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Recent work has focused on the damaging effects of free radicals on biological molecules. This study
investigates the kinetics of the attack of OH radicals on L-alanine ethyl ester in the gas phase in cold beams
of Laval nozzle expansions. Experiments and high-level theory are used to understand the preferred site of
attack by the OH radical. Optimizations of L-alanine and L-alanine ethyl ester show that the essential transition
state features for hydrogen abstraction off the CR, C�, and N are similar. The energetics show that for L-alanine,
the CR-site, C�-site, and N-site transition states are all below the reactants level. For L-alanine ethyl ester,
however, the energetics for hydrogen abstraction off the CR and N are the preferred site of reaction. These
findings are supported by the observed negative temperature dependence of the rate constants of OH with
alanine ethyl ester in Laval nozzle expansion experiments. More importantly, both the experiments and theory
show that L-alanine ethyl ester provides a good model for gas phase studies of the amino acids such as
L-alanine.

1. Introduction

Amino acids are the main building blocks of living systems,
being the principal components of all natural peptides and
proteins. It has been established that the structure of amino acids
in peptides and proteins can be severely damaged in the presence
of free radicals such as OH.1-3 It has been proposed that the
oxidative damage caused by free radicals on proteins and other
biological molecules may be involved in the development of
cancer as well as cardiovascular and Alzheimer diseases.4 As a
first approximation, the attack of an OH radical on a protein
can be considered as an attack on one of its amino acids. This
reaction is the first step in a complex mechanism, which ends
with the fragmentation of the peptide chain of the protein. The
full mechanism of such a reaction is still unknown. It has been
reported that R-carbon-centered radicals may play a decisive
role in the reaction chain.5 A number of studies in the condensed
phase have been reported.6-11 The reaction of OH with amino
acids has been investigated in aqueous medium experimentally
and there are theoretical studies in the gas phase.12-18 Up to
the present no experiments in the gas phase have been published.
The sites of reaction in general appear to be the subject of
discussion: Radiolysis in the condensed phase followed by 1H/
2H exchange lead to the conclusion that side chains are the
primary reactive site,19 whereas other studies prefer N-centered
radicals or the R-carbon as the site of attack.5 In theoretical
studies by Galano et al.17 on isolated L-alanine and glycine it
was found that R-carbon and �-methyl hydrogen abstraction
reactions are favored, with the R-carbon attack in L-alanine

proceeding via the lowest barrier. By use of experiment and
theory the present work aims to examine the attack of OH with
L-alanine and L-alanine ester to understand the mechanistic
details of the abstraction process in the gas phase at low
temperatures.

2. Experimental Section

The pulsed Laval nozzle machine used in Göttingen has been
described in detail elsewhere,20-22 therefore only a short
description is given, focusing on the experimental features
specific for the experiments presented here. Figure 1 displays a
typical experimental scheme. A pulsed Laval nozzle is used to
generate a low-temperature environment for the molecular
processes under investigation.

The wall curvature of the nozzles has to be designed for a
specific flow gas, temperature, and density in the gas jet. The
Mach number M and the adiabatic coefficient denoted γ
characterize the flow conditions. The relations between M and
thermodynamic properties are given in eqs 1-4. The pressure
in the stagnation region, p0, the impact pressure of the flow, pi,
and the background pressure in the reaction chamber, pbg, are
usually measured to control the flow conditions. The temporal
evolution of the stagnation pressure is displayed in Figure 1. A
throttle valve conveniently adjusts the background pressure in
the chamber. The characterization of the flow conditions is
achieved by measuring the impact pressure pi and the pressure
in the stagnation volume p0 to calculate the Mach number (γ )
cp/cv)

The flow conditions are now determined using the Mach
number calculated from the impact pressure data. The relation
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between Mach number and temperature, pressure, and density
before (subscript 0) and after the expansion (subscript i) are
given as

