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Infrared multiple photon dissociation spectroscopy of cationized 
methionine: effects of alkali-metal cation size on gas-phase 
conformationf
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P. B. Armentrout*"
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DOI: 10.1039/b919039b

The gas-phase structures of alkali-metal cation complexes of the amino acid methionine (Met) 
as well as protonated methionine are investigated using infrared multiple photon dissociation 
(IRM PD) spectroscopy utilizing light generated by a free electron laser. Spectra o f Li ' (Met) 
and N a ' (Met) are similar and relatively simple, whereas the spectra of K ' (Met), R b ' (Met), 
and Cs ' (Met) include distinctive new bands. Measured IRM PD  spectra are compared to spectra 
calculated at the B3LYP/6-31 l~G(d,p) level of theory to identify the conformations present 
in the experimental studies. For Li ' and N a" complexes, the only conformation present is a 
charge-solvated, tridentate structure that binds the metal cation to the amine and carbonyl groups 
of the amino acid backbone and the sulfur atom of the side chain, [N.CO.S]. In addition to the 
[N.CO.S] conformer, bands corresponding to alkali-metal cation binding to a bidentate 
zwitterionic structure, [C02 ], are clearly present for the K ' ,  Rb ' , and Cs ' complexes. Theoretical 
calculations of the lowest energy conformations of R b ' and C s ' complexes suggest that the 
experimental spectra could also include contributions from two additional charge-solvated 
structures, tridentate [COOH.S] and bidentate [COOH], For H ' (Met), the IRM PD  action 
spectrum is reproduced by multiple low-energy [N.CO.S] conformers, in which the protonated 
amine group hydrogen bonds to the carbonyl oxygen atom and the sulfur atom  of the amino acid 
side chain. These [N.CO.S] conformers only differ in their side-chain orientations.

Introduction
Fundamental interactions between biologically relevant metal 
ions and small molecules can have a profound effect on the 
function of complex biological processes. For example, the 
interactions between potassium ions and sulfur-containing 
amino acid methionine (Met) in the outer pore region of 
inward rectifying K ' (Kir) ion channels are an important 
controlling factor in the selective passage of monocations. 1

" Department o f  Chemistry. University o f  Utah. Salt hake City,
UT S4112. USA. E-mail: armentrout(a chem.utah.edu 

h FOM Institute for Plasma Physics "Rijnhuiien", Edisonhaan 14,
3439 MN Nieutvegein, The Netherlands
E lec tro n ic  su p p lem e n ta ry  in fo rm a tio n  (R S I) a v a ilab le : A  d esc rip tio n  

o f  th e  s tru c tu re s  o f  M e t a n d  M  1 (M e t) fo r  M  1 -  Li 1 , N a  1 , K  1 , 
R b  1 . an d  C s 1 . O n e  figure  (S I) d e p ic tin g  th e  G ib b s  free  en erg v  a t  
298 K  calculated  a t  th e  B 3L Y P/6-3I l-G (2 d ,2 p )//B 3 L Y P /6 -3 l l -G (d .p )  
(M  1 -  Li 1 . N a  1 . K  1 ) and  B 3L Y P /H W */6 -3 l l-G (2 d ,2 p )//B 3 L Y P / 
H W *6-3I l-G ( d ,p )  (M  1 -  R b  1 an d  C s 1 ) levels o f  th e o ry . O ne  tab le  
(S I) p ro v id in g  0 K  rela tive  energies calcu la ted  a t  th e  R /H W * / 
6 -3 11 —G (2 d ,2 p ) an d  R /D e f2 T Z V p “ levels o f  th e o ry , w h e r e 'R  -  
B 3 L Y P , B 3P86, an d  M P 2(fu ll), fo r  e ig h t c o n fo rm a tio n s  o f  R b  1 (M et) 
a n d  C s 1 (M et). T w o  ta b le s  (S2 a n d  S3) p ro v id in g  g eo m etric  p a r a ­
m ete rs  (b o n d  leng ths, b o n d  ang les, a n d  d ih e d ra l an g les) fo r  low -energy  
s tru c tu re s  o f  M  1 (M et). T en  ta b le s  (S 4  S I3 ) p ro v id in g  th e  v ib ra tio n a l 
freq u en c ies  an d  IR  in tensitie s  fo r  v a rio u s  c o n fo rm a tio n s  o f  M  1 (M et) 
c a lcu la ted  a t  th e  B 3 L Y P /6 -3 I l - G ( d ,p )  (M  1 -  Li \  N a  \  K  1 ) and  
B 3 L Y P /H W * /6 -3 1  l - G ( d ,p )  (M  1 — R b  1 an d  C s 1 ) levels o f  th e o ry . 
T w o  tab le s  (S I4  an d  SI 5) p ro v id in g  th e  v ib ra tio n a l freq u en c ies  a n d  IR  
in tensitie s  fo r  fo u r  [N ,C O ,S ] a n d  fo u r  [N ,O H ,S ] c o n fo rm e rs  o f  
H  1 (M et) ca lcu la ted  a t th e  B 3 L Y P /6 -3 I l - G ( d ,p )  level.

Recently, the pairwise interactions between Met with the 
alkali-metal cations, Li ' , N a ' ,  and K ' , have been investi­
gated using guided ion beam mass spectrometry.2 Quantitative 
bond dissociation energies were determined and found to be 
consistent with theoretical values predicted for the ground 
state conformations, charge-solvated structures involving 
tridentate bonding of the metal ion to the amine and carbonyl 
groups of the amino acid backbone and the side-chain sulfur 
atom, [N.CO.S] (see nomenclature below), for Li ' and Na ' .  
For Li ' (Met) and Na ' (Met), the [N.CO.S] ground state lies 
well below (>  10 kJ m o! ') any other conformations such that 
quantitative measurements are sufficient to determine the 
identity of the complexes formed experimentally.2 Calcu­
lations indicate that the energy differences between the ground 
state and higher energy conformations decrease as the metal 
cations become heavier. For example, MP2(full) calculations 
predict a ground state of [N.CO.S] for K ' complexed to Met, 
but density functional theory calculations indicate the ground 
state is bidentate with K ' bound to the carboxylate moiety of 
the zwitterionic [C 02 ] conformation and the N H 3 ' group 
hydrogen bonds to the side-chain sulfur atom .2 At both levels 
of theory, the [N.CO.S] and [C 02 ] conformers are separated 
by less than 3 kJ m o f 1. Low-energy conformations are 
likely present for Rb ' and Cs ' complexed to Met as well. 
As such, threshold collision-induced dissociation measure­
ments are unable to distinguish between small differences in 
conformational energy.

3384 j Phys. Chem. Chem. Phys., 2010, 12, 3384-3398 This journal is © the Owner Societies 2010
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Infrared multiple photon dissociation (IRM PD) action 
spectroscopy can be used to examine the presence of specific 
conformations as a function of metal cation size. Previous 
IRM PD studies on M + (Ser)3 and M + (Thr)4 have found that 
the M f =  L if and Na f complexes are bound in a tridentate 
[N.CO.OH] conformer. whereas spectra for M f =  K  f and 
Rb f include evidence of bidentate [COOH] conformations. 
Additionally, the spectra for Cs f serine and threonine com­
plexes also include contributions from a zwitterionic [C 02- ] 
conformer. For M + (Arg). the transition from ground state 
charge-solvated to zwitterionic conformation occurs at 
Na f (Arg).5 The IRM PD action spectra of M f (Asn) maintain 
the charge-solvated tridentate [N.CO.CO] conformation 
throughout the alkali cation series, but also include spectral 
contributions from the [COOH.CO] conformer for K +(Asn) 
to C s f (Asn).(’ A similar progression is seen in IRM PD studies 
of M + (Gln).7 M + (Trp)s and M f (Lys)s transition from 
tridentate to bidentate conformers as the metal ion becomes 
heavier, but still maintain charge-solvated complexes. In the 
present study, we examine whether such trends are influenced 
by having a side chain with a sulfur-containing functional 
group, which tends to bind metal cations at different angles 
compared to analogous ether functional groups.2 Thus, we 
measure the IRM PD action spectra for dissociation of 
M + (Met) complexes, where M f =  Li + . N a+ . K +. Rb + . 
Cs + . and H + . The conformations are identified by comparing 
the experimental action spectra to IR spectra predicted by 
quantum chemical calculations of the low-lying structures 
of the M + (Met) complexes optimized at the B3LYP/ 
6-311 G(d.p) level of theory.

