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ABSTRACT: Conformer ttc/VIp of glycine and glycine-N,N,O-d3 has been prepared in
low-temperature Ar, Kr, Xe, and N2 matrices by near-infrared (NIR) laser irradiation of the
first OH stretching overtone of conformer ttt/Ip. Glycine (and glycine-N,N,O-d3) ttc/VIp
was found to convert back to ttt/Ip in the dark by hydrogen-atom tunneling. The observed
half-lives of ttc/VIp in Ar, Kr, and Xe matrices at 12 K were 4.4 ± 1 s (50.0 ± 1 h), 4.0 ± 1 s
(48.0 ± 1 h), and 2.8 ± 1 s (99.3 ± 2 h), respectively. In correspondence with the
observation for the cis-to-trans conversion of formic and acetic acid, the tunneling half-life of
glycine ttc/VIp in a N2 matrix is more than 3 orders of magnitude longer (6.69 × 103 and
1.38 × 104 s for two different sites) than in noble gas matrices due to complex formation
with the host molecules. The present results are important to understand the lack of
experimental observation of some computationally predicted conformers of glycine and
other amino acids.

1. INTRODUCTION

The tunneling mechanism is a very important phenomenon
both in physical chemistry and biochemistry that can be best
studied at low temperatures, where the classical reaction
pathways are thermally unavailable. One of the most suitable
experimental methods to study conformational conversions by
hydrogen-atom tunneling is matrix isolation (MI) spectroscopy.
Although hydrogen-atom tunneling in many small organic
molecules has been studied by this method,1−39 very few recent
works investigated biomolecules; these included cytosine,40

NADH mimicking model compounds,41 and in a preliminary
study by our group, glycine.42 It is, however, now widely
accepted in biochemistry that enzyme-catalyzed hydrogen-
transfer reactions cannot be fully understood and modeled
without taking into account quantum tunneling effects.43,44 MI
studies can thus add valuable information of understanding
tunneling in biomolecules and probably in even larger
biochemical systems. Glycine, whose conformational distribu-
tion and dynamics have extensively been studied both by
experimental42,45−62 and theoretical methods,63−83 is an
attractive target for study.
The most accurate computed relative energies62,68 with

thermal corrections78 for glycine agree that at least four
conformers should be present in detectable amounts in the gas-
phase. In the 358−438 K temperature range, these are, using
the labeling of both Balabin and Csaśzaŕ,62,68 ttt/Ip, ccc/IIn,
gtt/IVn, and tct/IIIp (see Figure 1). In contrast to the
theoretical predictions, only the ccc/IIn and the ttt/Ip
conformers were identified by microwave (MW) spectroscopic
studies.45−52 The first matrix-isolation IR (MI-IR) studies also
identified these two conformers only.53,54 Later MI-IR studies
showed that the tct/IIIp conformer can also be trapped in the
matrix if the sample is deposited at lower temperatures below

13 K,55−61 and this conformer can be converted to the ttt/Ip
conformer by annealing the Ar matrix at 20−35 K.55,61 The
same three conformers were observed in the IR spectrum of
glycine in He droplets.59 In none of these studies was the fourth
low-energy conformer, gtt/IVn, identified. Recently Balabin has
reported the identification of conformer gtt/IVn by jet-cooled
Raman spectroscopy at short distances from the nozzle.62

Increasing the distance between the observation point and the
nozzle outlet, the intensity of the bands assigned to gtt/IVn
dropped rapidly.
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Figure 1. Conformers of glycine. In the square brackets, the relative
energies are given in kcal mol−1 as computed using the focal-point
analysis by Balabin.
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The absence of the gtt/IVn and the tct/IIIp conformers
under jet-cooled MW conditions was explained as a
consequence of conformational cooling to the ttt/Ip form via
low-energy interconversion barriers in the free jet expansion
and by the small dipole moment of tct/IIIp.84 In order to
understand the cause of the missing conformers in the MW,
MI-IR, and He droplet measurements, Miller et al. have
investigated the interconversion barriers and the collision-
induced conformational change in glycine using quantum
dynamical calculations.78,85 According to their computations,
the gtt/IVn → ttt/Ip and the tct/IIIp → ttt/Ip barrier heights
are almost equal, and they have found that under jet expansion
conditions the gtt/IVn → ttt/Ip conversion process involves
both classical and hydrogen tunneling effects, while in the tct/
IIIp → ttt/Ip conversion only classical effects contribute.
Nevertheless, according to their simulations for jet expansion
conditions (for 100 K), the calculations presented little
indication that the gtt/IVn → ttt/Ip conversion occurs more
readily than the tct/IIIp → ttt/Ip conversion process. These
inconclusive theoretical and experimental results clearly show
that further experimental data and theoretical simulations are
needed in order to understand the tunneling processes in
glycine.
The purpose of the present study is to determine the