The nozzles (aluminum with eloxadized surfaces) such as used
in the Göttingen experiments are designed according to the
method of Moger and Ramsay23 and manufactured in a
workshop with CNC manufacturing technology. They are
mounted in a stainless steel block movable 16 cm along the
nozzle axis. It contains the stagnation reservoir filled by two
pulsed valves, denoted as FN in Figure 1. One of them is a
modified car injection valve (BOSCH) supplying carrier gas and
the radical precursor (e.g., hydrogen peroxide), and the other
one is a General Valve Series 9 valve providing the premixed
reactant gas. The duration of the gas pulses is set to 7-10 ms

to ensure constant flow conditions for the time-resolved
measurements with a maximum delay time of 70 µs. A single
pressure pulse is displayed in Figure 1, which shows the plateau
of constant flow important for kinetic measurements (thermal-
ization of reactants). Calibrated mass flow controllers (TYLAN)
and pressure gauges monitor the gas supply of the injection
valves. From the known mass flows in the experiment and
photolysis quantum yields the concentration of reactants in the
beam could be determined precisely. A KrF excimer laser
operating at 248 nm is conveniently used for photolysis of the
precursor (PL) and a Nd:YAG laser pumped frequency doubled
dye laser for LIF excitation of OH at 282 nm (DL). Quartz
windows are mounted at the backside of the stagnation reservoir
(Figure 1) and at both ends of the chamber in order to overlap
the two laser beams axially in the center of the cold gas flow.
The laser-induced fluorescence of OH (308 and 277 nm)
monitoring the consumption of OH is imaged from a spatially
narrow region of the gas flow. Without reaction (reactant) the
fluorescence is stable in time and space to a few percent. The
fluorescence light (fl) passes an f:1 optics (L), a bandpass, and
interference filter and is detected by a photomultiplier (PMT).
The signal is fed into a Boxcar integrator and averaged typically
over 250-1000 laser shots. The time resolution (delay step of
the two lasers) is adjusted between 1 µs and 100 ns.

The pure amino acid ester tends to oligomerize at ambient
temperatures; therefore it was stored at -20 °C. The possible
product of an oligomerization, i.e., ethanol and alanine oligomers
are relatively unreactive or not particularly volatile. With NMR
spectroscopy we could not find any traces of ethanol in the
samples. In all experiments fresh samples of alanine ethyl ester
were used.

3. Computational Methods

The Gaussian 03 suite of programs is utilized to perform ab
initio molecular orbital calculations on L-alanine and L-alanine
ethyl ester, radical, prereactive complex, and transition state
structures. Geometry optimizations and frequency calculations
are carried out by using second-order Møller-Plesset perturba-
tion (MP2) with all electrons unfrozen in the electron correlation.
Preliminary optimizations and searches for transition states and
prereactive complexes are performed at the MP2 level of theory
using the 6-31G(d) basis set. Vibrational frequency calculation
at this level of theory is performed to verify whether structures
had all positive frequencies for a global minimum or one
imaginary frequency for a first-order saddle point, i.e., a
transition state. All optimizations are carried out to better than
0.001 Å for bond lengths and 0.1 Å for angles, with self-
consistent-field convergence criteria of at least 10-7 on the
density matrix and a residual rms (root-mean-square) force of
less than 10-4 au. The proper connectivity between reactants,
prereactive complexes, transition states, and products is verified
by intrinsic reaction coordinate (IRC) calculations. The mini-
mum energy structures obtained from intrinsic reaction coor-
dinates runs where they used to do full optimization and
frequency calculations to identify the pre- and postreactive
complexes connected to the transition states. The structures are
refined by optimizations at the MP2/6-311G(2d,2p) level of
theory. To refine the energy values, single point calculations
with higher levels of electron correlation, i.e. coupled cluster
theory including singles, doubles, and perturbative corrections
for triplets [CCSD(T)] are performed with the 6-311++G(2d,2p)
basis set. The degree of spin contamination is monitored because
of the possible production of inaccurate total energies. For open
shell systems, the 〈S2〉 value did not deviate by more than 3%
from the 0.75 value.

Figure 1. Experimental setup of the pulsed Laval nozzle machine in
Göttingen: L, lens; M, mirror; LN, Laval nozzle; FN, feeding nozzles;
PM, photomultiplier; PL, photolysis laser; DL, detection laser. The inset
(lower panel) displays the time-resolved gas pulse as measured with a
pressure impact detector and the measurement and reaction time.
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Enthalpies of reaction, prereactive complex energies, and
activation energy barriers are corrected with zero-point energies
(ZPE), calculated at the UMP2/6-31G(d) level of theory to
characterize the energetics of the critical points of the potential
energy surface of the reaction of L-alanine and L-alanine ethyl
ester with OH radical.

