEL at pulse energies of 50 mJ per macropulse
f 5 �s duration, although they fell off to about 20 mJ toward the
lue edge of the scan range. Complexes were irradiated for 2–4 s,
orresponding to interaction with 10–20 macropulses. The fwhm
andwidth of the laser was typically 0.5% of the central wavelength.
or the present experiments, spectra were recorded over the wave-
ength range 19.4 �m (520 cm−1) to 5.5 �m (1820 cm−1), which can
e covered with a single setting of the electron beam energy of
ELIX.

.2. Computational details

Our protocol for finding all low-lying conformations of metal
ation–amino acid complexes has been described elsewhere [30].
o find the global energy minimum and all low-energy geometries,
large number of possible conformations were screened using a

imulated annealing methodology with the AMBER program and
he AMBER force field based on molecular mechanics [31]. All pos-
ible structures identified this way were subsequently optimized
sing NWChem [32] at the HF/3–21G level [33,34]. Unique struc-
ures for each system were optimized using Gaussian 09 [35] at the

3LYP/6–31G(d) level of theory [36,37] with the “loose” keyword
maximum step size 0.01 au and an RMS force of 0.0017 au) to facil-
tate convergence. Unique structures obtained from this procedure

ere then chosen for higher-level geometry optimization and
Spectrometry 330–332 (2012) 6–15 7

frequency calculations using DFT at the B3LYP/6–311+G(d,p) level
of theory [38]. Single point energy calculations were carried out at
the B3LYP, B3P86, and MP2(full) levels using the 6–311+G(2d,2p)
basis set [38]. Zero-point vibrational energy (ZPE) corrections
were determined using vibrational frequencies calculated at the
B3LYP/6–311+G(d,p) level scaled by a factor of 0.989 [39]. Relative
energies at 0 K are converted to 298 K free energies using the rigid
rotor/harmonic oscillator approximation with rotational constants
and vibrational frequencies calculated at the B3LYP/6–311+G(d,p)
level. As will be seen below, the relative �G298 excitation energies
are comparable to the analogous differences in the �H0 values.

Vibrational frequencies and intensities were calculated using
the harmonic oscillator approximation and analytical derivatives
of the energy-minimized Hessian at the B3LYP/6–311+G(d,p) level
of theory. Each of the resulting structures was found to have all
real harmonic vibrational frequencies at this level of theory indi-
cating that they are local minima on the potential energy surface.
For comparison to IRMPD spectra, frequencies were scaled by 0.975
as this scaling factor leads to good agreement between calculated
and experimentally well-resolved peaks and is in accord with pre-
vious IRMPD studies of amino acid complexes in this spectral region
as well [40–45]. Calculated vibrational frequencies are broadened
using a 20 cm−1 fwhm Gaussian line shape for comparison with
experimental spectra.

At the request of a reviewer, we also calculated geometries
and single point energies adding a diffuse function for hydrogen,
i.e., R/6–311++G(2d,2p)//B3LYP/6–311++G(d,p), where R indicates
B3LYP, B3P86, and MP2(full) levels. This is intended to provide
a better description of hydrogen bonding, even though previous
explorations in our group have indicated that hydrogen diffuse
functions have negligible effects on geometries and relative ener-
gies [46–49]. In the present case, six conformers of three different
types were examined. Structures were essentially unchanged
with hydrogen bonds (a total of 16 interactions) changing by
−0.0025 to +0.0008 Å, with the average absolute change being
0.0006 ± 0.0007 Å. Relative energies at this level of theory agreed
with those presented below within 0.1 kJ/mol in all cases. Further-
more, vibrational frequencies are the same within 0.01%. Because
the addition of diffuse functions to the hydrogen atoms introduces
little distortions, energy changes, or vibrational shifts, such calcu-
lations were not pursued further for any other conformations.

3. Results and discussion

3.1. IRMPD action spectroscopy

The photodissociation spectra of protonated (m/z 156) His both
as depletion of the parent ion and the yield for loss of H2O + CO
(m/z 110) (corrected for laser power and uncorrected) are shown
in Fig. S1 of the Supporting Information. Very small amounts (>10
times smaller) of just H2O loss were also detected. These decom-
position pathways match the lowest energy products observed in
the collision-induced dissociation (CID) spectrum of H+(His), as
observed previously [50,51]. Parent and product ion intensities
were monitored as a function of the laser frequency, and the IRMPD
yield shown in Fig. S1 and the figures below was calculated as the
integrated intensity ratio I110/(I110 + I156). This was normalized lin-
early with laser power to roughly account for the change in laser
power as a function of photon energy. As shown in Fig. S1, the deple-
tion spectrum of the m/z 156 parent ion is similar to the appearance
spectrum of the m/z 110 product ion. The depletion of the parent

ion signal exceeds 50% at the most intense resonances. Because the
IRMPD yield is normalized for parent ion fluctuations, it exhibits
better signal-to-noise ratio than the depletion signal and will be
compared to the calculated spectra.
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Table 1
298 K free energies (0 K relative enthalpies) in kJ/mol of low-lying conformers of
H+(His).a

Structure Dihedral B3LYP B3P86 MP2(full)

[N� ,N�] tggc 0.0 (0.0) 0.0 (0.4) 0.0 (0.0)
tgtc 0.6 (0.8) 1.1 (1.7) 5.1 (5.3)
tttc 4.2 (5.5) 4.9 (6.7) 8.7 (10.1)
ttgc 4.4 (3.9) 5.1 (5.1) 4.1 (3.7)
cggc 31.0 (30.8) 31.4 (31.6) 29.7 (29.5)
cgtc 34.8 (35.1) 35.2 (35.9) 39.7 (40.0)

TS
([N� ,N�]
→
[N� ,N�])

tggc 8.2 (6.0) 1.7 (0.0) 4.9 (2.8)
tgtc 7.2 (5.6) 1.5 (0.3) 7.6 (6.0)
tttc 15.5 (15.3) 10.1 (10.3) 14.9 (14.7)
ttgc 17.2 (15.3) 11.4 (9.9) 12.7 (10.8)
cggc 41.7 (40.0) 35.0 (33.7) 38.2 (36.5)
cgtc 41.3 (39.6) 35.2 (33.9) 42.3 (40.6)

