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Abstract

The room-temperature reactivities of complexes of Cu+ and Ag+ with glycine have been investigated using an inductively
coupled plasma-selected ion flow tube (ICP-SIFT)/multicollision-induced dissociation (CID) tandem mass spectrometer.
These complexes were produced in a flow tube, collisionally thermalized and then allowed to react with CO, D2O or NH3.
The measured reactivities of the CuGly+ and AgGly+ complexes have been compared with those of the bare metal cations
towards the same neutral reagents. All observed reactions resulted in adduct formation, with helium buffer gas presumably
acting as a stabilizing agent. Reaction rate enhancements of up to three orders of magnitude and lower extents of ligation were
the main characteristics of the reactions initiated by the metal cation–glycine adducts as compared with those initiated by the
bare metal cations. The kinetic information combined with equilibrium analyses and CID results suggest that, irrespective of
the reagent, ligation to CuGly+ is stronger than to AgGly+ and, in both instances, ligation of carbon monoxide and water
has comparable strengths, while much stronger coordination is achieved with ammonia. The structures of the complexes have
been investigated computationally using density functional theory (DFT) at the B3LYP level employing the DZVP basis set.
Optimized structures and the free energy changes associated with ligation have been computed. A good correlation was obtained
between the experimental reaction efficiencies and the calculated free energies of bonding. Also, results are presented for the
potential energy surfaces for the conversion of the “charge solvated” forms into the “metal salt” forms of CuGly+ and AgGly+
and of their adducts with CO or NH3. The computations indicate a modest catalytic effect of the CO and NH3 on this conversion.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Gas-phase transition metal ion chemistry has expe-
rienced explosive growth in the recent past[1–3] and
has been stimulated in part by the importance of tran-
sition metal ions in a wide variety of fields including
catalysis, organometallic reactions and especially in
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biochemistry where metal ions can be very influential
in determining the three-dimensional structures of
nucleic acids[4–7]. For many proteins, a variety of
metal ions are required to interact with the appropriate
peptides in order for the latter to be able to carry out
their regulatory or structural functions[8]. It is there-
fore important that we advance our understanding of
the interactions of these metal ions with molecules of
biological importance.

Transition metal ions, such as Cu+, also play
very important roles in biological processes such as
oxidation, dioxygen transport and electron transfer
[9–12]. Compounds containing Ag+ are used as po-
tent antibacterial agents[13] and also are among the
most toxic towards bacteria and other microorga-
nisms.

The tendency of a variety of metal ions to bind
to peptides has been exploited in the field of mass
spectrometry in which metal ions such as Li+, Na+,
Cu+ and Ag+ have been used as ionizing agents for
peptide sequencing[14–16]. Also, since amino acids
are the basic constituents of proteins and can be used
to model the reactivities of more complicated biolog-
ical systems, their interactions with metal ions in the
gas phase are topics of much current interest[17–19].
Gas-phase mass spectrometry experiments allow the
study of the ‘intrinsic’ modes of binding governing
metal–amino acid complexes.

Recently, the kinetic method has been used to ob-
tain ladders of relative Cu+ and Ag+ affinities of al-
most all essential�-amino acids[20,21]. Theoretical
studies also have investigated the interaction of Cu+

and Ag+ with amino acids, including the smallest
one, glycine[22–25].

Here we investigate the reactivities of Cu+ and
Ag+ complexed with glycine in the gas phase towards
three neutral molecules that have biological relevance:
carbon monoxide, water and ammonia. Measured
rate coefficients and product ion distributions for the
reactions of these metal–cation–glycine adducts are
compared with those obtained for reactions of the
bare metal cations with the same neutral reagents.
The structures and energetics of the resulting product
ions are investigated theoretically.

In the gas-phase glycine is known to exist in the
neutral form (H2N–CH2–COOH) [26a–d] while in
the solution phase the zwitterionic form (H3

+N–
CH2–COO−) is dominant [27]. Calculations have
shown that the glycine zwitterion does not exhibit a
potential minimum in the gas phase but that the in-
teraction of a metal cation with glycine can stabilize
the zwitterionic form[29a–d]. Here we investigate
this stabilization and determine the difference in
stability of the neutral and the zwitterionic form of
glycine–metal cation complexes. The influence of a
ligand such as CO or NH3 was also considered in
order to examine any catalytic effects these ligands
might have on the interconversion between the two
forms of these glycine–metal cation complexes.

2. Experimental

The experiments were performed with the newly
configured inductively coupled plasma-selected ion
flow tube (ICP-SIFT) tandem mass spectrometer[30].
The atomic metal cations Cu+ and Ag+ were gener-
ated in an argon plasma at 5500 K fed with a vapor-
ized solution containing the metal. The ions produced
were injected through a differentially-pumped sam-
pling interface into a quadrupole mass spectrometer
and, after mass analysis, they were introduced through
an aspirator-like interface into flowing helium carrier
gas at 0.35 ± 0.01 Torr and 295± 2 K. The atomic
ions emerging from the atmospheric pressure plasma
have a Maxwell–Boltzmann kinetic and internal en-
ergy distribution characteristic of the plasma temper-
ature. However, these populations are downgraded by
collisions with argon atoms during sampling, as well
as by collisions with He in the flow tube and by ra-
diative decay before entry into the reaction region.