experimental tunneling lifetime of another conformer, ttc/VIp.
In a recent paper, we reported the preparation of this previously
experimentally unobserved conformer by laser irradiation of the
first OH stretching overtone of conformer ttt/Ip,42 and we
have also shown that ttc/VIp decays in the dark. A preliminary
half-life value of 5 ± 2 s in an Ar matrix at ∼12 K was reported.
With the present report we considerably extend this former
study by measuring the accurate lifetimes of the ttc/VIp
conformer of both glycine and its deuterated isotopologue,
glycine-N,N,O-d3. In order to study the effect of the host, the
lifetimes were determined in four different matrices: in Ar, Kr,
Xe, and N2. It is expected that not only the substitution of
hydrogen by deuterium, but, based on former studies on formic
and acetic acids,12,14 also the use of N2 matrix instead of Ar
lengthens the lifetime of this short-lived conformer. The
extended lifetime allows the experimental observations of
weaker spectral features, which could not be observed in Ar
matrix. As part of the conclusions of the present study, we
briefly discuss the possibility of the preparation and
identification of other short-lived conformers of glycine.

2. METHODS
2.1. MI-IR Measurements. Glycine (Reanal, purity >99%)

and glycine-N,N,O-d3 (Aldrich, purity >98%) were evaporated
into a vacuum chamber using a home-built Knudsen effusion
cell. The evaporated sample was mixed with argon (Messer,
99.9997%), krypton (Messer, 99.998%), xenon (Messer,
99.998%), or nitrogen (Messer, 99.999%) before deposition.
The gas flow was kept at ∼0.07 mmol min−1, and the
evaporation temperature was ∼407 ± 5 K. The sample−rare
gas mixture was deposited onto a cold (8−10 K for mid-
infrared (MIR), 12−14 K for near-infrared (NIR)) CsI
window, mounted on a Janis CCS-350R cold head cooled by
a CTI Cryogenics 22 closed-cycle refrigerator unit. The
temperature of the cold window was controlled by a Lake
Shore 321 thermostat equipped with a silicon diode
thermometer. The cold window was set at 45° to the optical
path of the spectrometer, and the irradiating laser beam was
perpendicular to the optical path.

All the MI-IR spectra were recorded on a Bruker IFS 55
spectrometer using a mercury cadmium telluride (MCT)
detector with a tungsten lamp for the 2500−8000 cm−1

(NIR) and with a Globar source for the 600−4000 cm−1

(MIR) spectral region. The spectra were recorded at 1 cm−1

instrumental resolution. For the measurement of overtones in
the NIR region, at least 1000 scans were accumulated, while in
the MIR spectral region spectra consisted of at least 50 scans.
Conformational changes were selectively induced by an

optical parametric oscillator (VersaScan MB 240 OPO, GWU/
Spectra Physics) pumped with the third harmonic (355 nm) of
a pulsed (10 Hz, 2−3 ns) Quanta Ray Lab 150 Nd:YAG laser
(Spectra Physics). The line width of the idler (NIR) output of
the OPO was about 5 cm−1, and pulse energies were 10−15 mJ
in the OH first overtone region and 8−11 mJ in the OD first
overtone region. The laser beam was unfocused; its diameter
was of about 0.8 cm. The OPO was calibrated in former
experiments by optimizing for the shortest bleaching time of an
irradiated species monitored by FT-IR measurements.
In the case of lifetimes shorter than a few minutes (glycine in

Ar, Kr, and Xe matrices), scans as short as possible were
recorded, i.e., single scans were recorded with a repetition rate
of 3.8 s. The laser radiation was switched on at the beginning of
a 20 scan cycle, and it was switched off after the 10th scan, i.e.,
the 11−20th scan was recorded in the dark. This cycle was
repeated 16 times, and the corresponding scans from each cycle
were averaged. In these cases, the spectra were obtained as the
average of 16 acquisitions. In order to record the spectra during
the laser irradiation, an LPW 3860 low pass filter was placed
between the cold window and the detector.
In the case of lifetimes on the order of a few hours (glycine in

N2 matrix), 50 scans were recorded every 5 min. In order to
prevent the conformational conversion caused by the excitation
of the overtone modes by the Globar source, the LPW 3860
low pass filter was placed between the source and the cold
window.
For lifetimes on the scale of days (glycine-d3) 64−250 scans

(4−15 min) were accumulated in an average of every 8 h.
During the measurements, the LPW 3860 low pass filter was
between the source and the cold window, and the source was
completely blocked between the measurements.