[N� ,N�] tggc 8.5 (7.2) 5.1 (4.3) 2.7 (1.4)
tgtc 6.6 (6.0) 4.1 (3.9) 3.7 (3.1)
tttc 17.7 (18.4) 15.8 (16.9) 14.1 (14.8)
ttgc 20.0 (19.0) 17.4 (16.9) 12.8 (11.9)
cggc 42.4 (41.4) 38.6 (38.0) 37.3 (36.3)
cgtc 40.1 (39.3) 37.2 (36.8) 37.9 (37.0)

[N� ,CO] ctg+g− 3.9 (1.8) 1.7 (0.0) 12.9 (10.8)
ttg−g+(g) 4.8 (5.0) 7.3 (7.9) 8.1 (8.3)
ttg−g+(t) 4.9 (4.8) 7.2 (7.4) 11.2 (11.0)
ttg+g−(t) 5.2 (5.9) 6.8 (7.8) 13.9 (14.5)
ttg+g−(g) 8.6 (8.0) 10.5 (10.3) 16.1 (15.4)
ctg−g+ 17.7 (15.8) 16.9 (15.4) 23.5 (21.5)
ctg−g+(t) 28.7 (29.6) 30.8 (32.1) 35.1 (36.0)
cggg 30.0 (30.8) 31.6 (32.8) 34.1 (34.9)

[N� ,OH] tcg−g+(g) 23.1 (26.4) 26.3 (30.0) 23.2 (26.4)
tg−g+g−(t) 29.2 (30.2) 33.1 (34.4) 34.9 (35.8)
tg−g+g−(g) 31.5 (32.3) 35.0 (36.2) 36.7 (37.5)
tg+g−g+(t) 33.5 (35.9) 38.1 (41.0) 36.2 (38.7)

a All values calculated at the level of theory indicated using the
M. Citir et al. / International Journal o

To provide a spectrum characteristic of the imidazole (Im)
ide-chain of His, we also tried acquiring the IRMPD spectrum of
rotonated Im. Unfortunately, this molecule is sufficiently small
hat dissociation is inefficient and no spectrum could be collected.
o overcome this size limitation, it would be useful to examine Im
ubstituted at the 4-position to mimic the His side-chain. Simple
lkyl-substituted Im are unstable or not readily available, but 4-
henyl imidazole (PhIm) is commercially available. For protonated
hIm, two IR photodissociation pathways were observed corre-
ponding to the loss of HCN (m/z 118) and 2 HCN (m/z 91). The
um of these two decomposition pathways is shown as the IRMPD
ction spectrum below.

.2. Theoretical results (structures)

The nomenclature used here to identify different structural iso-
ers of H+(His) is similar to that described previously for the IRMPD

tudy of M+(His) [25]; however, here the atoms of His are named
ccording to the IUPAC Compendium of Chemical Terminology
Gold Book), in which positions of the nitrogen atoms of the imi-
azole ring relative to the side chain are denoted by pros (‘near’,
bbreviated � and also referred to as N1) and tele (‘far’, abbrevi-
ted � or N3) [52], Fig. 1. In addition, conformations of protonated
is are identified by their proton binding sites in brackets, fol-

owed by a description of the histidine orientation, named by a
eries of dihedral angles starting from the carboxylic acid hydro-
en of the backbone and going to the imidazole side-chain nitrogen
N�) (∠HOCC, ∠OCCC, ∠CCCC, and ∠CCCN�, respectively). Dihedral
ngles are distinguished as cis (c, for angles between 0◦ and 45◦),
auche (g, 45–135◦), or trans (t, 135–180◦), and + or − indicating
heir sign when necessary to distinguish similar structures. In some
ases, these four dihedral angles are insufficient to distinguish sim-
lar conformers and a fifth dihedral angle is added in parentheses to
efine the electron lone pair orientation of the N�H2 group. In most
onformations, this orientation is cis with respect to the adjacent
ackbone CC bond, such that only alternate orientations (gauche or
rans) are indicated by this fifth dihedral angle.

Eight low-lying and representative higher energy conforma-
ions of H+(His) are illustrated in Fig. 1, with a total of 24 structures
hown in Fig. S2 in the Supporting Information. The protonated his-
idine complex, H+(His), has a set of low energy structures, [N�,N�],
n which the protonated imidazole side-chain hydrogen bonds to
he backbone amino nitrogen (N�H· · ·N�), Fig. 1. If the proton shifts
o N�, retaining a hydrogen bond to N�, the [N�,N�] conformer is
ormed. These structures are not shown in Fig. 1 as the only sig-
ificant distinction from the analogous [N�,N�] structures is the
osition of the bridging proton. Other possible binding motifs are
N�,CO] and [N�,OH], in which the protonated imidazole side-chain
ydrogen bonds to the backbone carbonyl oxygen (N�H· · ·OC) or
ydroxyl oxygen (N�H· · ·OH). The latter are not shown in Fig. 1
ecause they resemble the [N�,CO] structures with the carboxylic
roup rotated by 180◦. Relative Gibbs free energies at 298 K and rel-
tive energies at 0 K including zero-point energy (ZPE) corrections
ith respect to the ground state calculated at three different levels

f theory are given in Table 1 for H+(His). Because the relative Gibbs
ree energies may be more relevant in describing the experimen-
al distributions, these values are used throughout the discussion
elow.