Metal–glycine adduct ions were generated by
adding glycine vapor directly into the flow tube from
a heated stainless steel tubular inlet maintained at
a fixed temperature of about 200◦C. The flow of
glycine could not be adjusted for optimum adduct
formation but the first adduct was predominant at
the sublimation temperature employed. For example,
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the ion/signal ratios Cu+:CuGly+:Cu(Gly)2
+ =

66:10:1.
After experiencing about 105 collisions with He

atoms, the ions were allowed to react with added neu-
tral reagents. The mixture was sampled still further
downstream with a second quadrupole mass spec-
trometer followed by an electron multiplier where
reactant and product ion signals were measured as
a function of added neutral reactant. The resulting
profiles provide information about reaction rate coef-
ficients, product ion distributions and reaction molec-
ularity. Rate coefficients for the primary reactions
were determined in the usual manner[31a,b]from the
rate of decay of the reactant ion intensity with added
neutral reagent (with an uncertainty estimated to be
less than±30%). Rate coefficients for secondary
and higher-order reactions could be obtained by fit-
ting the experimental data to solutions of differential
equations for successive reactions.

The multicollision-induced dissociation (CID)[32]
of sampled ions was investigated by raising the po-
tential of the sampling nose cone from−4 to −80 V.
Thresholds for dissociation are obtained from plots
of relative ion intensities as a function of accelerat-
ing voltage and these provide information on bond
connectivities and relative binding energies. They
do not provide absolute thermochemical information
since the dissociation proceeds under multicollision
conditions.

The glycine sample used in this work was purchased
from Sigma-Aldrich and was of 99.9% purity. Reac-
tant neutrals were introduced into the reaction region
either as mixtures in helium or as vapors diluted in
helium to various levels. All neutrals were obtained
commercially and were of high purity (>99.5%); the
neutral reagents were used without further purifica-
tion, except for D2O that was subjected to multiple
freeze–pump–thaw cycles to remove non-condensable
gases. D2O was used instead of H2O to improve mass
resolution and because of background H2O in the
buffer gas. The ammonia experiments were also per-
formed with ND3 to check mass assignments, but only
NH3 kinetics are reported. No significant isotope ef-
fects were evident.

Molecular orbital calculations were performed us-
ing the hybrid density functional theory (DFT) at the
B3LYP level [33–35] and Salahub DZVP basis sets
[36] with the Gaussian 98 program[37].

Previous calculations in our group using the same
level of theory for Ag+ bonded to oxygen and
nitrogen-containing ligands[38] including amino
acids [38e] have shown that computed values for
binding energies are within 3.5 kcal mol−1 of values
derived from experimental threshold measurements
and the kinetic method.

3. Results of ICP-SIFT/CID kinetic experiments

Experimental results obtained for reactions of Cu+,
Ag+, CuGly+ and AgGly+ with CO are presented in
Fig. 1 and those for reactions of Cu+, Ag+, CuGly+

and AgGly+ with NH3 are presented inFig. 2. It is
seen that adduct formation is the only observed reac-
tion channel and, under the experimental conditions
adopted here, it is expected to proceed by termolec-
ular association with helium acting as a stabilizing
third body. Sequential addition was observed in a
number of cases. Apparent bimolecular rate coeffi-
cients for the addition reactions of glycine adducts of
Cu+ and Ag+ with CO, D2O and NH3 are presented
in Table 1and those for the addition reactions of the
bare Cu+ and Ag+ ions with the same neutrals are
given in Table 2. The results for the sequential reac-
tions of Ag+ with ammonia agree with our previous
measurements[38d].

Often deviations from linearity of the semi-logari-
thmic decays were observed and this indicates that
the addition reactions may be reversible and approach
equilibrium. The approach to equilibrium can be mon-
itored in a plot of the product-to-reactant ion–signal
ratio against the flow of reactant. Attainment of equi-
librium is manifested in such a plot by the attain-
ment of linearity since the equilibrium constantKeq =
[ML +]/([M +][L]). An evaluation of Keq provides a
measure of the standard free energy for the ligation re-
action,�G◦, since�G◦ = −RT ln Keq. Only a lower
limit to Keq (and thus an upper limit to�G◦) can be
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Fig. 1. Composite of experimental results for reactions of Cu+, Ag+, CuGly+ and AgGly+ with CO in helium buffer gas at 0.35±0.01 Torr
and 295± 2 K.