Experimental and computational section
Mass spectrometry and photodissociation

A 4.7 T Fourier transform ion cyclotron resonance (FTICR) 
mass spectrometer was used in these experiments and has been 
described in detail elsewhere.10-12 Tunable radiation for the 
photodissociation experiments is generated by the free electron 
laser for infrared experiments (FELIX ) .13 For the present 
experiments, spectra were recorded over the wavelength range
19.4 nm (520 citT 1) to 5.5 |.im (1820 cm-1). Pulse energies were 
around 50 mJ per macropulse of 5 |.is duration, although they 
fell off to about 20 mJ toward the blue edge of the scan range. 
Complexes were irradiated for 2.5 seconds, which corresponds 
to interaction with approximately 12 macropulses. The fwhm 
bandwidth of the laser was typically 0.5% of the central 
wavelength. Methionine was obtained from Aldrich. Cationized 
amino acids were formed by electrospray ionization using a 
Micromass Z-Spray source and a solution of I mM Met and
I mM alkali-metal chloride (or I mM acetic acid for H + (Met)) 
in 70% : 30% MeOH : H 20 . Solution flow rates were about 
10 |.iL min-1  and the electrospray needle was held at a voltage 
of 3250 V. Ions were accumulated in a hexapole trap for about 
4 s prior to being injected into the ICR cell via an rf octopole 
ion guide. Electrostatic switching of the dc bias of the octo­
pole. where a dc bias voltage is superimposed on the full length 
of all octopole rods, results in there being no change in the dc 
electric field along the axis of the ion guide.12 This decelerates

the ions exiting the octopole such that they can be captured in 
the ICR cell without a gas pulse and collisional heating of the 
ions is avoided.12

Computational details

In previous work.2 Armentrout et al. examined likely con­
formers for L if (Met). N a+(Met). and K +(Met) using a 
simulated annealing procedure that combines annealing cycles 
with quantum chemical calculations.14 The same procedure is 
used here for H + (Met) complexes. Briefly, the AMBER 
program and the AMBER force field based on molecular 
mechanics15 were used to search for possible stable structures 
in each system's conformational space. All possible structures 
identified this way were subsequently optimized using 
NW Chem1(’ at the H F/3-2IG  level.17' 18 Unique structures 
for each system within 50 kJ mol-1  of the lowest energy 
structure ( ~  50 for each complex) were optimized using Gaussian 
03ls at the B3LYP/6-3IG(d) level of theory20'21 with the 
"loose" keyword (maximum step size 0 .01 au and an RMS 
force of 0.0017 au) to facilitate convergence. Unique structures 
obtained from this procedure were then chosen for higher-level 
geometry optimization and frequency calculations using 
density functional theory (DFT) at the B3LYP/6-3I IG(d.p) 
level of theory .22'23 This level of theory has been shown to 
provide a reasonable structural description of comparable 
metal-ligand systems.3'4 '’ Here, we have altered the results 
slightly by reoptimizing at the B3LYP/6-3II G(d.p) level of 
theory. Only small changes are observed as bond lengths 
typically change by <0.03 A. bond angles by <  I and relative 
energies of different conformers are within about 3 kJ mol-1 . 
Single point energy calculations were carried out for the 6-10 
most stable structures at the B3LYP. B3P86. and MP2(full) 
levels using the 6-311 • G(2d.2p) basis set.22 Zero-point 
vibrational energy (ZPE) corrections were determined using 
vibrational frequencies calculated at the B3LYP/6-3! I G(d.p) 
level scaled by a factor of 0.9804.24

For the Rb + (Met) and C s+(Met) complexes studied here, 
all conformations considered previously for K +(Met) were 
used as starting points for geometry and vibrational frequency 
calculations optimized at the B3LYP/HW*/6-311 - G(d.p) level 
where HW* indicates that Rb f and Cs f were described using 
the effective core potentials (ECPs) and valence basis sets of 
Hay and W adt25 with a single d polarization function (ex­
ponents of 0.24 and 0.19. respectively) included.2'’ Relative 
energies are determined using single point energies at the 
B3LYP. B3P86. and MP2(full) levels using the HW*/ 
6-311 G(2d.2p) basis set. In previous work on serine com­
plexes.3 similar HW* calculations were performed for K f 
(Ser) complexes (with an exponent of 0.48 for the d polari­
zation function on K +) in order to assess the accuracy of the 
H ay-W adt ECP-valence basis sets. It was determined that 
vibrational frequencies calculated using the all-electron vs. 
HW* basis sets on K  yield results that differ by an average 
of less than 0.03%. Therefore, we did not perform HW* 
calculations on K +(Met) complexes and conclude that the 
use of the HW* basis sets for the Rb f and Cs f systems should 
yield equivalent results to the all-electron basis sets used for 
the smaller cations. In addition to using the HW* basis sets on

This journal is © the Owner Societies 2010 Phys. Chem. Chem. Phys., 2010, 12, 3384-3398 j 3385
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Rb + and C s+ complexes, we also performed geometry 
optimizations, frequency calculations, and single point energy 
calculations using the DeOTZVP basis sets of triple-^ valence 
quality for all elements.27 These basis sets for Rb and Cs are 
designed to be used with small core ECPs developed by 
Leininger et al.21*

Vibrational frequencies and intensities were calculated using 
the harmonic oscillator approximation and analytical deriva­
tives of the energy-minimized Hessian calculated at the levels 
of theory noted above. 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 
previous IRM PD studies as well.6 S'2S For comparison to 
experiment, calculated vibrational frequencies are broadened 
using a 20 cm 1 fwhm Gaussian line shape.

Results and discussion
Theoretical results

The low-lying structures found for all M + (Met) complexes are 
illustrated by those for Rb f (Met) in Fig. 1. The nomenclature 
used to identify different structural isomers is identical to that 
described previously for the CID study of alkali-mctal aspar­
agine complexes6 and differs somewhat from that utilized in 
the CID study of Met complexes.2 Briefly, conformations 
of M f (Met) are identified by their metal binding site (or 
protonation site) in brackets, followed by a description of 
the methionine orientation by a series of five dihedral angles. 
These dihedral angles start with the carboxylic acid hydrogen 
atom (or analogous proton attached to the N H 3 group for 
zwittcrionic structures) to define the H -O -C -C  dihedral angle 
and proceeds along the molecule to the terminal methyl group 
of the amino acid side chain (O -C -C -C , C -C -C -C , 
C -C -C -S , and C -C -S-C ). The dihedral angles arc distin­
guished as eis (c, for angles between O' and 50 ), gauche 
(g, 50 —135 ') and trans (t, 135 —180 '). Previously, we designated 
the conformations somewhat less completely by designating the 
HOCO angle followed by the last three sidc-chain dihedrals, 
C -C -C -C , C -C -C -S , and C -C -S-C . In all cases, the HOCO 
and HOCC bond angles arc the inverse of one another, i.e., 
c versus t, and the last three dihedral angles arc identical. 
Descriptions of these structures have been provided for the 
cases of M + = L i+ . N a+ . and K + previously,2 and the ESIf 
describes the variations among all five alkali-mctal cations in 
more detail.

Relative energies including zero-point energy (ZPE) correc­
tions with respect to the ground state calculated at three 
different levels of theory arc given in Table 1 for the 
M f (Met) complexes. Because the relative Gibbs free energies 
at 298 K  may be more relevant in describing the experimental 
distributions, these values arc also listed in Table 1 and used 
throughout the discussion below. The overall trends in relative 
Gibbs free energies at 298 K  calculated at the MP2(full) level 
arc shown in Fig. 2. Comparable figures for the relative Gibbs 
free energies at 298 K  calculated at the B3LYP and B3P86 
levels can be found in ESIf, Fig. SI. Conversion from 0 K 
bond energies to 298 K  free energies is accomplished using the 
rigid rotor-harm onic oscillator approximation with rotational

Fig . 1 S tru c tu re s  o f  th e  R b  (M e t) com plexes  ca lcu la ted  a t  the  
R 3 L Y P /H W * /6 -3 1  l+ G (d .p )  level o f  th e o ry . H y d ro g en  b o n d s  a re  
in d ic a ted  by  d a sh ed  lines.

constants and vibrational frequencies calculated at the 
B3LYP/6-31 l-G (d .p ) and B3LYP/HW*/6-31 l-G (d.p) 
levels. In the previous CID study of M f (Met) complexes,2 
three to four sidc-chain orientations were optimized for each 
distinct type of conforma tion, but only the lowest of these arc 
plotted in Fig. 2. For the most part, the calculated IR spectra 
of the various sidc-chain orientations arc very similar, such 
that a comparison with the lowest energy conformcr is suffi­
cient for identification: however, in the comparison between 
calculated and observed photodissociation spectra, spectral 
differences among these orientations will be discussed. There­
fore, higher energy orientations that make up at least 1 % of 
the ion population arc included in Table 1. This corresponds 
to an excitation free energy of ~ 1 2  k j  mol-1 above the 
ground state.

The charge-solvated, tridcntatc [N.CO.S] conformation is 
the lowest energy conformation for L if (Met) and N a +(Met). 
For K  f (Met), Rb + (Mct), and CV fM ct), the [N.CO.S] con­
formcr is low-lying, 0-8, 1 -10, and 5-13 k j  mol 1, respectively, 
higher in energy than the calculated ground state conformcr.

3386 | Phys. Chem. Chem. Phys., 2010, 12,3384-3398 This journal is © the Owner Societies 2010
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F ig. 2 298 K  G ib b s  free energ ies (k J  m o P  ) ca lcu la ted  a t th e  
M P 2 (fu ll) level o f  th e o ry  (from  T a b le  1) o f  e ig h t c o n fo rm a tio n s  o f  
M 1 (M e t) c om plexes  as a  fu n c tio n  o f  th e  a lk a li-m e ta l c a tio n  re la tiv e  to  
th e  en erg y  o f  th e  [N .C O .S ] c o n fo rm e r. T h e  re la tiv e  en erg y  o f  th e  
[C O i -S] s tru c tu re  is h ig h e r th a n  ex p ec ted  fo r  C s 1 because  th e  
o r ie n ta tio n  p re fe rred  fo r Li 1 to  R b  1 co llapses  to  a  h igh  energy  
[C O i ] s tru c tu re .