At all levels of theory, the ground state (GS) structure for H+(His)
s [N�,N�]-tggc, Fig. 1. In addition, there are five other stable geome-
ries having this binding motif. Only slightly higher in energy,
–5 kJ/mol, is the tgtc conformer. Both the tggc and tgtc struc-

ures have similar N�H· · ·N� hydrogen bond lengths (1.916 and
.902 Å, respectively), but the former appears to be stabilized by
stronger N�H· · ·OC interaction, as suggested by bond lengths of
.272 and 2.420 Å, respectively. [N�,N�]-ttgc and tttc conformers
6–311+G(2d,2p) basis set with structures and zero-point energies calculated
at the B3LYP/6–311+G(d,p) level of theory. Ground state species are identified in
bold. Italics indicate species that collapse because the TS energy is lower.

are found at slightly higher energies, 4–5 and 5–10 kJ/mol above
the GS, respectively, and have slightly longer N�H· · ·N� hydrogen
bond lengths (1.967 and 1.932 Å, respectively). These conformers
differ from the lower energy structures by the ∠OCCC dihedral
being trans rather than gauche, which rotates the carboxylic acid
such that the N�H· · ·OC hydrogen bond is replaced by a weaker
N�H· · ·OH hydrogen bond, Fig. 1. Finally, the cggc and cgtc con-
formers have geometries similar to the tggc and tgtc structures,
but the hydroxyl hydrogen is rotated such that it no longer inter-
acts with the carbonyl oxygen, Fig. S2, which costs about 31 and
34 kJ/mol, respectively. These conformers have N�H· · ·N� hydrogen
bond lengths of 1.966 and 1.903 Å, respectively. Similar compar-
isons hold for the six analogous [N�,N�] conformers, shown in
Fig. S2. At the B3LYP and B3P86 levels, all [N�,N�] conformers lie
higher in energy than their [N�,N�] counterparts, with the [N�,N�]-
tgtc variant being lowest in energy. In contrast, MP2 calculations
find that the [N�,N�]-tggc and cgtc conformers are slightly lower in
energy than their [N�,N�] analogs, with the tggc conformer being
lowest of the [N�,N�] conformers. The [N�,N�] conformers have
relatively short N�H· · ·N� hydrogen bond lengths of 1.63–1.66 Å,
indicating that the proton generally prefers to be on the N� nitro-
gen.

Eight different [N�,CO] conformers were located with the ctg+g−
structure being the lowest at the DFT levels of theory, 2–4 kJ/mol
above the GS. This structure has the shortest N�H· · ·OC hydrogen
bond length (1.673 Å) among the [N�,CO] conformers and is stabi-

lized by a OH· · ·N� hydrogen bond, Fig. 1. The next four conformers
in energy are all ttgg with N�H· · ·OC hydrogen bond lengths of
1.78–1.83 Å, Figs. 1 and S2. In these conformers, the hydroxyl group
has rotated, losing the OH· · ·N� hydrogen bond and replacing it with
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comparison, and Table 2 makes qualitative assignments of bands
predicted for the [N�,N�]-tggc and [N�,CO]-ctg+g− conformers on
the basis of visualizing the molecular motions. Fig. S3 shows that
the four lowest structures for [N�,N�], all txxc where x = g or t, have

Nπ-H Bond Length (Å)

1.0 1.2 1.4 1.6 1.8

R
e

la
tiv

e
 E

n
e

rg
y 

(k
J/

m
o

l)

-20

-10

0

10

[Nπ,Nα]

[Nα,Nπ]

H+(His) tggc            H+(His) cggc

H+(His) tgtc             H+(His) ctgc

H+(His) tttc              H+(Histamine)

H+(His) ttgc
ig. 1. Structures of the H+(His) complexes calculated at the B3LYP/6–311+G(d,p) l
rotonated histidine are shown in one panel.

n OH· · ·OC interaction augmented by various N�H· · ·O(H) interac-
ions depending on the orientation of the N�H2 group, (g) or (t).
FT calculations find that these species lie 5–11 kJ/mol above the
S and 1–9 kJ/mol above the [N�,CO]-ctg+g− structure, whereas
P2 calculations find that the lowest energy [N�,CO] conformer

s ttg−g+(t) with the ctg+g− variant lying 5 kJ/mol higher. Finally,
here are three higher lying conformers, ctg−g+, ctg−g+(t), and cggg,
aving N�H· · ·OC hydrogen bond lengths of 1.74–1.85 Å, Fig. S2.
he lowest of these, ctg−g+, is stabilized by a OH· · ·N� hydrogen
ond such that it lies 10–15 kJ/mol above ctg+g−. The other two

ie 21–30 kJ above ctg+g−. Four [N�,OH] conformers have struc-
ures similar to the analogous ttgg geometries shown in Fig. 1, with
he carboxylic acid group rotated by about 180◦. These species lie
airly high in energy, 23–38 kJ/mol above the GS conformer and
5–31 kJ/mol above analogous [N�,CO] conformers, Table 1.

We also carefully examined the proton transfer process that
onnects the [N�,N�] and [N�,N�] conformers, locating the tran-
ition state (TS) for all six side-chain orientations, Table 1. B3LYP,
3P86, and MP2(full) level calculations reveal that the barriers
N� → TS) are 6–13, 0–6, and 2–9 kJ/mol, respectively. At the B3LYP
evel, except for tgtc and cgtc, the 298 K free energies of these TSs
ie below that for the associated [N�,N�] conformer, indicating that
he latter collapse with no energy barrier to the analogous [N�,N�]
orm. At the B3P86 level, all six [N�,N�] conformers collapse to the
N�,N�] forms, whereas MP2(full) theory suggests that only the
N�,N�]-ttgc conformer will collapse. Similar trends are found for
he 0 K enthalpies.

Fig. 2 shows the potential energy surfaces along the N�–H–N�

oordinate linking all six [N�,N�] and [N�,N�] conformers calcu-
ated at the B3LYP/6–311+G(d,p) level by explicitly controlling the

� H bond distance and allowing all other degrees of freedom to
ptimize. For comparison, the potential for protonated histamine,
hich is His without the carboxylic acid on the �-carbon, is also

ncluded. It can be seen that in all cases two separate minima in an
symmetric double-well potential exist. Therefore the relative sta-
ilities and instabilities noted above are the result of differences

n zero point energies. This is partially indicated by the zero of
he scale in Fig. 2, which is set to the zero point energy of the
armonically calculated proton motion of the [N�,N�] conformers
scaled frequencies ranging from 3025 to 3170 cm−1). Anharmonic
requency calculations for the [N�,N�]-tggc conformer find a mod-

st shift from 3085 cm−1 (harmonic, 0.975 scaling) to 2937 cm−1

anharmonic, unscaled). Despite this, use of harmonic frequen-
ies on such an anharmonic potential is not exact and use of the
armonic frequency for proton motion of the [N�,N�] conformers
f theory. Dashed lines indicate hydrogen bonds shorter than 2.3 Å. Atomic labels of

would place the zero differently for each conformer. These fre-
quencies range from 2338 to 2465 cm−1 (scaled), which places the
zero point level for these conformers roughly 14 kJ/mol above the
bottom of the [N�,N�] potential wells.