Table 1
Observed product ions, measured rate coefficientsk, in cm3 molecule−1 s−1, and collision rate coefficientskc, in cm3 molecule−1 s−1,
calculated using the algorithm of the combined variational transition state theory developed by Su and Chesnavich[39] for the reactions
of Cu+–glycine and Ag+–glycine with CO, D2O and NH3 at 295± 2 K and 0.35± 0.01 Torr

CuGly+ AgGly+

Product ions k kc Product ions k kc

CO CuGlyCO+ 2.3 × 10−10 7.0 × 10−10 AgGlyCO+ 7.1 × 10−11 6.9 × 10−10

D2O CuGlyD2O+ 5.9 × 10−10 2.1 × 10−9 AgGlyD2O+ 3.4 × 10−10 2.1 × 10−9

NH3 CuGlyNH3
+ 1.7 × 10−9 2.2 × 10−9 AgGlyNH3

+ 1.5 × 10−9 2.2 × 10−9

CuGly(NH3)2
+ 4.1 × 10−11 1.9 × 10−9 AgGly(NH3)2

+ 3.4 × 10−11 1.8 × 10−9
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Fig. 2. Composite of experimental results for reactions of Cu+, Ag+, CuGly+ and AgGly+ with NH3 in helium buffer gas at 0.35±0.01 Torr
and 295± 2 K.

obtained when equilibrium is not achieved. This was
the case for all the addition reactions investigated in
this study;Table 3provides the limiting values forKeq

and�G◦ that were obtained.

3.1. Reactions of CuGly+ and AgGly+

The glycine mono-adducts of both Cu+ and Ag+

each attached one molecule of CO in relatively
fast reactions,k = 2.3 × 10−10 cm3 molecule−1 s−1

and 7.1 × 10−11 cm3 molecule−1 s−1, respectively
(see Table 1). CuGly+ and AgGly+ added also

one molecule of water with higher rate coeffi-
cients, 5.9 × 10−10 cm3 molecule−1 s−1 and 3.4 ×
10−10 cm3 molecule−1 s−1, respectively.

The reaction of CuGly+ and AgGly+ with ammo-
nia resulted in sequential addition of two molecules.
The measured (apparent bimolecular) rate coef-
ficients for the addition of the first molecule of
ammonia were 1.7 × 10−9 cm3 molecule−1 s−1

and 1.5 × 10−9 cm3 molecule−1 s−1, respectively.
Addition of the second molecule of ammonia to
the glycine adducts of both metal cations was
slower than the addition of the first molecule,
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Table 2
Observed product ions, measured rate coefficientsk, in cm3 molecule−1 s−1 and collision rate coefficientskc, in cm3 molecule−1 s−1,
calculated using the algorithm of the combined variational transition state theory developed by Su and Chesnavich[39] for reactions of
Cu+ and Ag+ with CO, D2O and NH3 at 295± 2 K and 0.35± 0.01 Torr

Cu+ Ag+

Product ions k kc Product ions k kc

CO CuCO+ 1.7 × 10−13 7.7 × 10−10 AgCO+ 5.4 × 10−13 7.9 × 10−10

Cu(CO)2+ 1.3 × 10−11 Ag(CO)2+ 9.1 × 10−12

Cu(CO)3+ 2.7 × 10−11

D2O CuD2O+ 4.0 × 10−11 2.3 × 10−9 AgD2O+ 6.8 × 10−12 2.1 × 10−9

Cu(D2O)2+ 6.9 × 10−10 Ag(D2O)2+ 3.4 × 10−10

Cu(D2O)3+ Observed Ag(D2O)3+ Observed
Cu(D2O)4+ Observed
Cu(D2O)5+ Observed

NH3 CuNH3
+ 1.7 × 10−11 2.2 × 10−9 AgNH3

+ 2.7 × 10−12 2.2 × 10−10

Cu(NH3)2
+ 1.0 × 10−9 Ag(NH3)2

+ 2.8 × 10−10

Cu(NH3)3
+ 2.8 × 10−12 Ag(NH3)3

+ 7.8 × 10−12

k = 4.1 × 10−11 cm3 molecule−1 s−1 and 3.4 ×
10−11 cm3 molecule−1 s−1, respectively.

3.2. Reactions of Cu+ and Ag+

The reactions of Cu+ and Ag+ with CO resulted in
addition of three molecules of CO to Cu+ and of two
molecules of CO to Ag+. The primary reaction steps
were measured to have rate coefficients of 1.7 ×
10−13 cm3 molecule−1 s−1 and 5.4×10−13 cm3 mole-
cule−1 s−1, respectively, three and two orders of mag-
nitude, respectively, slower than the reactions of the
corresponding glycine mono-adducts (seeTable 2).

Reactions of Cu+ and Ag+ with water resulted in
addition of up to five molecules to Cu+ and three
molecules to Ag+. Again, the primary reactions are

Table 3
Reaction efficiencies,Φexp = k/kc, wherek is the measured rate coefficient andkc is the collision rate coefficient calculated using the
algorithm of the combined variational transition state theory developed by Su and Chesnavich[39], measured equilibrium constants for a
standard state of 1 atm,Keq, and free energy changes,�G◦

exp (kcal mol−1), for addition of CO, D2O and NH3 to glycine mono-adducts
of Cu+ and Ag+

CuGly+ AgGly+

Φexp = k/kc Keq �G◦
exp (kcal mol−1) Φexp = k/kc Keq �G◦

exp (kcal mol−1)

CO 0.32 >2.1× 108 <−11.3 0.10 >2.0× 107 <−10.0
D2O 0.28 >2.7× 108 <−11.5 0.16 >8.8× 107 <−10.8
NH3 0.77 >4.9× 108 <−11.9 0.68 >4.4× 108 <11.8

0.02 >3.5× 106 <−8.9 0.02 >8.8× 105 <−8.1

slower than the reactions of the corresponding glycine
adducts,k = 4.0 × 10−11 cm3 molecule−1 s−1 and
6.8 × 10−12 cm3 molecule−1 s−1, respectively.