2.2. Computational Details. Quantum chemical calcu-
lations were performed by the PQS (Parallel Quantum
Solutions) 3.286 and by the Gaussian 0987 program packages.
Initial geometries for geometry optimizations were roughly set
to the previously reported structures, and were optimized at the
B3LYP88/6-31++G**89 and MP290/6-311++G**91 levels of
theory. The optimizations were followed by second derivative
calculations to determine whether the obtained stationary
points correspond to minima. The barrier heights between the
conformers were computed also at the B3LYP/6-31++G**91d

and the MP2/6-311++G** levels of theory.
Harmonic vibrational frequencies and intensities were

calculated at the B3LYP/6-31++G** level of theory using the
scaled quantum mechanical (SQM) force field scheme92,93 with
scaling factors determined by Fab́ri et al.94

Tunneling rates were estimated at the MP2/6-311++G**
level of theory by the help of the Multiwell program package,
which applies the Eckart model for tunneling through an
unsymmetrical barrier.96
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3. RESULTS AND DISCUSSION

3.1. NIR Irradiation Induced Conformational Con-
version and Spectral Assignments. Figure 2 presents the
first OH and NH stretching overtone region of the MI-NIR
spectra of glycine and glycine-d3 recorded in Ar, Kr, Xe, and N2
matrices. On the basis of the previously published MI studies
on glycine, all the dominant transitions can be assigned to
conformers ttt/Ip and ccc/IIn. Conformer tct/IIIp is present
only in traces, since it converts to conformer ttt/Ip when it is
deposited at >14 K. The observed vibrational wavenumbers of
the overtones are collected in Table 1.

The MI-MIR spectra of glycine and glycine-d3 together with
difference spectra are shown in Figures 3 and 4. The latter were
obtained by subtracting the spectra measured after deposition
from the spectra recorded after irradiating the first OH
stretching overtone (see the wavenumber of the irradiating
laser in Figure 2) of conformer ttt/Ip in the most abundant site.
(In the case of Xe matrix, the first OH stretching overtone of
conformer ttt/Ip in two different sites were irradiated. These
two irradiation experiments led to the increase of the same
peaks.) In every NIR irradiation experiment, the formation of
ttc/VIp (see, e.g., the characteristic bands on the higher
wavenumber side of both the O−H/D and the CO
stretching band of ttt/Ip) at the expense of ttt/Ip was
observed. In addition to this, other conversion processes were
also found. These are discussed in detail for glycine in Ar and
Kr matrices in ref 42. Briefly, the amount of ttt/Ip in the site(s)
not irradiated and also the amount of conformer tct/IIIp

changed during the irradiation in Ar, Kr, and Xe matrices. The
concentration of tct/IIIp increased at the expense of ttt/Ip
when the laser was set to the higher wavenumber side of the
OH stretching overtone band of conformer ttt/Ip. This
concentration decreased when the laser was set to the lower
wavenumber side of the OH stretching overtone band of
conformer ttt/Ip because of an overlap of the laser line with the
O(H/D) stretching overtone of tct/IIIp.
The ttt/Ip → ttc/VIp conversion induced by NIR irradiation

is most efficient for glycine in a N2 matrix: approximately 50−
60% conversion could be reached in about 30−40 min. Due to
the fast back conversion (see next section) of ttc/VIp to ttt/Ip,
the steady-state ratio of ttc/VIp and ttt/Ip (estimated to be
∼0.5%) is reached in Ar, Kr, and Xe matrices in about 20−30 s
(see Figure 5). Assuming that the concentration is approx-
imately 1:1000, the isomerization quantum yield can be
estimated by the approach of refs 6, 9, and 17. The quantum
yields received for Ar, Kr, and Xe matrices are 8 × 10−4, 1 ×
10−3, and 2 × 10−3, respectively. These values are roughly 1 and
2 orders of magnitude smaller than the quantum yield
measured for the trans→cis isomerization of propionic (1.4 ×
10−2) and formic acid (1.7 × 10−1) when their first OH
stretching overtone is irradiated in an Ar matrix.9