3.3. Comparison of experimental and theoretical IR spectra:
H+(His)

The power-corrected experimental spectrum for H+(His) is
shown in Fig. 3 and exhibits major peaks at 1778, 1609, 1399,
1306, 1132, 822, 676, and 609 cm−1. Additional weaker bands
are observed at 1747, 1433, 1340, ∼990, ∼923, and ∼742 cm−1,
with an unresolved shoulder at 1079 cm−1. Fig. 3 compares the
experimental spectrum with those calculated for the most stable
conformers of [N�,N�], [N�,N�], and [N�,CO], which are the most
likely conformers to be populated along with [N�,N�]-tgtc (and
possibly ttgc) on the basis of the theoretical 298 K free energies,
Table 1. Fig. S3 shows the predicted spectra of all conformations for
Fig. 2. Relaxed potential energy surfaces of H+(His) and H+(histamine) along the
N�–H–N� coordinate linking the [N� ,N�] (left side) and [N� ,N�] (right side) con-
formers calculated at the B3LYP/6–311+G(d,p) level. The energy zero is set to the
zero point energy of the harmonic frequency in the [N� ,N�] potential well.
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Table 2
Experimental vibrational frequencies (cm−1) of H+(His) compared to B3LYP/6–311+G(d,p) frequencies of the [N� ,N�]-tggc and [N� ,CO]-ctg+g− conformers.

H+(His) �exp
a H+(His), �cal

b [N� ,N�]-tggc H+(His), �cal
b [N� ,CO]-ctg+g− Vibrationc

1778 1775 (266) – �CO

1747 – 1736 (291) �CO/�NH (N�)

1609 1610 (76) 1608 (129) �CC (C4C5)/�NH (N� ,N�)/�CH (C5) = �5(Im)
1593 (79) 1623 (44) �NH2

(scissor)
1512 (12) 1516 (8) �CN (C2)/�CH (C2,C5) = �6(Im)

1433 1461 (15) 1459 (14) �NH (N�)/�CN (N�)
1444 (18) 1446 (16) �CH2

(scissor, C�)
– 1408 (19) �NH (N�)/�CN (C4N�)/�COH

1399 1392 (54) – �NH (N�)/�CN (N�) = �7(Im)
1391 (26) – �CH (C�)/�CH2

(wag)/�NH2

– 1387 (568) �COH

– 1367 (7) �CH (C�)/�NH2 (twist)

1340 1341 (1) 1329 (3) �CH2
(wag)/�CH (C�)

1306 1299 (31) 1309, 1267 (7.48) �CH (C�)/�CH (C�)/�(Im)
1292 (21) 1217 (2) �COH/�CH (C�)
1252 (4) – �CCN (C4)/�CH (C�)/�NH2

(twist)/�CH2 (twist)
1239 (6) 1249 (20) �CN (C5N�)/�CH (C5)/�CH2 (wag) = �10(Im)
1205 (2) 1185 (3) �CH2

(twist)/�CH (C�) = �8(Im)
1188 (17) 1150 (2) �NH2

(twist)/�CH (C�)/�CH (C�)
1164 (8) 1165 (4) �CH (C2)/�NH (N�) = �9(Im)

1132 1139 (175) – �COH/�CO(H)

1107 (130) 1126 (172) �NH (N�)/�NH (N�)/�CN (C2)/�CH (C5) = �12(Im)

1079 – 1079 (20) �CN (N�)
– 1067 (17) �CN (C5N�)/�CH (C5)/�NH (N�)

1066 (4) – �CN (C5N�)/�CH (C5) and �CN (N�) = �11(Im)
1061 (40) – �CN (C5N�)/�CH (C5) and �CN (N�) = �11(Im)

990 – 1009 (38) �CC (C�C�)/�NH2
(twist)

1002 (107) – �CN (N� ,sym)/	NH (N�)/�NH2
(wag) = �14(Im)

– 987 (30) 	NH (N�) = �21(Im)
973 (55) – �NH2

(wag)/�CN (CN�)

923 955 (53) 960 (80) 	NH (N�)/�CH (C2) = �21(Im)
946 (41) 933 (18) �NH2 /�CH2

/	NH (N�)
925 (14) 924 (9) � (CN�C) = �15(Im)
889 (3) – �CC (C�C�)

– 882 (83) 	COH

829 (6) – �CC (C�)/�CH (C2,twist)/�NH2 (wag)

822 823 (39) 830 (33) 	CH (in phase, C2 + C5) = �17(Im)
782 (4) – 	CH (out of phase, C2 + C5) = �16(Im)

798 – 809 (137) �NH2
(wag)

– 787 (21), 782 (10) �CC (C�CO)/	CH (C2C5)/�OCO/�NH2
(wag)

742 – 738 (17) �OCO/�CC (C�C�)/	CH (C5)
734 (19) – �CCC (C�)/�OCO/	CH (C5)

– 711 (12) �CCC (C�)/	OCO

676 686 (75) – 	COH/	CN/CC = �18(Im)
669 (54) 670 (63) 	NH (N�)

– 639 (2) 	CN/CC

634 (39) – 	COH/	CN/CC = �20(Im)

609 606 (26) – 	COH/�CC (C4C�)
– 606 (52) 	CNC (N�)

605 (51) – 	COH/	CN/CC = �19(Im)
– 578 (2) �OCC/�CCN (N�)

573 (31) – 	COH/�OCO

a Peak positions taken from the IRMPD spectrum in Fig. 3.
b Vibrational frequencies (cm−1) scaled by 0.975 and IR intensities (km/mol) are given in parentheses.

modes
R

s
c
c
i
s
a
T

c The notation �, �, and 	 refers to stretch, in-plane bend, and out-of-plane bend
ef. [22].