The reaction with ammonia resulted in addi-
tion of three molecules to both bare metal cations
with k = 1.7 × 10−11 cm3 molecule−1 s−1 and
2.7× 10−12 cm3 molecule−1 s−1, respectively, for the
primary reaction step.

Measured rate coefficients for higher-order addi-
tion of CO, D2O and NH3 to Cu+ and Ag+ are also
shown inTable 2. However, rate coefficients for for-
mation of Cu(D2O)3+, Cu(D2O)4+, Cu(D2O)5+ and
Ag(D2O)3+ could not be determined in the kinetic ex-
periments because of the low vapor pressure of water.
These high-order adducts were observed by adding
pure D2O into the flow tube.
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For both bare metal cations, addition of the second
molecule of CO, water and ammonia was faster than
the addition of the first one. In contrast, addition of the
second molecule of ammonia to the glycine adducts
of both metal cations was slower than the addition of
the first molecule. For Cu+ the third reaction step for
addition of CO was slightly faster than the addition of
the second molecule. Addition of NH3 to Cu(NH3)2+

was found to be considerably slower than the first two
additions.

4. Discussion of experimental results

The formal site of the charge in CuGly+ and
AgGly+ is most likely the metal centre since the
ionization energies of both Cu+ (IE = 7.73 eV) and
Ag+ (IE = 7.58 eV) are lower than that of glycine
(IE = 8.9 eV) [40] so that electron transfer is not
likely to occur within CuGly+ and AgGly+. There-
fore, the site of addition of CO, water and ammonia
to these complexes is likely to be the metal centre
and not the glycine ligand.

The measured rate coefficients for primary reac-
tions of both glycine adducts with the three neutral
reagents increase in the order CO< D2O < NH3

suggesting the same order for the bond dissociation
energies of both CuGly+ and AgGly+. The correla-
tion between the rate coefficient of termolecular ad-
dition and the bond dissociation energy within the
ligated complex has been discussed previously[41].
Electrostatic considerations indicate the same order-
ing CO < D2O < NH3 in the bond strengths since
CO has a low dipole moment,µ(CO) = 0.112 Debye,
while ammonia and water have high dipole moments,
µ(NH3) = 1.47 Debye andµ(D2O) = 1.85 Debye
[42]. Although ammonia has a lower dipole moment
than water, it forms stronger electrostatic bonds be-
cause the effective position of its dipole moment is
closer to the metal center than the effective position of
the water dipole moment[43]. The reaction efficien-
cies (the ratio of the measured rate coefficient to the
calculated collision rate coefficient) shown inTable 3
for both CuGly+ and AgGly+ have similar values with

CO and D2O, much lower than the efficiencies with
NH3. This could be an indication that CO and D2O
have similar binding energies to the glycine adducts.
A dative contribution to the bonding may enhance the
bonding with CO vs. the bonding expected from purely
electrostatic considerations.

The values of free energy change derived from our
kinetic experiments are only limits as none of the
systems were observed to achieve equilibrium (see
Table 3). The relative ordering determined from the
upper limits of the change in free energy upon ligation
to both CuGly+ and AgGly+ is NH3 > D2O > CO.

The second addition of NH3 to both CuGly+ and
AgGly+ occurred with a lower rate coefficient than the
first addition (seeTable 1), indicating formation of a
weaker bond, possibly with the second NH3 molecule
not directly coordinated to the metal centre, but form-
ing hydrogen bonds. The upper limits determined for
the change in free energy upon addition of a second
molecule of NH3 to CuGlyNH3

+ and AgGlyNH3
+

are lower than the limits determined for the addition
of the first ammonia molecule (seeTable 3). A second
adduct with CO or D2O was not observed for both
CuGly+ and AgGly+, possibly because of their weak
ligation; these adducts could have been dissociated in
the sampling system due to the application of a small
voltage on the nose cone[44].

All the reactions of bare metal cations are slow,
presumably because of the reduced number of degrees
of freedom available for energy redisposition within
the intermediate ML+ complex against dissociation
into reactants. Known binding energies of CO, H2O
and NH3 to Cu+ and Ag+ determined experimentally
and computationally are presented inTable 4.