4. Results and Discussion

Since the vapor pressure of amino acid esters is significantly
larger than that of amino acids, we have investigated the reaction
of OH with L-alanine ethyl ester in our Laval nozzle machine
at low temperatures (58 K < T < 300 K). Figure 2 shows
experimental data of the reaction of the amino acid ester and
the hydroxyl radical in the gas phase. While Figure 2 displays
an example for the pseudo-first-order reaction kinetics, Figure
3 displays first-order rate constants as a function of concentra-
tion. From the slope of the plot in Figure 3 the second-order
rate constant is derived which is plotted in Figure 4 as a function
of temperature. All measured second-order rate constants
together with the experimental conditions are summarized in
Table 1. The reaction in general shows a negative temperature

dependence, which has been observed in other complex-forming
reactions involving OH-reactions as well.21,22

The pronounced negative temperature dependence of the
reaction together with the theoretical work of Galano et al.17

again suggests that prereactive complexes (here hydrogen bound
complexes) in combination with a reef-type barrier may be
responsible for the experimental data shown in Figure 4.

The optimized geometries of L-alanine and L-alanine ethyl
ester are shown in Figure 5. Bond lengths CRsC� (1.518 Å for
L-alanine and 1.521 Å for L-alanine ethyl ester) and CRsN
(1.455 Å for L-alanine and 1.456 Å for L-alanine ethyl ester)
show similarity in structure. Evidence of the CdO characteristic
of amino acids is supported by its short bond length (1.219 Å
for L-alanine and 1.221 Å for L-alanine ethyl ester). Essential
bond lengths found from optimization of L-alanine and L-alanine
ethyl ester for the hydrogen on the R carbon (CR), the � carbon
(C�), and nitrogen all show very little change (the mean
deviation is 0.000242 Å). From these optimized geometries, it
is evident that the presence of an ethyl group in place of
hydrogen on the OH group does not significantly change the
geometry of the molecule.

Hydrogen abstraction from the CR in L-alanine is achieved
via a five-membered ring transition state (Figure 6). The ring
is stabilized by weak H · · ·N attraction (2.432 Å). The hydrogen
being abstracted orients itself closer (1.202 Å) to the CR than
to the radical. The transition state for abstraction from the C�

forms a six-membered ring, stabilized by O-H · · ·N hydrogen
bonding. The hydrogen being abstracted is equidistant (1.240
Å) from the L-alanine and the radical. All other essential
parameters remain unchanged. The transition state for hydrogen
abstraction off the nitrogen demonstrates O-H · · ·O hydrogen
bonding to form a seven-membered ring, with the abstracted
hydrogen aligning itself more closely to the L-alanine molecule
(1.136 Å).

Transition state structure for the abstraction of hydrogen from
CR in the L-alanine ethyl ester has a five-membered ring. The

Figure 2. LIF signal of OH radicals in the reaction with alanine ethyl
ester in the cold Laval nozzle gas flow as a function of delay time
between the photolysis laser and the LIF laser (experimental conditions:
T ) 91 K, FOH ) 0.5 × 1011 cm-3, FAEE ) 3.9 × 1012 cm-3, Ftot ) 0.9
× 1017 cm-3). The solid line represents an exponential fit through the
data.

Figure 3. Reaction of OH radicals with alanine ethyl ester in the cold
Laval nozzle gas flow. Pseudo-first-order rate constant as a function of
reactant (alanine ethyl ester) concentration (buffer gas N2) for 91 K.

Figure 4. Reaction of OH radicals with alanine ethyl ester in the cold
Laval nozzle gas flow. Temperature dependence of the second-order
rate constant between 58 and 300 K.