The zwitterionic [C 02~] conformation lies >  20 kJ m o P 1 higher 
than the [N.CO.S] ground state for L i+(Met), however, as the 
metal cation becomes larger, the energetic difference between 
the [N.CO.S] and [C 02~] conformers decreases to 2-8 kJ m o P 1 
at Na f (Met) and the two structures become nearly isoenergetic 
with one another at K +(Met) through C\ ( Met I. with excita­
tion energies of 0-8. —I to 10. and —I to 13 kJ m o P 1. 
respectively. Fig. 2. The [COOH] conformer, the charge- 
solvated analogue of the zwitterionic [C 02~] structure, starts 
58-71 kJ m o P 1 higher than the ground state for Li+(Met). As 
the metal cation becomes larger, the energy of the [COOH] 
conformer with respect to the ground state quickly decreases, 
but remains higher in energy than the [C 02~] conformation. 
For L if (Met), the [C02~]-[C00H] difference is 3 8 ^3  kJ m o P 1, 
but decreases to 24-26, ~  13, and ~ 4  kJ m o P 1 for M + (Met), 
M f = N a + , K +, and R b + , respectively. For C\ (Met I. the 
difference drops to 0.3-1.9 kJ m o P 1. The charge-solvated, 
tridentate [COOH.S] conformation lies 19-23 kJ m o P 1 above 
[N.CO.S] at Na + (Met). For L i+ (Met), this structure collapses 
to the bidentate [CO,S], A t the MP2 level o f theory, the 
[COOH,S] conformer becomes the lowest energy state for 
Rb + (Met) and Cs + (Met), lying 2 and 5 kJ m o P 1, respectively, 
below [CO,~], but the DFT calculations indicate the opposite 
order, with [COOH,S] lying 3-5 and 0-1 kJ m o P 1, respec­
tively, above [C 02- ]. Overall, the 298 K  free energies o f the 
[N,CO,S], [C 02“ ], [COOH], and [COOH.S] conformers all lie 
within 10 and 13 kJ m o P 1 of one another for Rb + (Met) and 
CS (MetI. respectively.

The [C 0 2~.S] conformer, the zwitterionic analogue of the 
charge-solvated [COOH,S] conformer, lies 11-14 kJ m o P 1 
above the [COOH,S] structure for Na + (Met); however, 
as the metal cation becomes larger, the difference between 
these two tridentate structures increases eventually reaching a 
difference of 31-32 kJ m o P 1 at Cs + (Met). The charge- 
solvated, tridentate [N,OH,S] conformer lies 30-35 kJ m o P 1 
above the [N,CO,S] ground state for L if (Met) and remains 
fairly high in energy, only getting to within 21-30 kJ m o P 1 of

the [N,CO,S] conformer for Cs + (Met). The charge-solvated 
bidentate [N,CO] conformer is 27-36 kJ m o P 1 higher than 
the tridentate [N,CO,S] ground state at L if (Met), but the 
difference between these two types of complexes decreases with 
larger cations, differing by 1-8 kJ m o P 1 at Cs + (Met). Similar 
behavior is also observed for the charge-solvated, bidentate 
[CO,S] structure.

The [C 02~] and [COOH] conformers differ only in the 
position of the hydrogen atom shared by the carboxylic acid 
and amino groups, which moves only by 0.88 A  for L if (Met) 
to 0.75 A  for Cs + (Met) for the ctggg orientation. Therefore, 
we also located the transition states (TSs) between these 
conformers using the synchronous transit-guided quasi-newton 
(STQN) method30 at the B3LYP/6-3! i-G (d .p) (M + = L if , 
Na + , and K +) and B3LYP/HW*/6-3! i-G (d .p) (M + = R b + 
and Cs + ) levels. Single point energies were calculated at the 
three levels listed above using the 6-31I-G(2d.2p) basis set for 
M + = N a + and K + and HW*/6-3! !-G(2d.2p) 
basis set for M f = Rb f and Cs + . 0 K  energies for these 
TSs with ZPE corrections are 37-43, 18-24, 9-15, 3-7, and 
1-5 kJ m o P 1 higher in energy than the [C 02~] ctggg con­
formers for M f = Li + , Na + , K + , Rb + , and Cs + , respec­
tively. When compared to the energies of the [COOH] 
ctggg conformer, the TS is 3 kJ m o P 1 lower for M f = 
Li + , 4-8 kJ m o P 1 lower for M f = Na + , 2-7 kJ m o P 1 lower 
for M f = K +, 4 kJ m o P 1 lower to I kJ m o P 1 higher for 
M f = Rb + , and 2 kJ m o P 1 lower to 3 kJ m o P 1 higher for 
M f = C s+ . Therefore, once ZPEs are included, the [COOH] 
ctggg conformer of Li + (Met), Na + (Met), and K +(Met) 
collapses to the lower energy zwitterionic [C 02~] ctggg 
with no barrier to proton transfer, whereas for Rb + (Met) 
and Cs + (Met), small barriers for proton transfer of ~  I and 
~ 3  kJ m o P 1, respectively, are calculated at the B3LYP and 
MP2(full) levels, but no barrier is found at the B3P86 level.

In order to more completely evaluate the utility o f the HW* 
basis sets for the heavier Rb f and Cs f metal cations, relative 
free energies at 298 K  for their complexes with Met were also 
calculated utilizing the Def2TZVP basis sets at the B3LYP, 
B3P86, and MP2(full) levels o f theory. Table 2. Relative 0 K  
energies utilizing the same basis set treatment are presented in 
ESI+, Table SI. Overall, the relative free energies using the 
Def2TZVP basis sets change very little compared to the results 
o f the HW*/6-3I !-G (2d,2p) basis set. For Rb + (Met), DFT 
energies from both treatments agree that the [C 02~] con- 
former is the lowest energy structure. MP2(full) calculations 
using the HW* and Def2TZVP basis sets predict that a 
[COOH,S] conformer is the lowest energy conformer. 
The MP2(full) energies using the HW* basis set predict that 
the [C O r], [N.CO.S], and [COOH.S] conformers lie within
2 kJ m o P 1 o f one another for HW* and less than 0.5 kJ m o P 1 
with the Def2TZVP basis set. For all basis sets, [C 02~], 
[N,CO,S], [COOH], and [COOH,S] conformers lie within 
10 kJ m o P 1 of one another.

For Cs + (Met), the B3P86 level of theory with the HW* 
basis set maintains that the [C 02~] structure is the lowest 
energy complex, whereas the B3LYP and MP2(full) levels of 
theory calculate a [COOH,S] conformer as the lowest energy 
state. Additionally, all levels of theory with the Def2TZVP 
basis set determine the [COOH,S] conformer to be the lowest
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T ab ic  1 R e la tiv e  energ ies  a t  0 K  a n d  free  energ ies  a t  298 K  (k J  m ol ')  o f  low -ly ing  c o n fo rm e rs  o f  c a tio n ized  M et"

C o m p lex S tru c tu re B 3 L Y P B 3P86 M P 2 (fu ll)

Li 1 (M et) [N .C O .S Jtgcg t 0.0 (0 .0) 0.0 (0 .0) 0.0 (0 .0)
[N .C O .S Jtgcgg 6.1 (6 .0) 6.3 (6 .2) 5.2 (5.1)
[N .C O .S Jtggg t 11.2 (10.8) 11.2 (1 0 .8 ) 11.6 (1 1 .2 )
[N .C O .S Jtgggg 12.9 (12.2) 12.9 (12.3) 12.4 (11.7)
[C O , Jctggg 27.4  (24.5) 23.1 (20.2) 30.3 (27.4)
[N .C O Jtg tg t 31.9 (28.1) 3 1 .4 (2 7 .5 ) 40.0  (36.2)
[N .O H .S Jtggg t 33.5 (32.9) 35 .6  (35.0) 30.1 (29.6)
[C O .SJctggg 40.5 (37.3) 3 9 .4 (3 6 .2 ) 52.0 (48.8)
[C O , .SJcgggg 52.2 (51.9) 48 .6  (48.4) 47.2  (46.9)
T S [C O , .C O O H ] 68.0 (64.5) 60.2 (56.7) 73.0 (69.5)
[C O O H Jctggg
[C O O H .sjcgggg*

70.6 (65.4) 63 .6  (58.5) 75.8 (70.7)