Table 1. First Overtones of the O(H/D) and N(H/D)
Stretching Modes (in cm−1) of Glycine and Glycine-d3
Conformers in Ar, Kr, Xe, and N2 Matricesa

glycine glycine-d3

ttt/Ip 2νO(H/D)
Ar 6961, 6965, 6958, 6957, 6946 5175, 5167, 5160
Kr 6944, 6935, 6931, 6924 5159, 5150, 5144
Xe 6931, 6906, 6896 5150, 5136, 5127
N2 6933, 6922 5148, 5140

ttt/Ip 2νN(H/D)
Ar 6615, 6606, 6573 5077, 5067, 5060, 5048
Kr 6593, 6562 5066, 5036
Xe 6573, 6537 5058, 5031
N2 6624, 6586 5063

ccc/IIn 2νO(H/D)
Ar 5059, 5052
Kr 5040b

Xe 5035b

N2

ccc/IIn 2νN(H/D)
Ar 6669, 6657 5092b

Kr 6635b 5081b

Xe 6620b 5074b

N2 6680b

aIn each case, multiple lines were observed due to site splitting. In the
case of glycine-d3, some of the less intensive peaks (e.g., at 4900, 4837
(in Ar), 4890, 4830 (in Kr), 4874, 4813 (in Xe) and at 4899 and 4839
cm−1 (in N2)) likely belong to combination bands or to vibrational
transitions of glycine-d2 species. When the matrix is deposited below
12−14 K, or after NIR laser irradiation, traces of the conformer tct/
IIIp can also be identified in the NIR spectrum (see ref 42).
bTentative assignments.

Figure 2. MI-NIR spectra of glycine and glycine-d3 in Ar, Kr, Xe, and
N2 matrices. (The red-shifted first OH stretching overtone of
conformer ccc/IIn is outside of the displayed region.) The arrows
show the positions where the laser was tuned to produce the ttc/VIp
conformer.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp3076436 | J. Phys. Chem. A 2012, 116, 10539−1054710541



In the case of glycine-d3, the conversion was somewhat
slower in each matrix; 5−20% of ttt/Ip can be converted to ttc/
VIp in about 2 h. The slower conversion rate can be explained
by the somewhat lower intensity of the irradiation laser light in
the OD than in the OH stretching region. In addition to this,
the different couplings of the O(H/D) stretching to other
vibrational modes, and the fact that the first overtone of the
OD stretching vibrational energy level is close to the ttc/VIp to
ttt/Ip barrier (the zero-point vibrational energy corrected
MP2/6-311++G** barrier height is 4042 cm−1) can also be
responsible for the less effective conversion. (The correspond-
ing OH stretching vibrational level is well above this barrier.)
Because of the low steady-state ratio between the ttc/VIp

and ttt/Ip conformers in the Ar, Kr, and Xe matrices, other
conformers, especially the tct/IIIp conformer, also appear in
those three difference spectra, making them more complicated
than the difference spectra recorded in N2 or for glycine-d3 (see
Figures 3 and 4).
Based on the different conversion rates upon NIR irradiation,

the spectral bands can unambiguously be assigned to
conformers ttt/Ip, ccc/IIn, tct/IIIp, and ttc/VIp. The assign-
ment of the bands of ttc/VIp is further supported by their
decay in the dark (see next section). The different decay rates
clearly distinguish two different sites in the N2 matrix. Tables 2
and 3 summarize the assignments of the MI-MIR spectra of the

ttc/VIp conformer of glycine and glycine-d3 in Ar, Kr, Xe, and
N2. The spectral assignments of the other three conformers are
given in the Supporting Information and (for glycine in Ar and
Kr matrices) in ref 42.

3.2. Tunneling Rates. The dark process taking place after
the irradiation of the first OH stretching overtone of conformer
ttt/Ip is demonstrated in Figure 6 by the selected regions of the
IR spectra of glycine in Ar and N2 matrices, and glycine-d3 in an
Ar matrix. These spectra reveal that ttc/VIp converts back to
ttt/Ip with very different half-lives for glycine and glycine-d3.