imilar spectra, as do the four analogous structures for [N�,N�]. In
ontrast, the cis orientation of ∠HOCC in the higher-energy cxgc
onformers of both [N�,N�] and [N�,N�] removes the OH· · ·OC

nteraction such that the intense bands associated with the C OH
tretch and COH bend motions shift from ∼1140 to ∼1240 cm−1

nd those for the CO stretch shift from ∼1780 to ∼1800 cm−1.
he four [N�,CO]-cxgg conformers show similar spectra although
, respectively. �i(Im) denote corresponding normal modes of imidazole taken from

the intense band associated with the C OH stretch and COH
bend motions is located at ∼1380 cm−1 (shifted because of the
OH· · ·N� interaction) for ctg+g− and ctg−g+ and at ∼1290 cm−1 for

ctg−g+(t) and cggg, which no longer have the OH· · ·N� interaction.
In these four cases, the CO stretch is red-shifted to ∼1745 cm−1.
In the four [N�,CO]-ttgg conformers, which are all similar, the
CO stretch is red-shifted even further, to 1705–1730 cm−1, and
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ig. 3. Comparison of the experimental IRMPD action spectrum for H+(His) with
R spectra for three low-lying conformations predicted at the B3LYP/6–311+G(d,p)
evel of theory.

he C OH stretch and COH bend returns to ∼1160 cm−1. The four
N�,OH]-txgg conformers are similar to the [N�,CO]-ttgg analogs
xcept the CO stretch has shifted up to ∼1800 cm−1.

The comparison in Fig. 3 shows that the experimental spectrum
s generally consistent with that predicted for the lowest-energy
onformer, [N�,N�]-tggc, Table 1. The principal disagreements are
he lack of predicted bands at 1747 and 1340 cm−1. Relative inten-
ities are not reproduced particularly well, with predicted bands
etween 900 and 1000 cm−1 being too strong and that for the band
t 1132 cm−1 being too weak. If the predicted bands at 1107 and
139 cm−1 were closer together, as they are for the [N�,N�]-tgtc
nd ttgc conformers, Fig. S3, the agreement would improve. The
arbonyl stretch in the observed spectrum at 1778 cm−1 is repro-
uced well by the [N�,N�]-tggc spectrum (1775 cm−1), although
he predicted intensity is too large. The weak bands observed are
enerally more delocalized bends and stretches, Table 2, but they
re reproduced quite well by the [N�,N�] calculated spectra. The
eak at 1747 cm−1 cannot be explained by any of the [N�,N�] or
N�,N�] conformers but is consistent with the predicted [N�,CO]-
xgg spectra. For example, the low-lying [N�,CO]-ctg+g− structure
xhibits a red-shifted carbonyl stretch at 1736 cm−1. The shift
ccurs because this structure forms a hydrogen bond between the
rotonated imidazole side-chain nitrogen (N�) and the backbone
arbonyl, whereas a weaker N�H· · ·OC hydrogen bond is present in
he [N�,N�] and [N�,N�] conformers, Fig. 1. The remainder of the

ands predicted for [N�,CO]-ctg+g− fall at similar positions to those
f [N�,N�]-tggc, such that its presence is consistent with the exper-
mental spectrum. One exception is a band at 882 cm−1, where
ome intensity in the experimental spectrum can also be observed.
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We also note that the extremely intense band at 1387 cm−1 in
the [N�,CO]-ctg+g− spectrum, which corresponds to a COH bend
and C OH stretching motion, shifts to 1342 cm−1 when an anhar-
monic frequency calculation is performed, potentially explaining
the unassigned band observed at 1340 cm−1. The results of the
anharmonic frequency calculation are shown for all the bands in
this frequency range in Fig. S4, along with a comparable calcula-
tion for the [N�,N�]-tggc conformer. Few bands shift appreciably
between the scaled harmonic and unscaled anharmonic calcula-
tion, so the comparison shown in Fig. 3 remains reasonable.

Although much of the spectrum shown for the [N�,N�]-tggc
conformer can agree with the experimental spectrum, Fig. 3, there
is little if any intensity observed near 1500 cm−1, where the pre-
dicted spectra for all six [N�,N�] conformers have intense bands
associated with the umbrella motion of the N�H3 group. Likewise,
there is no evidence in the experimental spectrum for a carbonyl
stretch near 1800 cm−1, suggesting that the [N�,N�]-cgxc, [N�,N�]-
cgxc, and [N�,OH] conformers are not present experimentally. Both
conclusions are generally consistent with the relative energetics of
these species, Table 1.

On the basis of calculated spectra and thermodynamic data,
[N�,N�]-txxc conformers are identified as the major carrier of the
measured IRMPD spectrum with total predicted populations of
68–75% and the tggc and tgtc conformers accounting for most of this
intensity. [N�,CO] conformers are predicted to account for 3–20%,
consistent with the observation of the peak at 1747 cm−1 and per-
haps that at 1340 cm−1. MP2 theory suggests that the [N�,N�]
conformers have a population of 29%, whereas the DFT calculations
put this below 3%. The latter prediction seems more in line with
the experimental observations, although the complex coupling
between the potential wells associated with these conformations
seen in Fig. 2 may complicate this conclusion.

3.4. Comparison of experimental and theoretical IR spectra:
H+(4-phenyl imidazole)

Fig. 4 shows the experimental IRMPD action spectra of H+(PhIm)
and H+(His) compared with calculated IR spectra for the lowest
energy conformer of H+(PhIm). This structure has the proton on
the imidazole nitrogen with the two rings twisted out of pla-
narity by 35◦, Fig. 4. Clearly, protonation anywhere else will be
much higher in energy and the rigidity of the phenyl side-chain
restricts the number of possible structures. The predicted spec-
trum for H+(PhIm) shows a close correspondence to the observed
spectrum, in terms of both band positions and relative intensities.
The primary exception is the band at 1340 cm−1, which is not pre-
dicted accurately, either because the band predicted at 1281 cm−1

is shifted or the band at 1326 cm−1 should be more intense. (An
anharmonic frequency calculation for H+(PhIm) is very similar to
the scaled harmonic spectrum in Fig. 4, with no large shifts in any
band having noticeable intensity.) Notably, the band at 1340 cm−1

in the H+(His) spectrum was also not accurately reproduced, a com-
parison that might suggest that this corresponds to a motion of
the imidazole side chain (in contrast to the assignment based on
the anharmonic frequency calculation). Given these provisos, the
experimental IRMPD action spectrum can be explained adequately
by the calculated spectrum of the ground state conformer.