TABLE 1: Rate Constants for the Reaction of OH and
L-Alanine Ethyl Ester and Experimental Conditions

T/K Fges/1017 cm-3 k/10-10 cm3 s-1 no. of measurements

298 3.4 0.31 ( 0.031 5
133 1.3 2.53 ( 0.46 5
117 0.7 2.13 ( 0.40 7
91 1.1 3.53 ( 0.24 5
60 0.6 5.64 ( 1.0 3
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radical aligns itself such that a slight attraction occurs between
the radical hydrogen and the amide, while the abstracted
hydrogen remains closer (1.201 Å) to the L-alanine ethyl ester
than to the radical. The hydrogen abstracted from C� is
equidistant between the radical and the L-alanine ethyl ester
molecule in the transition state structure. Interestingly, O-H · · ·N
hydrogen bonding (2.108 Å) stabilizes the six-membered ring,
which otherwise has essential parameters unchanged from the
optimized L-alanine ethyl ester molecule. The transition state
structure for hydrogen abstraction off the nitrogen contains
strong hydrogen bonding in its seven-membered ring. One
general trend among transition states of both alanine and its
ethyl ester is the ring structure formed as the radical attackssthe
C� and N is stabilized by hydrogen bonding.

The transition state structures for H-abstraction off the R
carbon, � carbon, and nitrogen of L-alanine and L-alanine ethyl
ester appear similar. For example, the CR-H bond being
abstracted in the transition state in L-alanine is 1.202 Å while
in L-alanine ethyl ester it is 1.201 Å. The OH bond being formed
in the transition state for the R carbon abstraction is 1.336 Å
for L-alanine and 1.341 Å for L-alanine ethyl ester. Similar
comparisons for the essential transition state features for the �
carbon and nitrogen hydrogen abstractions show a mean
deviation of 0.000325 Å. These results suggest that the
substitution of the ethyl group does not significantly alter the
transition states for hydrogen abstractions for L-alanine and
L-alanine ethyl ester. This has some very important ramifications
for experimental studies of biomolecules, in particular experi-

Figure 5. Optimized geometries of L-alanine and L-alanine ethyl ester.

Figure 6. Optimized geometries of transition states of H-abstraction by OH from L-alanine and L-alanine ethyl ester.

TABLE 2: Relative Energetics for L-Alanine + •OH and L-Alanine Ethyl Ester + •OH

heat of reaction prereactive complex activation energy barriers

MP2/
6-31G(d)

MP2/
6-311G(2d,2p)

CCSD(T)/
6-311++G(2d,2p)

MP2/
6-31G(d)

MP2/
6-311G(2d,2p)

CCSD(T)/
6-311++G(2d,2p)

MP2/
6-31G(d)

MP2/
6-311G(2d,2p)

CCSD(T)/
6-311++G(2d,2p)

A-Rrad -32.1 -37.9 -42.7 -12.5 -12.3 -18.8 4.6 1.1 -6.8
A-�rad -10.6 -16.4 -21.2 -16.7 -15.6 -19.9 6.3 2.2 -4.0
A-Nrad -13.3 -16.3 -22.8 -15.0 -14.0 -18.2 4.0 0.7 -7.0
AEE-Rrad -31.6 -37.4 -35.7 -13.2 -13.0 -11.6 4.3 0.8 -1.0
AEE-�rad -10.6 -16.4 -15.0 -16.8 -16.6 -13.9 6.1 2.0 1.9
AEE-Nrad -13.5 -16.5 -16.9 -15.3 -14.4 -12.4 3.5 0.3 -1.3
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mental studies of small amino acids, which are difficult to isolate
in the gas phase for quantitative studies of the reactivity. This
study suggests that studies of the amino acid esters, because
they have significantly larger vapor pressures than the amino
acids, are also good models for understanding the kinetics of
the amino acids in the gas phase.

Our results suggest that structural features of L-alanine are
applicable to the L-alanine ethyl ester. If the calculations by
Galano et al. are also applicable to the amino acid ester, the
OH attack and H-abstraction at the R-carbon atom is slightly
preferred over the attack at the �-methyl carbon atom. In any
case the height of the barriers and not the energetics of the
intermediate products determines the (relative) rate constants
of the reaction. The temperature dependence of the reaction rate
constant suggests a barrier height that is lower than the energy
of the reactants. As far as the relative rates and reaction sites
are concerned, it should be noted that the energy of the transition
state TS� (in the calculations of Galano et al.) is somewhat
higher but still close to the energy of TSR, although the energy
of the final radicals is very much different, making a unique
and exclusive attack at one site less likely.