Figure 3. Fundamental O−H stretching, CO stretching, and C−O−
H bending/C−O stretching regions from the MI-IR spectra of glycine
in Ar (black), Kr (green), Xe (red), and N2 (blue) matrices (thick,
dark lines), and the difference of spectra recorded after and before NIR
laser irradiation (∼0.5 min for Ar, Kr and Xe, and ∼40 min for N2
matrix) at the first overtone of O−H stretching (at 6946 cm−1 in Ar,
6931 cm−1 in Kr and Xe, and 6922 cm−1 in N2 matrix) of conformer
ttt/Ip (thin, light lines; multiplied by 100 for Ar, Kr, and Xe matrices).

Figure 4. Fundamental O−D, CO stretching, and C−O−D
bending regions from the MI-IR spectra of glycine-d3 in Ar (black),
Kr (green), Xe (red), and N2 (blue) matrices (thick, dark lines), and
the difference of spectra recorded after and before 1.5−2.5 h NIR laser
irradiation at the first overtone of O−D stretching (at 5167 cm−1 in
Ar, 5150 cm−1 in Kr and Xe, and 5140 cm−1 in N2 matrix) of
conformer ttt/Ip (thin, light lines).

Figure 5. Change of the relative intensities of the bands of glycine
conformer ttc/VIp during NIR laser irradiation.
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To determine the tunnelling decay rates of conformer ttc/VIp,
the intensity change of its three intensive transitions, the bands
corresponding the O(H/D) and the CO stretching and the
C−O−(H/D) bending fundamentals, was analyzed. The half-
lives obtained from the decay of these three bands gave the
same result within the experimental uncertainty. (Since the
intensity change of ttt/Ip is also influenced by the ttt/Ip↔ tct/
IIIp conversion process, it cannot be used directly for the
accurate determination of the ttc/VIp → ttt/Ip tunneling rate.)
Figures 7 and 8 show the measured relative intensity of the
bands of glycine and glycine-d3 in Ar, Kr, and Xe matrices as the
function of time together with single exponential curves fitted
to the decay. These fits resulted in half-lives of 4.4 ± 1 s, 4.0 ±
1 s, and 2.8 ± 1 s for glycine ttc/VIp, and 53.7 ±
1 h, 48.0 ± 1 h, and 99.3 ± 2 h for glycine-d3 ttc/VIp in Ar,
Kr, and Xe matrices, respectively.
The measured half-life of the ttc/VIp conformer of glycine

and the computed ttc/VIp → ttt/Ip barrier height are
consistent with earlier results obtained for the cis forms of
simpler carboxylic acids,9,38 showing a correlation between the
experimental half-lives and computed barrier heights. In detail,
the experimental half-lives for glycine, propionic, acetic, formic,
and 2-chloropropionic acid in Ar at 12−15 K are 5, 14, 35, 350,
and ∼2 × 105 s, while the MP2/6-311++G** barrier heights
are 2147, 2290, 2308, 2676, and 2849 cm−1, respectively. In the
case of chloroacetic acid, for which the MP2/6-311++G** cis
→ trans barrier height is 3122 cm−1,38 no tunneling was
observed on the experimental time scale.97 The roughly 2 day-
long half-life of glycine-d3 is also consistent with the ∼10 days
half-life (∼15 days lifetime) of cis-CH3COOD and cis-HCOOD
in an 8 K Ar matrix.12,17

Although the simple one-dimensional Eckart model predicts
a relatively fast tunneling process, it overestimates the
experimental observations. Using the MP2/6-311++G**
barrier height, the relative energies of the ttt/Ip and ttc/VIp
conformers, and the unscaled MP2/6-311++G** harmonic
frequencies, 658 and 383 s were computed for the half-life of
glycine at 12 and 15 K, respectively. The computed ttc/VIp to
ttt/Ip classical conversion rate over this barrier is practically
zero at both 12 and 15 K; 2 × 10100 and 6 × 1077 s half-lives
were obtained, respectively.
According to expectations, a more polarizable medium

stabilizes the cis conformer compared to the cis−trans transition
structure of carboxylic acids, and therefore the tunneling rates
should decrease.5,12 However, the experimentally measured
tunneling rates of “cis-type” ttc/VIp conformer of glycine are
almost equal and have a reverse order (kXe≥kKr≈kAr) in
different noble gas matrices. The tunneling rates of glycine-d3
ttc/VIp in Kr and Ar are also the same within experimental
accuracy (kXe ≥ kAr ≈ kKr). Similar “anomalous” behavior was
observed for cis-HCOOD12 and cis-acetic acid,17 which can be
interpreted by different couplings of “cis” and “trans” vibrational
states and the different rate of energy dissipation in the different
matrices.5,12