The faster addition of a second molecule of ligand
to both Cu+ and Ag+ observed in our experiments
reflects the increase of number of degrees of freedom
upon addition of one molecule to the metal cation, as
discussed previously for the addition of ammonia to
Ag+ [38]. However, the faster addition of the second
ligand could also be a reflection of the higher binding
energy for the second ligand, as determined experi-
mentally and calculated by several research groups
for reactions of a variety of late transition metal
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Table 4
Experimental and calculated bond dissociation energies

Cu+ Ag+

Experimental Calculated Experimental Calculated

M+–CO 35.5± 1.6a 32.3b 21.3 ± 1.2a 21.8b

(CO)M+–CO 41.1± 0.7a 36.2b 26.1 ± 1.0a 26.4b

(CO)2M+–CO 17.9± 0.9a 18.6b 13.1 ± 1.9a 12.6b

(CO)3M+–CO 12.7± 0.7a 16.5b 12.9 ± 2.4a 11.1b

M+–H2O 35 ± 3c 35.9d 33.3 ± 2.2c 31.9f

(H2O)M+–H2O 39 ± 3c 37.3d 25.4 ± 0.3c 28.0f

(H2O)2M+–H2O 17 ± 2c 15.1d 15.0 ± 0.1c 12.4f

(H2O)3M+–H2O 15 ± 3c 13.8d 14.9 ± 0.2e 13.4f

M+–NH3 56 ± 3.6h 50.8d ∼48.7g 46.2f

(NH3)M+–NH3 59 ± 2.4h 52.8d 36.9 ± 0.8e 36.1i

(NH3)2M+–NH3 11 ± 1.4h 15.6 14.6± 0.1e 15.1i

(NH3)3M+–NH3 11 ± 1.4h 14.0d 13.0 ± 0.1e 11.0i

a Values ofD0 from [45].
b D298 from [46].
c 298 K values for DE from[47].
d ZPE corrected values from[48].
e 298 K values for the reaction enthalpy from[49].
f 298 K values for binding enthalpy from[50].
g �H0 values from[51].
h 298 K values for binding enthalpies from[52].
i 298 K values for binding enthalpies from[38].

cations including Cu+ and Ag+ with NH3, H2O, CO
(seeTable 4) [38,45–52]. The higher binding energy
for the second molecule of ligand has been explained
by the ability of transition metal cations to use s–d
�-hybridization to reduce the repulsion with the first
incoming ligand; as a result, electron density is also
being placed in a direction perpendicular to the bond-
ing axis. The second ligand can therefore “see” a
higher nuclear charge when approaching from the
side opposite to the first ligand and bind even stronger
than the first ligand since the first ligand had to pay
the energetic cost for hybridization[48]. The bond-
ing of a third ligand to both Cu+ and Ag+ is weaker
than the bonding of both first and second molecules
due to the attenuation of s–d�-hybridization and
to increasing metal–ligand and ligand–ligand repul-
sion [48]. Direct coordination of all three ligand
molecules to the metal center is the preferred struc-
ture of the M(L)3+ adduct, with L= CO, H2O and
NH3 [38,46,48]. Our experiments indicate a slightly
higher rate for the addition of the third CO ligand

to Cu+, but this is probably a result of an increased
lifetime due to an increased number of degrees of
freedom.

All the reactions of metal–glycine cations are faster
than the reactions of the bare metal cations by up
to three orders of magnitude. We can expect an in-
crease because of an increase in the lifetime of the
intermediate ligated metal–glycine cation due to an
increase in the number of degrees of freedom avail-
able for energy redisposition within the intermediate,
and so an increase in the probability of collisional
stabilization. In a comparison of reaction rates of
the ligation of the metal–glycine cations to those of
the second ligation of the bare metal cations, it is
interesting to note that CO, D2O and NH3 are sim-
ilarly effective as glycine in increasing the lifetime,
viz. as “heat sinks”. There is an exact match in the
rate coefficient,k = 3.4× 10−10 cm3 molecule−1 s−1,
for the reactions of Ag(D2O)+ and AgGly+ with
D2O. The corresponding values for Cu(D2O)+ and
CuGly+ are 6.9 × 10−10 cm3 molecule−1 s−1 and
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5.9×10−10 cm3 molecule−1 s−1, respectively. For CO
and NH3 the rate coefficients for the metal–glycine
cation reactions are about 2–20 times larger than
those for the reactions of M(L)+ and this also is the
case for the reactions of MGly(L)+ and M(L)2+. So
for these systems the glycine leads to a higher in-
crease in the intermediate lifetime than the ligand and
so appears to act as a better heat sink. These com-
parisons are instructive but only qualitative as they
do not take into account the influence of the depth
of the potential well on the lifetime of the interme-
diate[41].

A comparison of reactivities of the silver and cop-
per glycine mono-adducts to the same neutral reagent
indicates slight differences. For the reactions with CO
and D2O, CuGly+ gives larger rate coefficients (and
reaction efficiencies) than AgGly+, while in the reac-
tions with NH3 similar values for the rate coefficients
(and reaction efficiencies) are obtained (seeTable 1).
This could be an indication that ligation to CuGly+

leads to formation of stronger bonds than ligation

Fig. 3. Multicollision-induced dissociation spectra for CuGlyCO+ and AgGlyCO+ in He buffer gas at 0.35± 0.01 Torr.