N a  1 (M e t) [N .C O .S Jtgcg t 0.0 (0 .0) 0.0 (0 .0) 0.0 (0 .0)
[N .C O .S Jtgcgg 7.3 (7.1) 7.6 (7 .4) 6.8 (6 .6)
[N .C O .S Jtggg t 8.7 (8.6) 8.6 (8 .5) 8.1 (8 .0)
[C O , Jctggg 10.1 (7.7) 4 .6  (2 .3) 10.5 (8.2)
[C O , Jcgtgg 10.3 (7.9) 5.6 (3 .2) 13.3 (10.9)
[N .C O .S Jtgggg 12.2 (11.9) 1 1 .6 (1 1 .3 ) 9 .4  (9.1)
[C O , jc tgg t 12.8 (10.3) 7.6 (5 .1) 14.8 (12.3)
[N .C O Jtg tg t 23.3 (19.3) 21.8 (17.8) 27.1 (23.0)
[C O O H .SJcgcgg 29.3 (23.4) 2 5 .2 (1 9 .3 ) 26.8 (20.9)
[C O .SJctggg 29.3 (26.6) 26.8 (24.1) 36.2 (33.5)
[N .O H .S Jtggg t 32.6 (31.8) 34.3 (33.5) 29.9 (29.2)
T S [C O , .C O O H ] 33.3 (30.7) 23.0 (20.4) 34.3 (31.7)
[C O O H Jctggg 37.8 (33.2) 3 1 .0 (2 6 .5 ) 38.7 (34.1)
[C O , .SJcgggg 37.9 (37.3) 33 .6  (32.9) 32.9 (32.3)

K 1 (M et) [C O , Jctggg 0.0 (0 .0) 0.0 (0 .0) 1.7 (1.3)
[C O , Jcgtgg 0.7  (0.4) 1.5 (1 .2) 5.0 (4.2)
[C O , Jctggt 2.6  (0.9) 2.8 (1 .2) 5.5 (3.5)
[N .C O .S Jtgcg t 2.7 (3.1) 7.8 (8 .2) 0.0 (0 .0)
[N .C O .S Jtggg t 9.3 (9.9) 1 4 .4 (1 5 .0 ) 5.4 (5.5)
[N .C O .S Jtgcgg 10.1 (10.3) 15.3 (15.6) 7.1 (7.0)
[N .C O .S Jtgggg 10.8 (12.7) 14.8 (16.6) 3.3 (4.7)
[C O O H .SJcggg t 12.6 (11.1) 15.1 (13.5) 10.0 (8 .1)
[C O O H .SJcgcgg 13.0 (13.1) 15.3 (15.4) 8.5 (8.2)
[C O O H .s jcg g g g 13.1 (13.0) 15.1 (14.9) 7.8 (7.2)
T S [C O , .C O O H ] 13.5 (13.0) 9 .4 (8 .9 ) 15.2 (14.3)
[N .C O Jtg tg t 15.2 (12.2) 1 9 .9 (1 6 .8 ) 1 7 .6 (1 4 .2 )
[C O O H Jctggg 1 5 .4 (1 2 .6 ) 1 6 .0 (1 3 .2 ) 17.3 (14.1)
[C O .SJctggg 18.1 (15.5) 2 1 .6 (1 9 .0 ) 22.4 (19.4)
[C O , .SJcgggg 29.3 (28.6) 30.2 (29.6) 24.6 (23.5)
[N .O H .S Jtggg t 34.1 (33.4) 4 0 .4 (3 9 .7 ) 29.2 (28.0)

R b  1 (M e t) [C O , Jctggg 0.0 (0.0) 0.0 (0.0) 1.7 (1.9)
[C O , Jcgtgg 0.9 (0.6) 1.8 (1.5) 5.3 (5.3)
[C O , jc tgg t 2.5 (1.6) 2.8 (1.9) 5.8 (5.1)
[N .C O .S Jtgcg t 5.0 (4.9) 10.0 (9.9) 0.9 (1.1)
[C O O H Jctggg 6.4 (3.4) 7.5 (4.5) 8.4 (5.7)
[C O O H Jcgtgg 6.5 (3.9) 7.8 (5.2) 10.6 (8.3)
[C O O H .SJcggg t 6.6 (2.7) 9.1 (5.2) 3.9 (0.4)
[C O O H .SJcgcgg 6.7 (5.7) 9.3 (8.3) 2.0 (1.3)
[C O O H .s jcg g g g 7.2 (5.6) 9.4 (7.8) 1.4 (0.0)
T S [C O , .C O O H ] 7.4 (6.HI 3.3 (2.7) 8.8 (8.5)
[C O O H Jctgg t 9.2 (5.7) 10.5 (7.0) 12.8 (9.7)
[N .C O .S Jtgggg 10.1 (11.7) 13.9 (15.5) 0.0 (1.9)
[N .C O .S Jtggg t 10.6 (10.7) 15.6 (15.7) 4.5 (4.9)
[N .C O .S Jtgcgg 12.3 (10.51 17.5 (15.7) 8.2 (6.7)
[N .C O Jtg tg t 12.5 (H.H) 17.4 (13.7) 13.3 (10.0)
[C O .SJctggg 13.0 (10.2) 16.5 (13.7) 16.4 (13.9)
[C O , .SJcgggg 2H.7 (24.H) 29.1 (25.2) 23.7 (20.1)
[N .O H .S Jttg g g 34.0 ( 36.7) 37.9 (40.5) 19.9 (22.81

C s 1 (M e t) [C O , Jctggg 0.0 (1.2) 0.0 (0.0) 3.2 (5.8)
[C O , Jcgtgg 1.1 (4.2) 1.8 (3.6) 7.6 (11.9)
[C O O H Jcgtgg 1.3 (1.6) 3.0 (2.1) 7.4 (9.0)
[C O O H Jctggg 1.5 (1.6) 3.1 (1.9) 4.7 (6.1)
[C O O H .S Jc tgg t 2.5 (0.0) 5.0 (1.3) 1.2 (0.0)
[C O , Jcgggt 2.8 (4.3) 3.1 (3.3) 7.6 (10.4)
[C O O H .SJcgcgg 3.2 (4.7) 6.0 (6.3) 0.2 (3.0)
[C O O H Jctgg t 4.0 (1.9) 5.9 (2.5) 9.3 (8.4)
[C O O H .SJcgggg 4.2 (4.8) 6.7 (6.0) 0.4 (2.4)
T S [C O , .C O O H ] 4.7 (6.5) 0.7 (1.3) 7.7 (10.9)
[N .C O .S Jtgcg t 7.2 (9.1) 12.2 (12.8 ) 3.7 (7.0)
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Tabic 1 (continued)

C o m p lex S tru c tu re B 3 L Y P B 3P86 M P 2 (fu ll)

[N .C O .S ]tgggg 9.3 (12.91 13.2 (15.6) 0.0 (4.9)
[C O .S ]ctg tg 9.4 19.21 13.1 (11.71 13.3 (14.4)
[N .C O ]tg tg t 11.0 19.S ) 16.2 (13.Si 12.5 (12.6)
[N .C O .S ]tggg t 11.6 ( 13.2) 16.6 (16.91 6.3 (9.1)
[N .C O .S ]tgcgg 12.0 (10.41 16.9 (14.0) 9.0 (S.7)
[C O , ,S]cgcgg 30.1 (32.2) 31.1 (32.0) 27.7 (31.1)
[N .O H .S ]ttg g g 32.9 (37.61 36.7 (40.1) 19.S (25.7)
[N .C O .S ]tg tgg 0.0 (0 .0) 0.0 (0 .0) 0.0 (0 .0)
[N .C O .S ]tgggg 2.6  (3.0) 2.0  (2.4) 0 .4  (0.8)
[N .C O .S ]tg tg t 2.7 (1.9) 3.1 (2.3) 3.9 (3.1)
[N .C O .S ]tggg t 3.6  (3.3) 3.2 (2.9) 2.5 (2.2)
[N .O H .S ]tg tg g 15.4 (12.7) 1 6 .6 (1 3 .9 ) 14.5 (11.8)
[N .O H .S ]ttg g g 17.2 (17.4) 17.7 (17.9) 13.7 (13.9)
[N .O H .S ]tg tg t 17.5 (13.9) 19.2 (15.6) 17.9 (14.2)
[N .O H .S ]ttg g t 18.9 (17.9) 1 9 .8 (1 8 .8 ) 16.5 (15.5)

' F re e  energ ies  in  p a re n th e se s . A ll va lues ca lcu la ted  a t th e  level o f  th e o ry  in d ica ted  u s in g  the  6-311 + G (2 d .2 p ) b asis  set w ith  s tru c tu re s  a n d  ze ro -
p o in t energ ies c a lcu la te d  a t th e  B 3 L Y P /6 -3 1 1 + G (d .p ) level o f  th eo ry . V alues in  ita lics  use  th e  H W *  basis  set o n  th e  m e ta l. 1 
c o n fo rm c r  fo r  L i 1 (M e t) co llap ses  to  [CO.S],

T h e  [C O O H .S]

T ab ic  2 R e la tiv e  free energ ies  a t 298 K  (k J  m o l ')  o f  low -ly ing  
c o n fo rm a tio n s  o f  ca tio n ized  M et ca lcu la ted  u s in g  d iffe ren t basis  sets"

C o m p lex S tru c tu re HW * /6 -3 1 1 + G (2d .2p ) D ef2 T Z V P

R b  1 (M et) [ C 0 2l c t g g g 0.0. 0 .0 . 1.9 0 .0 . 0.0 . 0 .5
[N .C O .S ]tgcg t 4.9. 9 .9 . 1.1 2.5. 7.3. 0.2
[C O O H Jctggg 3.4. 4 .5 . 5.7 4 .5 . 5.3. 7.2
[C O O H .S ]cggg t 2.7. 5.2. 0 .4 4 .1 . 6.3. 0 .0
[C O O H .S ]cgggg 5.6. 7.8. 0 .0 6.5. 8.4. 1.4
[N .C O ]tg tg t 8.8. 13.7. 10.0 7.8. 12.5. 11.1
[C O .S ]ctggg 10.2. 13.7. 13.9 9.4. 12.7. 13.7
[C O , -S]cgggg 24.8 . 25 .2 . 20.1 23.3. 23 .3 . 15.4
[N .O H .S ]ttg g g 36.7 . 40 .5 . 22.8 35.7. 39.6. 24.8