Detailed analysis of band positions and vibrational assignments
for H+(PhIm) are given in Table 3 on the basis of visualizing the
molecular motions. Although the majority of the bands in the
IRMPD spectrum of H+(PhIm) correspond to motions throughout

the molecule, the most intense bands generally involve vibra-
tions of the imidazole ring. Only the band at 752 cm−1 is primarily
centered in the phenyl ring, an out-of-plane CH bend. Given the
non-polar nature of the phenyl ring, this seems reasonable.
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Fig. 4. Comparison of the experimental IRMPD action spectra for H+(His) and
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Table 3
Experimental vibrational frequencies (cm−1) of H+(4-phenyl imidazole) compared
to B3LYP/6–311+G(d,p) frequencies.

H+(PhIm)
�exp

a
H+(PhIm),
�cal

b
Vibrationc

1606 1609 (126) �CC(C4C5)/�NH (N� ,N�)/�CH (C5) = �5(Im)
1596 (2) �CC(Ph,sym)/�CH (Ph)
1575 (9) �CC(Ph,antisym)/�CH (Ph)

1482 1513 (12) �CN(C2)/�CH (C2,C5) = �6(Im)
1493 (5) �CH(Ph)/�CC (C4CPh)/�NH (N�)

1448 1456 (25) �NH(N�)/�CN (N�)
1444 (12) �CH(Ph)/�CC(Ph,antsym)
1401 (2) �NH(N�)/�CN (N�) = �7(Im)

1339 1326 (3) �CH(Ph,antisym)
1302 (1) �CC(Ph,antisym)/�CH (Ph)

∼1300
(tail)

1281 (12) �CN(C5N�)/�CH (C5)/�CH2
(wag) = �10(Im)

1234 (0.2) �CN(C4N�)/�CH (C5)/�NH (N�) = �8(Im)
1181 (1) �CH(Ph,sym)

1152 1171 (12) �CH(C2)/�NH (N�) = �9(Im)
1164 (0.1) �CH(Ph)
1149 (18) �CH(C2)/�NH(N�) = �12(Im)
1084 (10) �CH(Ph)/�CC (Ph)

1064 1070 (21) �CN(C5N�)/�CH (C5) = �11(Im)
1046 (14) �CN(C4N�)/�CH (C5)/�CH (Ph)

996 990 (4) �CC(Ph,sym)
970 (1) 	CH(Ph)

937 937 (5) �CN(N� ,sym) = �14(Im)
918 (1) 	CH(Ph)
915 (3) � (NC2N) = �15(Im)
830 (1) 	CH(Ph,out of phase)
821 (1) 	CH (in phase, C2 + C5) = �17(Im)
786 (11) 	CH (out of phase, C2 + C5) = �16(Im)
752 (81) 	CH(Ph)

∼710 (wide) 701 (149) 	NH (in phase, N� + N�)
687 (30) 	CH(Ph)
677 (3) �CC(Ph)
664 (6) 	CN/CC = �18(Im)
649 (0.2) 	NH (out of phase, N� + N�)
603 (48) 	CN/CC = �19(Im)

a Peak positions taken from the IRMPD spectrum in Fig. 4.
b Vibrational frequencies (cm−1) scaled by 0.975 and IR intensities (km/mol) are

given in parentheses.
c The notation �, �, 	, and � refers to stretch, in-plane bend, out-of-plane bend, and
+(PhIm) with the IR spectrum for protonated 4-phenyl imidazole predicted at
he B3LYP/6–311+G(d,p) level of theory. The last panel also shows the calculated
tructure.

Comparison of the H+(PhIm) spectrum with that of H+(His)
hows many similar features, Fig. 4. Obvious differences are
hat H+(PhIm) no longer exhibits the carbonyl stretches at
750–1800 cm−1 nor the band at 1139 cm−1 corresponding to the
OH bend and C OH stretch, which gives much of the intensity to
he 1132 cm−1 peak in the H+(His) spectrum. Likewise, the band
t about 700 cm−1 in H+(PhIm) is enhanced by contributions from
he phenyl group. One interesting difference in the two spectra is
he apparent shift in the bands at 1399 and 1433 cm−1 for H+(His)
o 1448 and 1482 cm−1 for H+(PhIm). Actually, the predicted band
ositions between the two molecules do not change apprecia-
ly in this region, but intensities vary because some modes gain

n intensity by interactions with the polar amino acid group in
is. For example, the band at 1399 cm−1 for H+(His), which cor-

esponds mainly to an in-plane N�H bend, is not observed for
+(PhIm) because its predicted intensity has dropped by a factor of
3. Overall, this comparison demonstrates the contributions that
he imidazole side-chain make to the spectrum of H+(His).

.5. Comparison of experimental IR spectra: H+(His) versus
+(histamine)

In a recent study, Lagutschenkov et al. [22] published a detailed
nalysis of the IRMPD spectrum of protonated histamine, a neu-
otransmitter, which is His without the carboxylic acid on the
-carbon. They compared the experimental IRMPD spectrum of
rotonated histamine with predicted IR spectra of several low-
nergy structures, which were characterized by quantum-chemical
alculations at the B3LYP and MP2 levels of theory using the
c-pVDZ basis set. These calculations predict the most stable con-
ormer is the imidazolium-type conformer with protonation at

he imidazole ring and gauche conformation of the ethylamine
ide chain, which is significantly stabilized by an intramolecular
onic N�H· · ·N� hydrogen bond. This structure is equivalent to the
N�,N�] conformers for H+(His), Fig. 1, which are all the same
torsional modes, respectively. Im and Ph refer to imidazole and phenyl, respectively.
�i(Im) denote corresponding normal modes of imidazole taken from Ref. [22].

once H replaces the COOH group. Close in energy is the gauche
ammonium-type N� tautomer, equivalent to [N�,N�] conformers of
H+(His). All other conformations found for H+(histamine) no longer
contain the N�· · ·H· · ·N� hydrogen bond and are therefore much
higher in energy (>32 kJ/mol). Similar to the findings discussed
above for the analogous H+(His) complexes, B3LYP calculations
prefer H+(histamine) [N�,N�], the imidazolium ion structure, by
6.3 kJ/mol, whereas MP2 calculations stabilize the [N�,N�], the
ammonium ion structure, actually finding that it lies lower in
energy by 1.7 kJ/mol. Larger basis sets shift the balance back to the
[N�,N�] structure, with the relative differences between B3LYP and
MP2 remaining. These results are confirmed here where, for the
three levels of theory used above, the [N�,N�]-type is the ground
state by 7.8 (B3LYP), 5.2 (B3P86), and −0.1 (MP2) kJ/mol, respec-
tively.