to AgGly+. CIDs of CuGlyCO+ and AgGlyCO+

evident in the data shown inFig. 3 indicate that, in-
deed, dissociation of AgGlyCO+ to produce AgGly+

proceeds at a lower laboratory-frame energy than
dissociation of CuGlyCO+ into CuGly+ and CO,
viz. 15 V vs. 25 V. Although quantitative information
about bond dissociation energies cannot be derived
from these onsets because of multicollision condi-
tions, the substantial difference in the onsets of 10 V is
consistent with D(CuGly+–CO) > D(AgGly+–CO).
Certainly this would be the case were these onsets
to apply to single-collision conditions, especially
since the mass difference between CuGlyCO+ and
AgGlyCO+ would lead to a higher conversion of
laboratory energy to centre-of-mass energy for the
lower-mass CuGlyCO+ ion. The equilibrium analysis
performed in this study (seeTable 3) also indicates
more negative values (although only limiting values)
of the change in free energy for all the ligation reac-
tions of CuGly+ compared with the ligation reactions
of AgGly+.
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The stronger bonding of CO, H2O and NH3 to
CuGly+ than to AgGly+ seems to be a result of Cu+

forming stronger bonds than Ag+. Sequential binding
of these molecules to Cu+ leads to higher bond dis-
sociation energies than the binding to Ag+, as shown
in Table 4. There are two reasons for the stronger
bonds observed with Cu+. First, the ionic radius of
Cu+ is smaller than that of Ag+ and therefore the
metal–ligand bond distances are shorter in Cu+–L than
in Ag+–L. From an electrostatic point of view, this re-
sults in stronger bonds with Cu+. Second, the energy
difference between the ground state and the first ex-
cited state of Cu+ is 3.26 eV compared with 5.71 eV
for Ag+ [45]. As a result, s–d�-hybridization is more

Fig. 4. Computed structures of glycine optimized at B3LYP/DZVP. Bond lengths are in Angstroms and angles are in degrees.

easily attained for Cu+ and the enhancement in bond
energy is larger. Although in our experiments Cu+ is
already bonded to glycine, its stronger binding capa-
bility is preserved.

4.1. Results and discussion of B3LYP/DZVP
theoretical calculations

Although the sequential binding of CO, H2O and
NH3 to the bare Cu+ and Ag+ ions and the struc-
tures of the resulting complexes have been studied ex-
tensively in the past 20 years, this has not been the
case for Cu+ and Ag+ already coordinated to glycine,
to the best of our knowledge. Therefore, theoretical
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calculations were performed to investigate binding en-
ergies and possible structures of the adduct ions ob-
served experimentally in this study.

4.2. Optimized structures and free energy changes
for ligation

The structure of neutral glycine in the gas phase
has been the subject of several extensive investigations
[26a–d,28a–d]. The structures of the three lowest en-
ergy conformers that we have previously computed are
shown inFig. 4 [25]. The structures of CuGly+ and
AgGly+ have been optimized using the lowest energy
conformer of neutral glycine,1a in Fig. 4, which is

Fig. 5. Computed structures of global minima copper and silver-containing complexes. All structures are optimized at B3LYP/DZVP. Bond
lengths are in Angstroms and angles are in degrees.

most likely to be the structure of glycine present in
our gas-phase experiments. The lowest energy struc-
tures of CuGly+, 2a, and AgGly+, 3a, presented in
Fig. 5have the metal cation di-coordinated to glycine
through the amino nitrogen and the carbonyl oxygen,
as reported previously[22–25]. Free energy changes of
−61.8 and−40.7 kcal mol−1, respectively, were cal-
culated for addition of glycine to Cu+ and Ag+. The
values for the free energy change for the formation of
the most stable adduct species are listed inTable 5.

The adducts produced from addition of a molecule
of CO to CuGly+ and AgGly+ were calculated to
have structures4a and 5a, respectively (seeFig. 5),
with the corresponding free energy changes of−27.8
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Table 5
Calculated free energy change�G◦

calc (in kcal mol−1) for addition of CO, H2O and NH3 to mono-adducts of glycine with Cu+ and Ag+

CuGly+ AgGly+

Φexp = k/kc �G◦
calc (kcal mol−1) Φexp = k/kc �G◦

calc (kcal mol−1)

CO 0.32 −27.8 0.10 −9.3
H2O 0.28 −24.6 0.16 −14.5
NH3 0.77 −37.6 0.68 −23.7

0.02 −11.6 0.02 −8.9

and−9.3 kcal mol−1, as shown inTable 5. Both struc-
tures have the CO molecule directly attached to the
metal centre through the carbon, but ligation of CO to
CuGly+ is stronger than ligation to AgGly+, in agree-

Fig. 6. Computed structures of ammonia–copper–glycine and ammonia–silver–glycine complexes. All structures are optimized at
B3LYP/DZVP. Bond lengths are in Angstroms and angles are in degrees.

ment with results of our multi-CID experiments shown
in Fig. 3.

Coordination of H2O to CuGly+ resulted in struc-
ture6a while coordination of H2O to AgGly+ resulted
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in structure7a; both structures again have the metal
centre tri-coordinated, with the glycine amino nitro-
gen and carbonyl oxygen and with the water ligand,
as shown inFig. 5. Free energy changes of−24.6
and −14.5 kcal mol−1, respectively were calculated
for these ligation reactions (Table 5).