C s 1 (M et) [C O , ]ctggg 1.2. 0 .0 . 5.8 3.4. 1.1. 7.5
[C O O H Jctggg 1.6. 1.9. 6.1 5.6. 4.8 . 11.8
[C O O H .S ]ctgg t 0.0. 1.3. 0 .0 0.0. 0.0 . 0 .0
[N .C O .S Jtgcg t 9.1. 12.8. 7.0 9.0. 11.3. 8.7
[C O .S ]ctg tg 9.2. 11.7. 14.4 11.6. 13.0. 18.0
[N .C O Jtg tg t 9.8. 13.8. 12.6 11.6. 14.3. 17.8
[C O ,~ .S ]cgcgg 32.2 . 32.0. 31.1 32.9. 31.3. 28.6
[N .O H .S Jttggg 37.6 . 40 .1 . 25.7 39.4. 40 .9 . 30.2

“ V alues listed  a re  calcu la ted a t th e  B 3 L Y P . B 3P86 an d  M P 2 (fu ll)
levels o f  th e o ry  using  th e  in d ica ted  basis  set. 1 'o r th e  D ef2 T Z V P  basis  
set o n  a ll e lem en ts , g eo m e trie s  a n d  ze ro -p o in t energ ies w ere  ca lcu la ted  
a t th e  B 3 L Y P /D e f2 T Z V P  level o f  th eo ry .

energy structure. For both basis sets, all three levels of theory 
predict that the [N.CO.S] conformcr lies 4—13 kJ mol 1 above 
the lowest energy conformation. The [COOH] conformcr lies 
0-4 k j mol 1 above the [CO, ] conformcr at all levels of theory.

The vibrational frequencies calculated using the HW*/ 
6-311 'G (d.p) and DeOTZVP basis sets are identical within 
about 2 cm_l for the R b ' (Met) and C s '(M e t)  complexes. 
These results further indicate that the HW*-calculations are 
adequate to describe relative energies and vibrational frequencies 
for the M ' (Met) set of systems.

Finally, all levels of theory predict that the [N.CO.S] tgtgg 
conformcr is the lowest energy structure of the H ' (Met) 
system. Table 1. Additional [N.CO.S] orientations lie within 
~ 3  k j mol 1 of the tgtgg conformcr. The [N.OH.S] analogues 
lie 11-16 k j mol s higher with respect to the analogous 
[N.CO.S] conformers at all levels of theory.

IRMPD action spectroscopy

Photodissociation spectra of Met complexed with L i ' ,  N a ' , 
K ' , R b ' ,  Cs"'\ and 11 were examined. For the Na"'", K . 
Rb ' , and Cs"'" complexes, photodissociation resulted in the 
loss of the intact ligand leaving the atomic metal cation. This 
result is consistent with collision-induced dissociation (CID) 
results for N a '(M e t)  and K '(M e t ) .2 For the complexes of 
K ' ,  Rb ' , and Cs"'", Fig. 3 shows IRM PD action spectra 
taken from the relative intensity of the M ' product cation as a 
function of laser wavelength. For N a '(M e t) , the results 
shown in Fig. 3 correspond to the depletion spectrum of the 
reactant complex as the N a" ion was difficult to collect in 
the FTICR and no other photodissociation products were 
observed for the Na"'" (Met) system. Because of these difficulties, 
the Na ' (Met) spectrum only spans 900 to 1800 cm '.

For L i ' (Met), the CID spectra exhibit four low-energy 
channels corresponding to the loss of N H 3, N H 3 - CO, 
C3HgS, and C3HgS - H 20 .2 The first two dissociation path­
ways were also observed in the IRMPD spectrum for L i' (Met) 
and have the greatest intensity upon photodissociation. Two 
additional channels consisting of the loss of 1LO - CO and 
CHjSH were also observed in the IRMPD spectrum, but these 
decomposition pathways encompass less than 10% of the photo­
dissociation signal. The sum of these four decomposition path­
ways is shown as the IRMPD action spectrum in Fig. 3. For most 
bands, loss of N H 3 (deamination) is 2-3 times more intense than 
the loss of NH 3 - CO, which is expected as deamination is the 
lowest energy decomposition pathway in the CID spectra of 
L i' (Met). However, these two dissociation pathways have the 
same intensity for bands at 1445 and 1595 cm '.

For H ' (Met), the IRM PD spectrum shown in Fig. 3 com­
prises the sum of the decomposition pathways corresponding 
to the loss o fN H ,. H ,0  - CO, H20  - CO - N H 3, H20  - 
CO - CH 3SH, and H20  - CO - N H 3 • C 2H2. All of 
these decomposition pathways are consistent with observed 
products in the CID spectra of H "'" (Met) produced by electro­
spray ionization31 and fast atom bombardm ent.32 The deami­
nation channel has about five times more intensity than the 
loss of H20  - CO throughout the spectrum. The latter three

This journal is © the Owner Societies 2010 Phys. Chem. Chem. Phys., 2010, 12, 3384-3398 j 3389
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Fig. 3 In frared  m ultip le  p h o to n  d issociation  action  spectra o f  M - (M et) 
com plexes, w here  M -  -  L i- . N a - . K.- . R b - . C s - . an d  H - .

channels make up approximately 5% of the product intensities 
from photodissociation.

Comparison of the IRM PD spectra in Fig. 3 shows that the 
features observed in the L i+ (Met) spectrum are retained for all 
of the metal cation complexes, but that new spectral features 
begin to appear for K f (Met). The major band at 17 16 cm-1 
shifts to the blue as the metal cation becomes heavier and the 
bands at 1160 and 1015 cm-1  shift to the red. Spectral features 
at 735, 1085, and 1595 cm-1  remain largely unchanged as the 
size of the metal ion increases. The band at 1445 cm-1  for 
L if (Met) red shifts to 1430 cm-1  in Na f (Met), and the photo­
dissociation signal in this frequency range increases substantially 
for K f (Met), Rb f (Met), and C s+(Met). A new band emerges 
at 1670 cm-1  for K f (Met) and R b f (Met), but is less distinct for 
C s+(Met). These progressions suggest multiple conformers are 
now present in the IRM PD spectra for the K + , R b+ , and Cs + 
complexes. O f considerable interest here is that the spectra for 
K f (Met), Rb + (Met), and C s+(Met) are virtually identical. In 
contrast, the IRM PD action spectrum for H + (Met) closely 
resembles a broadened version of the L i+ (Met) spectrum, 
with the exception that the highest frequency band blue shifts 
to 1770 cm-1  and there is a distinct peak at 865 cm-1 .

Comparison of experimental and theoretical IR spectra:
L i+(Met)

Fig. 4 shows the experimental IRM PD action spectrum along 
with calculated IR spectra for the seven distinct conformers of

L i+ (Met). In making these comparisons, it should be remem­
bered that the calculated IR intensities may not correspond 
exactly with the action spectrum because the latter is a multi­
ple photon process, whereas the theoretical IR spectra are 
based on single photon absorption. Given this information, it 
is clear that the bands predicted by the [N,CO,S] conformer 
correspond well with the observed spectrum and have com­
parable relative intensities. All major bands are present with 
comparable theoretical and experimental frequencies. Alter­
native side-chain orientations of the [N,CO,S] conformer are 
sufficiently low in energy (Table I) that they could also 
contribute to the experimental spectrum. According to the 
relative free energies in Table I, the tgcgg conformer could 
comprise 8- 11% with the other two conformers contributing 
less than 2 % presuming an equilibrium distribution at room 
temperature. The calculated frequencies for these higher 
energy structures are included in ESI+. No other distinct 
conformers are predicted to be low enough in energy to 
contribute to the experimental spectrum.