This work shows that MP2/6-31G(d) energetics alone are
insufficient to reliably estimate the barrier for OH reaction with
L-alanine and L-alanine ethyl ester. The data in Table 2 indicate
both a basis set and electron correlation effect on the barriers

for both L-alanine and L-alanine ethyl ester. The studies of
L-alanine by Galano et al.17 show that the abstraction of the
R-carbon is preferred over the �-site. Galano et al. did not
examine abstraction at the nitrogen site. At the MP2/6-31G(d)
level of theory, our finding that R-site abstraction is preferred
over the �-site abstraction is consistent with the conclusion of
Galano et al. However, these barriers are 4 kcal/mol over the
reactants level. Those findings are inconsistent with the tem-
perature dependence of the reactions rate constant experimental
results, which suggest that the barrier height is lower than the
energy of the reactants. At the MP2/6-311G(2d,2p) level of
theory, the barrier reduces but is still above the reactants. At
the CCSD(T)/6-311++G(2d,2p) level of theory, we find that
for L-alanine all the barriers are below the reactants level.

For L-alanine ethyl ester, the barriers at the MP2/6-31G(d)
level of theory are similarly 3.5 kcal/mol above the reactants
level. With the MP2/6-311(2d,2p) level of theory, barrier heights
decrease to slightly over 0 kcal/mol, and barrier heights for
hydrogen abstraction off the N-site and the R-carbon site move
below the reactants level at the CCSD(T)/6-311G++(2d,2p)
level of theory. The N-site is kinetically favorable but competi-
tive with the R-carbon site. The �-site, however, is 1.9 kcal/
mol above the reactant level, suggesting that the �-site abstract
is the least preferred site for hydrogen abstraction off of
L-alanine ethyl ester.

Figure 7. Potential energy surface of L-alanine + OH and L-alanine ethyl ester + OH.

Figure 8. Optimized geometries of radicals formed by H-abstraction from L-alanine and L-alanine ethyl ester.
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The preferred site of hydrogen abstraction in both L-alanine
and L-alanine ethyl ester is the N-site (barrier energy of -7.0
kcal/mol for L-alanine and -1.3 kcal/mol for L-alanine ethyl
ester) with competition from the R-carbon site (-6.8 and -1.0
kcal/mol). These findings are consistent with those conclusions
from studies that find the N-site or R-carbon site as the site of
attack. While the barrier energies for L-alanine are lower than
those for L-alanine ethyl ester, the two are proportionately the
same. Thus the relative energetics of L-alanine ethyl ester
demonstrates that L-alanine ethyl ester can serve as a good model
for L-alanine.

The experiments also show a negative temperature depen-
dence, which suggests the formation of complexes involving
OH and L-alanine ethyl ester. Prereactive complexes are found
for the R-carbon site and N-centered radical site. These
prereactive complexes are quite stable, exhibiting a well depth
of -18.8 kcal/mol for the R-carbon site and -14.0 kcal/mol
for the N-centered radical site for L-alanine, and the L-alanine
ethyl ester shows similar binding energies for the prereactive
complexes. These findings are consistent with the experiments
that demonstrate the presence of prereactive complexes.

Interestingly, Galano et al. also calculated rate constants for
the reaction of amino acids with OH in the gas phase, employing
conventional transition state theory,17 which are at least 1 order
of magnitude lower (at room temperature) than the rate constants
measured for OH + alanine ethyl ester in our present Laval
nozzle experiments. Since the barriers of the alanine ethyl ester
are found to be higher than those of the amino acid, one may
expect that the reaction of the latter with OH may be indeed
faster.

In summary, we have shown that reactions of the OH radical
with amino acid derivatives (here employed due to the larger
vapor pressure) can be measured in the gas phase. Calculations
for the amino acid and the amino acid ester suggest that the
esters are indeed good kinetic model systems for amino acids
and that the ester group (at least for alanine ethyl ester) does
not influence the H-atom abstraction dynamics significantly.
Contrary to the accepted view that OH radical attack prefers
the CR-site, the present work finds that for both L-alanine and
L-alanine ethyl ester the N-site is competitive with the CR-site.
This is important new insight into understanding oxidative
damage of (L-alanine) amino acids in the presence of free OH
radicals.
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