Ligation of one NH3 molecule to structures CuGly+

and AgGly+ produced structures8a and9a, with NH3

directly coordinated to the metal centre (Fig. 6). The
corresponding free energy changes for these reactions
were calculated to be−37.6 and−23.7 kcal mol−1,
respectively (seeTable 5). Again, coordination to
CuGly+ results in stronger bonds than coordination
to AgGly+, and in both cases the calculated changes
in free energies exceed�G◦ for addition of either CO
or water.

Coordination of a second molecule of NH3 to both
CuGlyNH3

+ and AgGlyNH3
+ was also investigated

computationally. For CuGly(NH3)2+ the lowest en-
ergy structure is structure10a in which the first
molecule of ammonia coordinated at the metal centre
and the second molecule of ammonia is involved in
hydrogen bonding with the hydrogen of the carboxy
group (seeFig. 6). The glycine remains attached
through both the amino N and the carbonyl O. Struc-
ture10b is 1.9 kcal mol−1 higher in energy; both am-
monia molecules are coordinated to the metal centre
and the glycine is only coordinated through the car-
bonyl O atom. A third structure (not shown) involving
direct coordination of both ammonia molecules and
the amino group of glycine lies 5.7 kcal higher in
free energy. The change in free energy for addition
of NH3 to CuGlyNH3

+ leading to structure10a is
−11.6 kcal mol−1, much lower than the change in
free energy for addition of NH3 molecule to CuGly+

(seeTable 5).
For AgGly(NH3)2+, structure11a, where Ag+ is

directly coordinated by two molecules of ammonia
and by glycine attached through only the carbonyl
O atom (analogous to the copper structure10b) is
0.1 kcal mol−1 lower in energy than structure11b
(analogous to the copper structure10a). The structure
involving direct coordination of the two ammonia
molecules and the amino group of glycine is only

0.9 kcal mol−1 higher than structure11a. In this case,
in contrast to the Cu structure, there is an addi-
tional interaction between the carbonyl oxygen and
silver ion and this may account for the additional
stabilization. The free energy change for addition
of NH3 to AgGlyNH3

+, structure9a, to generate
AgGly(NH3)2+, structure 11a, is −8.9 kcal mol−1

(Table 5). In the formation of complexes with both
CuGly+ and AgGly+, the second molecules of am-
monia form weaker bonds than the first ones, in
agreement with our kinetic data (Tables 1 and 3).

Table 5summarizes the experimental results and the
calculations for reactions of CuGly+ and AgGly+ with
the three ligands. A good correlation is found between
the experiment and the calculations.Fig. 7 displays
nearly linear dependencies of the experimentally de-
termined reaction efficiencies and the calculated free
energy changes. The first ligation with NH3 appears
to produce a slight upward curvature presumably due
to a slightly higher intermediate lifetime because of
the slightly higher number of degrees of freedom of
NH3 compared to CO and D2O.

4.3. Interconversion from the charge solvated to
metal salt form of the adducts

Although the zwitterionic form of glycine is not at a
minimum on the potential energy surface, in the pres-
ence of a metal cation the zwitterionic form of the
complex metal cation–glycine, the so-called “metal
salt”, is at a minimum[29a–d]. We investigated com-
putationally the effect of the metal cation alone and
of the metal cation attached to a ligand (CO or NH3)
on the differences in stability of the neutral forms vs.
the zwitterionic forms of the glycine complexes. The
interconversions from the neutral forms to the zwit-
terionic forms of the glycine complexes were investi-
gated by calculating the structures and transition states
for the transition from the “charge solvated” form of
the adducts (discussed previously) and the “metal salt”
form of the same complexes that involve coordination
with the zwitterionic form of glycine.

Computed structures for the unligated and ligated
“salt” forms are shown inFig. 8. In the unligated
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Fig. 7. Correlation of experimental reaction efficiencies
(Φexp = k/kc, wherek is the measured rate coefficient in helium at
295±2 K and 0.35±0.01 Torr andkc is the collision rate coefficient
calculated using calculated using the algorithm of the combined
variational transition state theory developed by Su and Chesnavich
[39]) and B3LYP/DZVP calculated free energy changes for liga-
tion of CO, D2O and NH3 to CuGly+ and AgGly+ (seeTable 5).
The open symbols refer to the second addition of NH3. The un-
certainties in the calculation are taken to be±5 kcal mol−1.

structure12(2g) the copper ion is attached to only one
oxygen of the carboxylate group and the other oxygen
is hydrogen-bonded to the terminal NH3

+ group. Lig-
ation with CO, structure13, and NH3, structure14,
results in the shortening of the hydrogen bond and
more so with the stronger electron-donating NH3 lig-
and. In contrast to the analogous copper complex, the
unligated silver adduct15 has the metal attached to
both oxygen atoms of the carboxyl group. Again there
is a hydrogen bond between one of the oxygen atoms
of the carboxylate group and the NH3