The band observed at 1716 cm-1  corresponds to the carbonyl 
stretch, which explains its large intensity. The CO stretch 
predicted by the [N,CO,S]tgcgt conformer at 1705 cm -1  agrees 
with the observed band, but is red shifted by ~  10 cm-1 . The 
three higher energy [N,CO,S] conformers have comparable 
CO stretching frequencies at 1708 (tgcgg), 1712 (tgggt), and 
1711 (tgggg) cm-1 . Interaction with the lithium cation results 
in a red shift of this band with respect to free Met, calculated 
as 1758 and 1782 cm-1  depending on the specific confor­
mation. The observed band at 1595 cm-1  has the largest 
deviation with the calculated spectra for the [N,CO,S] tgcgt 
conformer, which has a band predicted at 1624 cm -1 
(a frequency essentially invariant for the other orientations). 
This band describes the bending motion of the NFL group 
and its predicted position is largely unaffected compared to 
~  1627 cm -1  band for neutral Met. Such deviations between 
experiment and theory have been observed for NFL bending 
modes in other systems3'4'33'34 and are believed to result from 
strong anharmonic effects. The peaks observed at 1445, 1160, 
1015, 740, 680, and 610 cm -1 are well represented by the 
spectra calculated for the [N,CO,S] conformer. The band at 
1445 cm -1  is a conglomerate of vibrations corresponding to 
HCH bends in the amino acid side chain. The band at 
1160 cm-1  is primarily associated with bending of the 
H -O -C  angle of the carboxylic acid moiety. This is one of 
the few bands where the spectra of the various [N,CO,S] 
conformers differ somewhat. The observed band corresponds 
particularly well with the calculated ground state tgcgt 
conformer, as this has the most intensity at 1163 cm-1  with 
a shoulder at 1183 cm-1 . The shape of the band predicted for 
the tgcgg conformer is also similar to the observed spectra with 
a strong band at 1163 and shoulder at 1186 cm-1 . The tgggt 
orientation has a single strong band at 1173 cm-1  with a 
shoulder at 1148 cm-1  and the tgggg orientation has two 
bands of equal intensity at 1164 and 1174 cm-1 . The profiles of 
these latter two bands do not agree as well with the observed 
spectrum, consistent with them making only small contribu­
tions to the observed spectrum. The [N,CO,S] spectra have 
predicted bands at 1021—1033 cm-1 , the NFL wagging motion, 
which is slightly blue shifted with respect to an observed peak

3390 j Phys. Chem. Chem. Phys., 2010, 12, 3384-3398 This journal is © the Owner Societies 2010
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F ig . 4  C o m p a ris o n  o f  th e  e x p er im e n ta l IR M P D  a c tio n  sp ec tru m  fo r  L i (M e t) w ith  IR  sp ec tra  p red ic te d  a t th e  B 3 L Y P /6 -3 1 1 -G (d ,p )  level o f  
th e o ry  fo r  seven c o n fo rm a tio n s .

at 1015 cm Observed peaks at 610, 680, and 740 cm 
correspond to wagging motions of the carboxylic acid 
hydrogen atom  and match the predicted spectra for all 
[N.CO.S] conformers well. Broad and weak bands observed 
at 800-900 cm 1 and 1250-1350 cm 1 are also consistent with 
predicted bands in the [N.CO.S] spectra. Finally, there is a 
weak band observed at 1080 cm 1 that could correspond to a 
weak band in the [N.CO.S] calculated spectra associated with 
synchronous C -C  and C -N  bond stretches.

It is quite clear that the observed spectrum for Li ' (Met) 
does not include any contributions from the zwitterionic 
[CO, ] and [CO, ,S] conformers. The intense carbonyl stretch 
predicted at 1620 and 1656 cm respectively, is much lower 
in frequency compared to free Met and the observed spectrum. 
Additionally, the broad bands at 1250-1500 c m i n  the 
predicted zwitterionic spectra are inconsistent with the experi­
mental spectrum. There does not appear to be any contribution 
from the [N.OH.S] tgggt conformer either. Compared to the 
[N.CO.S] calculated spectrum, this conformation has minimal 
diagnostic bands. The CO stretch (1835 cm ') is considerably 
blue shifted with respect to the observed band at 1716 cm 
but lies beyond the frequency range for the experimental 
spectrum. The major band predicted at 1029 cm 1 overlaps 
with the predicted band at 1030 cm 1 in the [N.CO.S] spectrum. 
Therefore, the bands at 577, 649, and 707 cm 1 corresponding 
to the wagging motion of the acid hydrogen atom  are the most

diagnostic bands and do not match the observed spectrum. 
Although the predicted spectrum for the [N,CO] tgtgt con- 
former has a number of similarities to that for [N.CO.S] tgcgt, 
we can dismiss any contribution from the [N,CO] tgtgt con­
formation for L i ' (Met). First, the carbonyl stretch of the 
bidentate conformation (1690 cm ') is red shifted with respect 
to the observed band at 1716 cm 1 and calculated frequency of 
1705-1712 c m i n  the [N.CO.S] conformation. Second, 
the predicted spectrum shows a low frequency shoulder for 
the band at 1160 cm which is not observed. Finally, the 
predicted profile for the observed band at 1015 c m m a tc h e s  
that predicted for the NH> wagging motion in the [N.CO.S] 
tgcgt and tgegg conformations at 1030-1033 cm with a 
weaker low frequency shoulder and a steep profile at higher 
frequencies, in contrast to the relative intensities of these 
bands in the [N,CO] tgtgt spectrum. Similarly, the [CO,S] 
and [COOH] spectra do not reproduce the experimental 
spectrum with any fidelity. Overall, the experimental IRM PD 
action spectrum can be explained completely by the calculated 
spectra of the ground state [N.CO.S] tgcgt and tgegg conformers.

Comparison of experimental and theoretical IR spectra: 
N a+(Met)

The Na (Met) spectrum is very similar to the L i ' (Met) 
spectrum over the available range of 900 to 1800 cm
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Fig. 3. Subtle differences with respect to the action spectrum of 
L i ' (Met) are present and include a blue shift in the band 
at 1716 cm 1 to 1734 cm-1 and bands that red shift from 
1015 cm 1 to 1000 cm ', 1160 cm 1 to 1140 cm and 1445 cm 1 
to 1430 cm '. Bands located at 1080 and 1595 cm-1 are 
unaffected. Comparison of the experimental spectrum with 
the theoretical spectra for Na ' (Met) is shown in Fig. 5. As for 
L i ' (Met), the predicted [N.CO.S] tgcgt spectrum shows a 
close correspondence to the limited observed spectrum for 
Na ' (Met). Notably, the predicted carbonyl stretch frequency 
shifts to higher frequency by 16 cm -1 from L i' (Met) to 
N a ' (Met), in agreement with the experimental observation. 
Likewise the N IL  bending band at 1595 cm 1 is predicted not 
to shift from Li ' (Met) to Na ' (Met), consistent with experi­
ment. Overall, the predicted spectra for the [N.CO.S] con- 
formers of Li ' (Met) and Na ' (Met) accurately represent the 
changes observed with metal cation identity.

The major peaks observed in the Na ' (Met) depletion 
spectrum at 1735, 1430, 1140, and 1000 cm-1 were also 
observed in the Na ' product ion spectrum (not shown): 
however, the weak bands observed at 1650, 1595, and 1080 cm-1 
in the depletion spectrum were not present in the Na ' product 
ion spectrum. The weak band at 1650 cm -1 cannot be 
described by the [N.CO.S] tgcgt conformer, but could corres­
pond to the carbonyl stretch (really an antisymmetric carbox- 
ylate stretch) for the zwitterionic [C 0 2 ] ctggg and cgtgg

conformers calculated to lie at 1639 cm '. It is possible that 
the experimental spectrum could contain the [C 02 ]ctggg and 
cgtgg conformers, which are calculated to lie 2-11  k j  mol 1 
above the [N.CO.S] tgcgt ground state. Table 1. One might 
anticipate that the presence of the [C 02 ] conformer would 
also lead to a signal increase near 1440 cm "1: however, the low 
intensity of the 1650 cm-1 band suggests that this would be 
hidden by the spectral features already present from [N.CO.S]. 
If  the relative intensities of the bands at 1734 and 1650 cm -1 
are reliable indicators of the relative populations of the two 
conformers (and this may not be the case for the reasons noted 
above), then the [C 02 ] conformer would represent ~ 7 %  of 
the signal present (consistent with an excitation energy of
6.4 kJ mol 1 at 298 K).

Comparison of experimental and theoretical IR spectra: 
K+(Met) and Rb+(Met)

Fig. 6 and 7 show the experimental IRM PD  action spectrum 
of K ' (Met) and R b ' (Met) compared with theoretical predic­
tions for the seven lowest energy distinct conformations. 
Compared to the experimental spectra for L i ' (Met) and 
Na ' (Met), the IRM PD  spectrum of K ' (Met) retains the 
same bands, but new features are present. Fig. 3. The spectrum 
for R b ' (Met) is very similar to that for K ' (Met), having the 
same number of new bands compared to the Li ' (Met) and
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Na + (Met) spectra. These new bands could be attributed to 
new conformers present or could be attributed to improved 
sensitivity by more facile dissociation from this weakly bound 
system. However, in no case do the new experimental bands 
correspond to previously unobserved peaks in the predicted 
spectrum for [N.CO.S]. Hence, there is no indication that 
enhanced sensitivity can explain the new features.