Good agreement was found between and the experimental
spectrum and the predicted spectrum for H+(histamine) [N�,N�],
whereas the [N�,N�] structure was concluded to contribute

only a minor amount to the observed spectrum. Interestingly,
as Lagutschenkov et al. point out, all other related protonated
neurotransmitter ions studied to date prefer protonation at the
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chain in the IRMPD spectrum of H2
2+(HisArg) decreases the inten-
ig. 5. Comparison of the experimental IRMPD action spectra for H+(His)
ith IR spectra for H+(His)[N� ,N�]-tggc and H+(histamine) predicted at the
3LYP/6–311+G(d,p) level of theory.

lkylamino side chain, such that histamine is unique in its pref-
rence for imidazole protonation.

The IRMPD action spectra of H+(His) and H+(histamine) have
any similar features. Bands at 1609, 1433, 1399, 1340, 1306,

132, 1079, ∼990, ∼923, 822, 798, 676, and 609 cm−1 in the spec-
rum of H+(His) are observed at 1598, 1453, 1389, 1359, 1293,
107, 1075, 997, 909, 830, 788, 685, and 607 cm−1 in the pro-
onated histamine spectrum. This can be seen by a comparison
f the B3LYP/6–311+G(d,p) calculated spectra in Fig. 5. Carbonyl
tretches (1778 and 1747 cm−1) and the OCO bend (742 cm−1) in
he H+(His) spectrum are not observed for protonated histamine
or obvious reasons. Likewise, the COH bend and C OH stretch con-
ributes to the experimental band in H+(His) at 1132 cm−1, thereby
lue shifting it from the 1107 cm−1 observed for H+(histamine),
ssigned to mainly an in-plane N�H bend. Overall, this comparison
s consistent with the assignment above, namely, that the [N�,N�]
orm of H+(His) dominates the experimental spectrum, with addi-
ional contributions from the [N�,CO] form, which is not available
o H+(histamine).

In making this comparison, we did note one interesting
nomaly in comparing IR spectra for the most stable conformer
f H+(histamine) calculated at the B3LYP/6–311+G(d,p) level com-
ared with that reported by Lagutschenkov et al. [22]. They agree
ell over the experimental range examined in most respects,
ith average deviations between band positions of 6 ± 6 cm−1

xcept for the band associated with the out-of-plane N�H bend,
.e., a proton motion perpendicular to the N�–H+· · ·N� hydro-
en bond. Here, our predicted frequency (1016 cm−1, 0.975
caling) differs by 62 cm−1 (after scaling,) with that for the
3LYP/cc-pVDZ calculations (1078 cm−1, 0.98 scaling), where the

atter agree better with experiment (1075 cm−1). This differ-
nce appears to be exclusively one related to the size of the

asis set as B3LYP/aug-cc-pVDZ, B3LYP/cc-pVTZ, and B3LYP/aug-
c-pVTZ calculations yield frequencies for this motion of 1036,
026, and 1018 cm−1 (0.98 scaling); however, this frequency is
early unique in this regard. For example, the in-plane bend
Spectrometry 330–332 (2012) 6–15 13

of the same N�H has calculated frequencies of 1117, 1114,
1121, 1118 (0.98 scaling), and 1113 cm−1 (0.975 scaling) for
cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, aug-cc-pVTZ, and 6–311+G(d,p)
basis sets. All other frequencies in the experimental range of
interest agree with one another with similarly small varia-
tions.

3.6. Comparison of experimental IR spectra: H+(His) and His•+

Recently, Steill et al. [23] used IRMPD spectroscopy to study the
histidine radical cation. They compared the experimental IRMPD
spectrum of His•+ with predicted IR spectra of several low energy
structures, finding a good match with the predicted IR spectrum of
the global minimum structure, a captodative radical ion that has a
structure essentially the same as [N�,CO]-ttg+g−(t) shown in Fig. 1
but without the hydrogen atom on the �-carbon. Notably this rad-
ical center allows the H2N–C–COOH atoms to be nearly coplanar,
allowing resonant stabilization along the NCCO atoms and a shorter
N�H· · ·OC hydrogen bond, 1.68 Å compared to 1.78 Å for [N�,CO]-
ttg+g−(t) as calculated at the B3LYP/6–311+G(d,p) level. The IRMPD
action spectra of H+(His) and His•+ have many similar features.
Bands comparable to those at 1609, 1399, 1132, 822, 742, 676, and
609 cm−1 in the spectrum of H+(His) are also observed in the His•+

spectrum. Key differences in the spectra are shifts in the observed
carbonyl stretches for H+(His) at 1778 and 1747 cm−1 to 1666 cm−1

for His•+, and the presence of a band at about 1490 cm−1 for His•+,
which corresponds to stretches along the N�C�CO backbone. The
latter band clearly shifts because of the resonant delocalization
associated with the radical center. Comparison of the [N�,N�] and
[N�,CO] spectra of Fig. 3 also shows a red shift in the carbonyl
stretch resulting from the stronger N�H· · ·OC hydrogen bond in the
latter structure (and His•+), but not as large a shift as for His•+. This
demonstrates that the resonant delocalization from the C� radical
center of His•+ removes electron density from the carbonyl � bond,
weakening it further.