+ group. It is
slightly longer because of the additional Ag–O interac-
tion. Adding the CO ligand sharply reduces the length
of the hydrogen bond and the even stronger NH3 lig-

and can result in the migration of a proton from NH3
+

to the carboxylate group.
The results of the B3LYP/DZVP calculations for the

interconversion between the “charge solvated” species
and the “metal salt” species for adducts of Cu+ and
Ag+ with glycine and for adducts of CuGly+ and
AgGly+ with CO and NH3 are summarized inTable 6.
The tabulated results provide a comparison of the free
energy change for formation of the “charge solvated”
and “metal salt” species. Also indicated is the barrier
height for the interconversion between the two forms
of adducts, defined as the difference in free energy
between the most stable species on the potential en-
ergy hypersurface (the “charge solvated” adduct) and
the highest energy structure (a transition state). It can
be seen fromTable 6that this barrier is much more
sensitive to ligation in the case of Cu. Finally, the dif-
ference in free energy between the two adduct species
is included inTable 6for a comparison of the Cu and
Ag adducts. For the silver adducts this difference is
ca. 4.5 kcal mol−1 and is insensitive to the presence
of a ligand. In the case of Cu, for which the unligated
salt form is 9.2 kcal mol−1 higher in energy than the
charge solvated form, ligands reduce this difference to
6.1 for CO to 3.5 kcal mol−1 for NH3. Also included
in Table 6are the free energies for all the intermediates
and the two other transition states involved in all six
interconversions. For three of these interconversions,
those involving ammonia as a ligand and that for CO
ligated to AgGly+, the last step involving proton mi-
gration is endoergic.Fig. 9shows the full free energy
profile for the conversion of the unligated Cu adduct.
Also shown are the structures of the intermediates and
transition states on this profile. The remaining struc-
tures and free energy profiles have been reported else-
where[53].

All interconversions follow the same mechanis-
tic pathway. In the first step the metal–NH2 bond
is broken and the NH2 group rotates away from the
metal. The second step involves rotation about the
C–OH bond to form a hydrogen bond with the amino
group. This step is rate determining since the transi-
tion state which involves the disruption of conjuga-
tion in the carboxyl group lies highest in the overall
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Fig. 8. Computed structures for the unligated and ligated “salt” forms of cationic copper–glycine and silver–glycine complexes. All
structures are optimized at B3LYP/DZVP. Bond lengths are in Angstroms and angles are in degrees.

Table 6
Computed free energies (in kcal mol−1 with respect to the global minimum) for intermediates and transition states (designated with an
asterisk) in the conversion of the charge solvated to the metal salt forms of glycine adduct ions

�G◦
i

a a b∗ c d∗,b e f∗ gc

Cu+–Gly 61.8 0 28.0 26.5 33.6 11.6 12.6 9.2
CuGly+–CO 27.8 0 22.9 21.5 28.4 7.8 8.9 6.1
CuGly+–NH3 37.6 0 16.2 15.8 22.8 3.0 5.3 3.5
Ag+–Gly 40.7 0 19.6 16.9 26.5 5.6 7.4 4.5
AgGly+–CO 9.3 0 16.5 15.3 25.4 3.8 6.2 4.6
AgGly+–NH3 23.7 0 13.6 12.3 24.8 2.8 4.8 4.5

Intermediates and transition states are labeled according to the code inFig. 9.
a Free energy of the separated species with respect to the global minimum.
b Barrier height for the interconversion defined as the free energy of the highest transition state with respect to the global minimum.
c Difference in free energy between the charge solvated and metal salt species.
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Fig. 9. Potential energy surface for the interconversion of the CuGly+ complex. Structure numbers are in bold; values in parentheses are
free energy differences in kcal mol−1 with respect to the global minimum.

profile. The last step simply involves the migration
of a proton across the hydrogen bond and therefore
has a low barrier but, as we have seen, is endoergic
in three of the six cases.

5. Conclusions

The reactivities of the CuGly+ and AgGly+ com-
plexes have been compared with the reactivities of
the metal cations towards the same neutral reagents:
CO, D2O and NH3. All observed reactions resulted
in adduct formation, presumably with helium buffer
gas acting as a stabilizing agent. Higher rate coeffi-
cients (by as much as three orders of magnitude) and

a smaller degree of ligation characterizes the chem-
istry of CuGly+ and AgGly+ when compared with the
chemistry of Cu+ and Ag+. Irrespective of the reagent,
ligation to CuGly+ is stronger than to AgGly+ and, in
both instances, ligation of carbon monoxide and water
has comparable strengths, while much stronger coor-
dination is achieved with ammonia.

B3LYP/DZVP theoretical calculations confirmed
that CuGly+ forms stronger adducts than AgGly+.
For all adducts the “charge solvated” form is found
to be more stable than the “metal salt”. A good
correlation was obtained between the experimental
reaction efficiencies and the calculated free energy
changes upon ligation of CO, D2O and NH3. The
potential energy surfaces for interconversion between
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the “charge solvated” forms to the “metal salt” forms
of the species CuGly+, AgGly+, and of their adducts
with CO or NH3 have also been investigated and
the results are presented. A modest “catalytic” effect
was identified theoretically for the influence of CO
and NH3 on the interconversion between the “charge
solvated” and “metal salt” adduct ions.
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