New bands in the observed spectrum of K + (Met) 
[Rb f (Met)] occur at 875 [880]. 960 [955]. 1225 [1230]. 1405 
[1395]. and 1670 [1670] cm-1 . The band at 1430 [1430] cirT 1 
has grown in intensity with respect to Na + (Met) and a broad 
low frequency shoulder is now present. Overall, a comparison 
between the K + (Met) and Rb + (Met) spectra with those of 
L if (Met) and Na + (Met) shows a considerable increase in 
photodissociation in the region from 750 to 1400 cm-1 . The 
[N.CO.S] conformers may still be present as the predicted 
carbonyl stretch of 1724-1730 [1731-1737] crrT1 agrees well 
with the corresponding band observed at 1735 [1742] cm-1; 
however, carbonyl stretches of the [COOH] (1733 [1743] crrT1) 
and [CO.S] (1732 [1739] crrT1) conformers are equally con­
sistent. The frequencies for the bending mode of the N H 2 
group in the [N.CO.S] spectra (1618-1626 [1618-1624] c itT 1) 
are still blue shifted by ~ 30  crrT1 with respect to the observed 
band at ~  1595 [1590] cm-1, consistent with observations for 
L if (Met) and Na + (Met). The intense calculated band at 
1149—1152 [1143-1148] crrT1 corresponding to the C -O -H

bending mode of the [N.CO.S] conformer matches the observed 
spectrum for K + (Met) [Rb + (Met)] well. Likewise, the wagging 
motions of the acidic hydrogen atom at 730 [735] and below 
700 cm -1  in the observed K + (Met) [Rb + (Met)] spectrum are 
also well characterized in the calculated spectra for the 
[N.CO.S] conformer. These bands demonstrate the presence 
of the [N.CO.S] conformer as it and the higher energy [N.CO] 
are the only conformers with bands in this frequency range. 
Bands observed at 960 [955]. 1100 [1090]. and the shoulder at 
1430 [1430] cm -1 could also have contributions from the 
[N.CO.S] conformer.

A prominent new peak at 1670 [1670] cm -1 in the observed 
spectra for K + (Met) [Rb + (Met)] indicates the presence of 
the zwitterionic [C 02_] conformer. Calculated spectra for 
these conformers indicate this band appears at 1649-1650 
[1660-1661] cm -1  for K + (Met) [Rb + (Met)]. The appearance 
of this new peak is accompanied by the band observed at 1405 
[1395] crrT1 along with a broad shoulder to the red. These new 
bands can be attributed to the intense band calculated at 
1417-1423 [1408-1413] crrT1 in the predicted spectra for the 
three [C 02_] conformers along with several bands extending 
from 1225 [1230] to 1405 [1395] cm-1. Bands observed at 875 
[880] and 1100 [1090] crrT1 can also be described by bands 
calculated in all [C 02_] spectra.

Overall, the experimental spectra for K + (Met) and 
Rb + (Met) are adequately represented by contributions from

This journal is © the Owner Societies 2010 Phys. Chem. Chem. Phys., 2010, 12, 3384-3398 j 3393
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the [N.CO.S] and [CO,- ] conformcrs. This is consistent with 
calculations for K +(Mct), which indicate that any other 
conformcrs lie at least 7 kJ mol-1 higher in energy. Table I. 
Thus, at 298 K, contributions from [COOH.S] conformations 
arc calculated to be < 6 % and those for any other conformcr 
arc <  I %. For Rb + (Mct), both the [COOH.S] and [COOH] 
conformcrs lie low enough in energy (0-8 and 3-10 kJ mol-1 , 
rcspcctivcly. Table I) to potentially contribute to the ion 
population. Indeed, the broad band observed at 1405 
[1395] cm-1 for K +(Mct) [Rb + (Mct)] could have contribu­
tions from the intense bands at 1378— 1386 [ 1374—1389] cm -1 
for the [COOH.S] conformcrs. which arc attributed to the 
C -O -H  bending mode. The relative intensities of the peaks 
observed at 875 [880] and 960 [955] cm-1 arc also consistent 
with similar bands in the calculated spcctra of the [COOH.S] 
egggg and egggt conformations, but notably not of the highest 
energy egegg orientation. Discounting the prcscncc of the 
[COOH.S] conformcrs is the fact that the calculated carbonyl 
strctchcs (1750—1756 [ 1756—1763] cm-1) arc blue shifted by 
15-20 cm- 1 with rcspcct to the observed band at 1735 [1742] cm- ', 
in contrast to the red shift of ~  15 cm-1 observed for this band 
in the L if (Met) and N a + (Mct) spcctra. There arc no high 
frcqucncy shoulders in this region of the observed spcctra that 
would be consistent with the prcscncc of considerable amounts 
of both the [N.CO.S] and [COOH.S] conformcrs. although 
minor amounts of the latter would lead to simple broadening

of this peak, which is possibly consistent with the data. In 
contrast, the carbonyl strctchcs at 1733—1735 [ 1743—1745] cm-1 
for the [COOH] conformcrs agree well with the CO strctch 
observed in the IRM PD spcctra and would simply overlap the 
contribution from the [N.CO.S] conformcr present. These 
three [COOH] conformcrs lie within 4 kJ mol-1 of one another 
for K +(Mct) and Rb + (Mct), Table I. These conformcrs also 
have an intense peak prcdictcd at 1403 [1404-1410] cm -1 that 
could correspond to the observed peak at 1405 [1395] cm-1. 
The [COOH] conformcr has no additional distinctive bands 
that allow its prcscncc to be verified. In conclusion, wc can 
confidently attribute the observed spcctra of K  + (Mct) and 
Rb + (Mct) to dissociation from [N.CO.S] and [CO,- ] con­
formcrs, but cannot rule out contributions from [COOH,S] 
and [COOH] conformcrs.

Comparison of experimental and theoretical IR spectra:
Cs + (Met)

Fig. 8 shows the IRM PD action spcctrum of Cs + (Mct) with 
theoretical predictions for seven low-cncrgy distinct confor­
mcrs. All of the spcctra! features for K +(Mct) and Rb + (Mct) 
arc still present in the Cs + (Mct) spcctrum. Fig. 3, with the 
only diffcrcnccs being increases in relative intensity between 
700-900 and 1200-1400 cm-1 . Therefore, all of the com­
parisons between the observed spcctrum and the prcdictcd

3394 j Phys. Chem. Chem. Phys., 2010, 12, 3384-3398 This journal is © the Owner Societies 2010
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Fig . 8  C o m p a ris o n  o f  the  e x p er im e n ta l IR M P D  a c t io n  sp ec tru m  fo r  Cs 
o f  th e o ry  fo r seven c o n fo rm a tio n s .

spectra mentioned in the previous section are still viable. Both 
[N.CO.S] tgcgt and [C 02“] conformers appear to contribute to 
the observed spectra with intensity changes indicating that 
there is more [C 02“ ] compared to [N.CO.S], consistent with 
the changes in the relative energies calculated as a function of 
metal cation. The presence of [COOH] and [COOH.S] con­
formers is again possible, although the peak corresponding to 
the carbonyl stretch provides no strong indications that these 
latter conformers are present.

Comparison of experimental and theoretical IR spectra:
H + (Met)

Fig. 9 shows the IRM PD action spectrum of H f (Met) with 
theoretical predictions for three low-energy conformations. 
The H f (Met) complex is unique among all the systems 
investigated here as the proton is covalently bound to the 
amine group of the amino acid backbone. Only two spectra 
are shown for the four low-energy [N.CO.S] conformations 
described in Table 1 as the calculated IR spectra are identical 
for tgtgg and tgtgt orientations and for tgggg and tgggt 
orientations. The calculated spectrum for the [N.OH.S] tgtgg 
conformation is also shown for comparison. The experimental 
spectrum exhibits bands at 1775. 1560. 1455. 1330. 1230. 1155. 
1050. 975. 865. 710. 620. and 580 c m "1. The observed peak at 
1775 cm" 1 corresponds to the carbonyl stretch. The peaks at

60 0  8 0 0  1000 1200  1400  1600 1800

F req u en cy  (cm ’1)

(M et) w ith  IR  sp ec tra  p red ic ted  a t the  B 3 L Y P /H W * /6 -3 1 1 + G (d .p ) level

1560 and 1455 cm" 1 correspond to the N H j bending and NHj 
umbrella motions, respectively. Observed bands at 1330 and 
1230 cm" 1 correspond to wagging motions of the alpha carbon 
hydrogen atom and CH 2 groups of the amino acid side chain. 
The H -O -C  bending motion is represented by the peak 
observed at 1155 c m "1. The peak at 975 corresponds to 
elongation of the C-C  and C -N  bonds in the backbone, while 
the band at 865 cm" 1 corresponds to the NH 2 rocking motion. 
The three peaks at 710. 620. and 580 cm" 1 are wagging 
motions of the acidic hydrogen atom.