Fitting a single exponential decay curve on the observed
intensity decrease of glycine ttc/VIp bands in N2 matrix at 12 K
resulted in half-lives of 6.69 × 103 and 1.38 × 104 s for glycine
ttc/VIp in sites A and B, respectively (see Figure 9). Note that
the decay curve fitted for the faster decaying A site slightly
deviates from the experimental data. This can be explained by
the IR bands assigned to this site corresponding to two or more
subsites unresolved in the spectra, but having a slightly different
lifetime for glycine ttc/VIp. This proposition is supported by

Table 2. Computed (SQM B3LYP) Fundamental Frequencies (ν ̃ in cm−1), Intensities (I in km mol−1) and Experimental
Vibrational Transitions (ν ̃ in cm−1) of the ttc/VIp Conformer of Glycine

N2 matrix

ν̃ I Ar matrix Kr matrix Xe matrix site A site B

3604 42 3602.1w, 3606.1w 3600.1vw 3576.8w 3590.4w 3588.9w
3425 8 3447.3vw, 3409.9vw 3445.8vw, 3411.3vw
3348 3
2937 12 2956.5vw 2952.0vw
2899 28 2912.7vw 2921.0vw
1795 256 1804.7s, 1807.7s 1803.4s 1799.7m 1801.1s, 1895.8w 1805.0s, 1794.0w
1642 29 1652.8w 1650.8w
1434 8 1430.1w, 1403.5w 1430.1w, 1403.5w
1365 0 1369.7w 1369.7w
1352 20 1343.4w 1349.8w
1253 376 1256.6vs, 1259.3s 1257.4vs 1256.3s 1273.5vs, 1266.7vs 1280.7vs
1156 0
1132 5
1092 44 1109w (or 1101w)a 1109.5w 1119.1w 1118.8w
906 1 919.2 919.2
884 180 883.8ma 884.3m 881.3m 888.4m 889.6m
805 33 808.1m 821.5m 816.8m
643 16
558 14
459 2
435 95
259 30
216 72
72 7

aUncertain assignment due to nearby bands of other conformers.
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the observation that the shape of the C−O−H bending
fundamental band corresponding to this site changes during the
decay; the lower wavenumber side decays slightly faster than its
higher wavenumber side. The half-life of glycine-d3 ttc/VIp in
the N2 matrix is extremely large. It cannot be determined
experimentally, and it is estimated to be on the time scale of
weeks.
Figure 10 shows the temperature dependence of the

tunnelling rates of glycine ttc/VIp in a N2 matrix. These
curves are qualitatively similar to the ones observed for formic
and acetic acid in a N2 matrix.13,14 The slow increase with
temperature clearly shows that the decay rate is determined
solely by the tunnelling mechanism at low temperatures (<16−
18 K). As it was mentioned above, the 3 orders of magnitude
longer lifetime of conformer ttc/VIp in a N2 matrix compared
to Ar, Kr, and Xe matrices was expected based on former
studies.13,14 In the case of acetic and formic acid, the extended
lifetime was explained by complex formation between the
carboxylic OH and a N2 molecule decreasing the energy of the
cis form compared to that of the trans and the transition
structure. A related, alternative explanation is that based on the
quadrupole moment of N2. In a nitrogen matrix, the cis form
with larger dipole moment (μe(ttc/VIp) = 3.2 D at the B3LYP/
6-31++G** level of theory) is stabilized more compared to the
transition structure and the trans form ((μe(TS) = 2.8 D, and
μe(ttt/Ip) = 1.2 D at the B3LYP/6-31++G** level of theory),
which have smaller dipole moments.13,14

In addition to the ttc/VIp → ttt/Ip conversion, especially if
the amount of tct/IIIp was changed by the NIR irradiation, the
tct/IIIp ↔ ttt/Ip conversion process was also observed in the
dark. According to MP2/6-311++G** and B3LYP/6-31++G**
computations, the barrier from glycine tct/IIIp to ttt/Ip along
the C−C−O−H deformation coordinate is only 282 cm−1 and
335.2 cm−1, respectively. This barrier can be crossed classically
even at 12 K on the ∼1−104 s time scale.98,99 In contrast to the
faster ttc/VIp → ttt/Ip conversion, the tct/IIIp ↔ ttt/Ip
process can be accelerated by the >3850 cm−1 radiation of the
source of the spectrometer. Thus this conversion is not a
tunneling process and its detailed analysis is beyond the scope
of the present study.