It is also interesting to consider why an [N�,N�] binding motif is
no longer energetically favorable for His•+, as found for H+(His).
Although an exhaustive search for conformations was not con-
ducted, calculations for His•+ at the present levels of theory find
the captodative radical analog of [N�,N�]-tggc to lie 42–43 kJ/mol
higher in energy than the [N�,CO] ground state. These calculations
show that the NH2 amino group in the [N�,N�] conformer is no
longer nearly planar, becoming pyramidal in order to form the
N�H· · ·N� hydrogen bond, thereby losing the resonant stabilization
of the radical noted above.

3.7. Comparison of experimental IR spectra: H+(His) versus
H+(HisArg) and H2

2+(HisArg)

The Williams group has examined H+(HisArg) and H2
2+(HisArg)

with IRMPD spectroscopy and theory [53]. The IRMPD action spec-
tra of H+(His) and H+(HisArg), the latter protonated on the Arg side
chain, have some similar features. The observed carbonyl stretch
(1788 cm−1), NH bends (∼1650 cm−1), and in-plane hydroxyl bend
(1150 cm−1) in the H+(HisArg) spectrum are also seen for H+(His)
at 1778, 1609, 1132 cm−1, respectively. A sharp, intense peak at
1080 cm−1 is observed for H+(HisArg) that is attributed to the neu-
tral histidine side chain on the basis of a comparison to the IR
spectra of condensed phase imidazole. Consistent with this assign-
ment is the observation that protonation of the imidazole side
sity of this peak appreciably, becoming a shoulder on the intense
1150 cm−1 band. This is comparable to the shoulder observed at
1079 cm−1 in the H+(His) spectrum, Fig. 3, consistent with proto-
nation of the imidazole ring.
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.8. Comparison of experimental IR spectra: H+(His) versus
+(His)

We can also compare the experimental IRMPD spectrum for
+(His) with that for alkali metal cation complexes, M+(His), where
+ = Li+, Na+, K+, Rb+, and Cs+ [25]. There are several similarities

lthough most bands are broader in the protonated species. The
ighest frequency band corresponding to the carbonyl stretch at
778 cm−1 for H+(His) is compared to 1732–1753 cm−1 for the
lkali metal complexes. Clearly, the hydrogen bond between the
rotonated imidazole side-chain nitrogen and backbone amino
itrogen perturbs the carbonyl stretch less than direct binding
o the heavier alkali cations. An intense band at 1125–1157 cm−1

s observed in all spectra, consistent with the fact that the COH
ending and C OH stretching motions of the H+(His) [N�,N�] and
+(His) [CO,N�,N�] conformers are similar. The latter complex is
tridentate structure in which the metal cation binds to the car-
onyl and amino group of the backbone along with the N� nitrogen
f the side-chain. The shoulder at 1079 cm−1 in the H+(His) spec-
rum becomes a sharp, isolated band in the spectra of all M+(His)
omplexes. This is consistent with its identification as a signature
eak associated with a neutral imidazole side chain at 1080 cm−1

53,54] and attributed to CN stretches and in-plane CH and NH
ends of the side chain ring. Observed bands at ∼1580 cm−1 in
he K+(His)–Cs+(His) spectra correspond to an NH2 bend in the
CO,N�,N�] spectra. The comparable band in the H+(His) spectrum
s found at 1609 cm−1, again consistent with more perturbation
nduced by direct metal binding to the N� site.

The theoretical results for K+(His)–Cs+(His) indicate that the
identate [CO,N�] conformer, in which the metal cation binds to
he backbone carbonyl oxygen and nitrogen atom of the imida-
ole side chain, has an intense band near 1400 cm−1, corresponding
o the COH bending motion. This motion is largely unaffected
y the increasing cation size, being observed at ∼1390, ∼1385,
nd ∼1394 cm−1 for K+(His)–Cs+(His). This is also true for H+(His)
N�,CO], being predicted at 1387 cm−1 and observed at 1399 cm−1.
imilarly, weak bands at 742, 822, and 1433 cm−1 are observed in
ll cationized spectra, from Li+(His) to Cs+(His), which seems rea-
onable as these frequencies correspond to motions that mainly
nvolve groups not directly attached to the ion. Interestingly, the
ormer two frequencies become more prominent as the cation size
ncreases, which is consistent with the increasing populations of
CO,N�] and [COOH] conformations for which these modes gain
ntensity compared to [CO,N�,N�]. The weak band observed at
990 cm−1 in H+(His), largely the NH2 wag, can be found in all the
+(His) spectra but has appreciable intensity only in the Li+(His)

pectrum, suggesting that the higher charge density may enhance
he intensity of this mode. The band observed at 676 cm−1 in
+(His) is absent in all the M+(His) spectra, consistent with the pre-
icted IR intensities for these motions, which are greatly reduced
or the metal systems.

. Conclusions

The gas-phase structures of protonated histidine (His) and
he side-chain model, protonated 4-phenyl imidazole (PhIm), are
xamined by infrared multiple photon dissociation (IRMPD) action
pectroscopy utilizing light generated by the free electron laser
ELIX. Comparison of the measured IRMPD spectra to single pho-
on absorption results calculated at a B3LYP/6–311+G(d,p) level of
heory show that H+(His) is characterized by a [N�,N�] conformer

long with some [N�,CO]. These conformers have the protonated
itrogen atom of imidazole adjacent to the side-chain (N�) hydro-
en bonding to the backbone amino nitrogen (N�) and to the back-
one carbonyl oxygen, respectively. Comparison of the spectra for

[

[

Spectrometry 330–332 (2012) 6–15

H+(PhIm) and H+(His) allows identification of the vibrational con-
tributions from the protonated imidazole side-chain. Likewise, the
IRMPD action spectra of H+(His) and H+(histamine) [22], which is
His without the carboxylic acid on the �-carbon, are found to share
many similar features. Comparison of the IRMPD spectra of H+(His)
with that of the His•+ radical cation provides further evidence for
the resonant electron delocalization from the C� radical center of
His•+ that is characteristic of the captodative radical ion identi-
fied by Steill et al. [23]. When compared to results for H+(HisArg),
H2

2+(HisArg) [53], and M+(His) [25], the IRMPD action spectrum of
H+(His) is consistent with protonation of the imidazole ring in only
H+(His) and H2

2+(HisArg). Trends in the frequencies observed for
M+(His), where M+ = H+, Li+, Na+, K+, Rb+, and Cs+, are also explained.
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