The IRM PD action spectrum is well described by the 
[N.CO.S] calculated spectra. The H f (Met) carbonyl stretch 
in the observed spectrum (1775 c m "1) is reproduced extremely 
well by the [N.CO.S] spectra (1768-1770 cm "1), whereas the 
CO stretch is blue shifted nearly 45 cm" 1 (1820 cm "1) for 
the [N.OH.S] tgtgg conformer. Therefore, it is unlikely that the 
observed spectrum includes any contribution from the 
[N.OH.S] conformers. consistent with their calculated relative 
energies (Table 1). which would predict <0.5%  population at 
298 K. This peak is red shifted compared to the neutral ligand 
by much less than any of the metal cation complexes, con­
sistent with a more delocalized charge in the H f (Met) com­
plex. The bending and umbrella motions of the N H , group in 
the calculated spectra for H f (Met) are blue shifted with 
respect to the observed peaks at 1455 and 1560 c m "1. This 
further illustrates that the single photon calculations cannot

This journal is © the Owner Societies 2010 Phys. Chem. Chem. Phys., 2010, 12, 3384-3398 j 3395
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Fig . 9  C o m p a ris o n  o f  the  e x p er im e n ta l IR M P D  a c t io n  sp e c tru m  fo r 
H  ' (M et) w ith  IR  sp ec tra  fo r tw o  o f  th e  fo u r  low'cst energy  [N ,C O ,S] 
c o n fo rm e rs  an d  th e  low'cst energy  [N .O H .S ] c o n fo rm e r p red ic te d  a t 

th e  B 3L Y P/6-31 l+ G (d ,p )  level o f  th e o ry .

adequately dcscribc the multiple photon spectra for umbrella 
or bending motions of the amine group. The broad peak 
spanning 1375-1500 c itT 1 in the observed spectrum is a 
conglomerate of the bands corresponding to the umbrella 
motions at 1470-1475 c itT 1 for the [N.CO.S] conformations, 
as well as the band at 1390 cm-1. The calculated spectra 
predict a band associated with the H -O -C  bending mode at 
1160 cm-1 , which agrees with the 1155 cm -1 peak in the 
observed spectrum. The large shoulder located at frequencies 
below the 1155 c itT 1 peak is reproduced by the shoulder of the 
tgggg/tgggt calculated spectrum, which indicates that these 
higher energy orientations arc definitely present. The observed 
spectrum from 580 to 1000 c itT 1 is reproduced quite well by 
the [N.CO.S] calculated spectra. The band at 865 c itT 1 with a 
low frequency shoulder is consistent with the presence of 
both tgtgg/tgtgt and tgggg/tgggt orientations. The largest 
discrepancy in the low frequency region is the calculated 
band at 640 c itT 1 is blue shifted with respect to the observed 
peak at 620 cm-1 . As noted above, the 865 cm -1 band in the 
H "'(Met) spectrum, which corresponds to the rocking motion 
of the N H 2 group, docs not appear in the Li"'" (Met) spectrum. 
Fig. 3. This is because the strong tridentate interaction of the 
lithium ion effectively quenches this rocking motion from 
occurring, whereas the bidentate interactions of the proton 
allow it.

We can now provide a more global comparison of the main 
features in all five spectra in Fig. 3. The predicted frequencies 
for the CO stretch of the [N,CO,S]tgcgt conformer change 
from 1705 c itT 1 for L i' (Met), 1721 c itT 1 for N a '(M c t) , 
1728 c itT 1 for K '(M c t) , 1736 c itT 1 for R b '(M c t) , and 
1739 c itT 1 for C s ' (Met) (1732 c itT 1 for the tgggg orien­
tation), in agreement with the observed blue shift in the 
experimental spectra from 1716 cm-1 for L i' (Met), 1734 cm-1 
for Na ' (Met), 1735 c itT 1 for K '(M c t) , and 1742 c itT 1 for 
both R b ' (Met) and C s '(M ct). The CO stretch of the 
[COOH] conformers shows a similar shift with metal cation, 
changing from 1733-1735 cm -1 f o r K ' ,  1743-1745 cm -1 for 
Rb ' , and 1746-1749 cm -1 for Cs ' : however, because these 
bands arc blue shifted compared to the [N,CO,S] conformer, 
appreciable contributions of the [COOH] conformers would 
be expected to lead to larger blue shifts in the experimental 
spectrum than observed. Likewise, the CO stretch for the 
[COOH.S] conformers, 1750-1756 citT 1 for K  ' , 1747-1763 citT 1 
for Rb ' , and 1753-1764 c itT 1 for Cs ' , is blue shifted even 
further, again suggesting that this species docs not make major 
contributions to the experimental spectrum. The observed 
band at 1158 cm -1 in the L i ' (Met) spectrum red shifts 
to 1145 c itT 1 for C s ' (Met). This shift is consistent with 
that predicted for the in-plane COH bending motion 
of [N,CO,S]tgcgt conformers with predicted frequencies of 
1168 citT 1 for L i' (Met), 1160 citT 1 for Na ' (Met), 1152 citT 1 
for K ' (Mct), 1148 c itT 1 for Rb ' (Mct), and 1145 c itT 1 for 
Cs ' (Met). Although the band at 1595 c itT 1 is not accurately 
predicted because of its anharmonicity, this band docs not 
shift with metal cation identity, in agreement with the predictions 
for the [N,CO,S] tgcgt conformers. No shifts arc predicted for the 
broad band at 1430 cm-1, which becomes a high frequency 
shoulder in the spectra for K ' (M ct)-Cs' (Met). Likewise the 
bands at about 730 citT 1 observed in all the spectra arc predicted 
to red shift somewhat, from 738 to 724 c itT 1 in going from 
L i' (Met) to Cs ' (Mct). The good agreement in these trends 
provides further evidence that the [N.CO.S] tgcgt conformer is 
present for all the IRM PD action spectra in Fig. 3.

The antisymmetric CO stretch of the [C 02~] conformers 
first appears in the IRM PD  action spectrum for Na"'" (Met) at 
1650 c itT 1 and blue shifts to 1670 c itT 1 for both K ' (Met) and 
R b ' (Met). This band is not as well defined for Cs"'" (Met), but 
the photodissociation signal at similar frequencies can only be 
described by the presence of [C 02~] conformations. The 
predicted bands of all [C 02~] conformers agree well with the 
observed bands and arc predicted to shift from 1639 to 
1661 cm-1 in going from Na"'" (Met) to R b ' (Met). The umbrella 
motions of the N H j group in the [C02~] conformers arc 
predicted at 1417-1426 c itT 1 for K  ' (Mct), 1408-1417 citT 1 
for R b ' (Met), and 1402-1411 citT 1 for C s ' (Met). This 
decrease in frequencies with heavier metal ion is consistent with 
the IRM PD action spectra for K ' (Mct), R b ' (Mct), and 
C s ' (Mct) with peaks located at 1405, 1395, and 1390 cm-1, 
respectively. Fig. 3, with a consistent shift to lower frequencies 
compared to experiment of ~  15 cm-1.

The theoretical results for Rb ' (Met) and Cs ' (Met) indicate 
that the [COOH.S] and [COOH] conformers arc low-energy

Overall comparison

3396 j Phys. Chem. Chem. Phys., 2010, 12, 3384-3398 This journal is © the Owner Societies 2010
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structures and could be present in the IRM PD action 
spcctra. These conformcrs have intense bands prcdictcd near 
1400 cm-1 , corresponding to the C -O -H  bending motion, 
which arc the most diagnostic bands in their calculated 
spcctra. This motion is largely unafFcctcd with increasing 
cation size for both conformcrs. For the [COOH.S] conformcrs, 
this motion is prcdictcd at 1378-1386 cm-1 for K '(M ct), 
1374-1389 cm-1 for R b '(M ct), and 1377-1386 cm-1 for 
C s '(M ct). These prcdictcd frcqucncics do lie eloser to the 
observed peaks at 1405, 1395, and 1390 cm-1 for K '(M ct), 
R b '(M ct), and C s '(M ct), respectively, than the frcqucncics 
corresponding to the umbrella motion of the N H j group in the 
[C 02_] conformcrs, but the frcqucncics increase as the metal 
gets heavier for the egggg orientation and changc very little for 
egggt and egegg orientations instead of the red shift experi­
mentally observed. Likewise, the C -O -H  bending modes of the 
[COOH] conformcrs arc prcdictcd to occur at 1403 c u r 1 for 
K  ' (Met), 1404-1410 cm-1 for Rb ' (Met), and 1405-1407 c u r 1 
for Cs ' (Met). Bccausc the observed bands at ~  1400 c a r 1 arc 
broad in these three spcctra, contributions from these two 
conformations cannot be eliminated.

Conclusion
The IRM PD action spcctra of cationizcd methionine in the 
region of 550-1800 cm -1 have been obtained for complexes 
with Li ' , N a ' , K ' ,  R b ' , C s ' , and H ' . Comparison of 
these experimental spcctra with IR spcctra calculated at 
the B3LYP/6-31 l-G (d .p ) and B3LYP/HW*/6-31 l-G (d .p ) le­
vels of theory allow the conformations likely to be present in 
the experiment to be identified. For the H ' (Met) system, the 
IRM PD spcctrum is characterized by four [N.CO.S] con­
formcrs that differ only in their sidc-chain orientation and 
therefore little in energy (within 4 kJ mol-1). For the alkali- 
mctal cationizcd systems, these comparisons suggest that the 
chargc-solvatcd [N.CO.S] conformcr is the only structure 
present in the IRM PD action spcctrum for L i ' (Met) and 
N a ' (Mct), consistent with it being the dear ground state 
conformation according to theory. This spccics remains 
a contributor for all metal cations studied. Contributions 
from the [C 02_] conformcr, which bccomcs the ground state 
according to D FT calculations as the metal cation gets 
heavier, dearly manifest themselves for K  ' (Met), Rb ' (Met), 
and Cs ' (Mct). Theory suggests that [COOH.S], the ground 
state conformcr for Rb ' (Mct) and Cs ' (Mct) according to 
MP2(full) calculations, and [COOH] conformcrs should also 
be present for R b ' (Mct) and C s ' (Mct). The experimental 
IRM PD action spcctra cannot eliminate the prcscncc of these 
conformcrs, but do not require their prcscncc to be reproduced. 
The photodissociation spcctra of K ' (Mct), R b ' (Mct), and 
C s ' (Met) have very similar spcctral features and arc considerably 
more complcx than IRMPD spcctra of K  ' , Rb ' , and Cs ' 
bound to other amino acids.3 8
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