Table 3. Computed (SQM B3LYP) Fundamental
Frequencies (ν ̃ in cm−1), Intensities (I in km mol−1) and
Experimental Vibrational Transitions (ν ̃ in cm−1) of the ttc/
VIp Conformer of Glycine-d3

ν̃ I Ar matrix Kr matrix Xe matrix N2 matrix

2937 11 2950.6w 2941.9w
2900 28 2927.7w 2922.0w 2917.0w
2624 27 2658.7s,

2661.6w,
2666.7w

2655.7s 2645.8s,
2640.0w

2651.7s,
2655.9w,
2645.0w

2524 6
2422 3
1788 271 1804.3vs 1802.4s,

1798.9m
1795.5vs 1802.4m,

1799.5s,
1791.9s,
1787.6m

1434 7
1357 9 1343.7w 1340.0w
1290 0
1216 53
1185 283 1196.3vs,

1193.4s
1198.2vs,
1194.5w

1199.3s,
1197.8sh

1210.7vs,
1205.4m

1064 54 1084.8w 1081.7w 1080.5w
1058 1
918 2
806 52 827.3m 827.5m 826.8m 823.1m
779 2
718 59 715.5m 712.9w 715.7m 720.4m
603 24 604.4w 604.2w
533 0
425 2
335 57
241 30
169 38
64 7

Figure 6. Spectral regions selected for the demonstration of the dark
process. (a) C−O−H bending region of glycine in Ar matrix after NIR
irradiation at 6946 cm−1 (thick black line) and after leaving in the dark
for ∼30 s (thin gray line); (b) C−O−D bending region of glycine-d3
in Ar matrix after NIR irradiation at 5167 cm−1 (thick black line) and
after leaving in he dark for ∼2 days (thin gray line); (c,d) O−H and
stretching CO stretching regions of glycine in N2 matrix (thick blue
line) and after leaving in the dark for ∼2.5 h (thin light blue line). See
the list of the decreasing bands of conformer ttc/VIp in Tables 2 and
3, and the increasing bands of conformer ttt/Ip in the Supporting
Information.

Figure 7. The decay of glycine conformer ttc/VIp in Ar (black), Kr
(green), and Xe (red) matrices. (Symbols: experimental measure-
ments; lines: fitted single exponential decays.).
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4. SUMMARY AND CONCLUSIONS
In the present paper, the IR spectrum and the tunneling decay
rates of the short-lived ttc/VIp conformer of glycine and
glycine-N,N,O-d3 in Ar, Kr, Xe, and N2 matrices have been
reported. The 2.8−4.4 s half-life of glycine ttc/VIp in Ar, Kr,

and Xe matrices at 12 K is shorter than that of simple carboxylic
acids, including formic, acetic, propionic, and 2-chloropropionic
acid.9,38 Due to complex formation with the host molecules, the
half-life of glycine ttc/VIp is more than 3 orders of magnitude
longer in N2 matrix. For glycine-N,N,O-d3, the half-life is on the
order of days in Ar, Kr, and Xe matrices, while it is estimated to
be over weeks in N2 matrix.
These results clearly support the hypothesis of Schreiner and

co-workers,100 who have suggested that specific conformers of
amino acids can decay by fast tunneling under matrix-isolation
conditions, making the observation of these species challenging.
Besides conformers with a “cis-type” carboxylic group, like
glycine ttc/VIp, the higher energy rotamers of the amino group
and the rotamers of the hydroxyl groups in the side chain of
serine, threonine, and tyrosine might also be depleted by
tunneling. Fast tunneling might explain the lack of observations
of the low-energy gtt/IVn conformer of glycine and of some
conformers of other amino acids in low-temperature matrices.
The present and former12,14 studies reveal that the tunneling

decay of a higher energy conformer can be slowed down using
N2 as host instead of noble gas matrices, in addition to the H−
D isotopic substitution. Although in our preliminary experi-
ments, when the first overtone of the OH and NH stretchings
and their combination bands of glycine ttt/Ip were irradiated in
N2 matrix we did not observe the formation of new conformers,
a more systematic work to prepare the remaining unobserved
conformers of glycine and measure their tunneling rate is in
progress.
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