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1 Preface

During my doctoral research I was working on structural investigations of small molecules
of biological interest. The main tool of the research was molecular spectroscopy, including
matrix isolation technique as well as matrix isolation combined with NIR laser irradiation.
I was also working on the development of the apparatus that was necessary for these
experiments.

The structure of the macromolecules that build up living organisms, is determined
by the structure of those building blocks, and by the existing interactions between them.
The first step in the long way of understanding the structure of macromolecules is to
understand the behaviour of molecular building blocks, i.e, the smallest biomolecules.
These small molecules can easily be studied both by experimental and quantum chemical
methods. Nevertheless the experimental and computational results are not always in
complete agreement. The motivation of my doctoral research was to understand some of
these “problematic” systems.

2 Goals

2.1 The determination of the tautomeric ratios of cytosine

The tautomeric distribution of cytosine (Figure 1) have been investigated in numerous
theoretical and experimental studies. Different theoretical investigations (Table 1) gave
significantly different tautomeric ratios even under similar conditions. The experimental
results (Table 1) did not even agree on which structures are present.
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Figure 1: The three lowest energy tautomers of cytosine: oxo(-amino) (1), hidroxi(-amino)
(2) and the (oxo-)imino (3), two of which exists in (OH, and NH) rotamer pairs (a and
b).

My goal was to determine the gas phase tautomeric ratios more precisely than it was
determined before by the application of matrix isolation spectroscopy.
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Table 1: Results of some former theoretical studies on the tautomeric ratios (mole frac-
tions) of cytosine.

Method T / K 1 2a 2b 3a 3b

MP2a[1] 490 0.39(0.20) 0.47(0.24) 1(0.51) 0.10(0.05) 0.02(0.01)
CCSD(T)b[2] 473 0.72(0.31) 0.47(0.20) 1(0.43) 0.12(0.05) —
DFTc[3] 490 0.73(0.42) — 1(0.57) 0.02(0.01) —
CCSDd[4] 582 0.69(0.24) 0.57(0.20) 1(0.35) 0.46(0.16) 0.14(0.05)
a Energy: MP2/6-311++G(2d,2p); Geometry, and vibrational frequencies:
MP2/6-31G(d).

b Energy: CCSD(T)/aug-cc-pVTZ (+ZPE); Geometry: MP2/6-31G+(d,p); and
vibrational frequencies: B3LYP/6-31+G(d,p).

c MPWB1K/aug-cc-pVDZ.
d Energy: CCSD/cc-pVTZ; Geometry, and vibrational frequencies: RI-MP2/6-
311+G(d,p).

Table 2: Former experimental results on the tautomeric distribution of cytosinea.

Módszer 1 2a 2b 3a

IR, Ar matrix[5] + + −
IR, Ar matrix[6] 0.45 1.00 ≤ 0.05
IR, Ar matrix[7] 0.4–0.5 (+) 1.00 0.1–0.05
IR, Ar matrix[8] + + + +
IR, He-droplet [9] + + + −
UPS, gas phase[4] (+) + (+)
XPS, gas phase[10] + + +

a Compared to the most stable (2b) tautomer. The
+ sign means the observation, in brackets uncer-
tain identification of the corresponding tautomer.
The − sign means the corresponding tautomer
could not be detected.

2.2 Conformational analysis of amino acids

The conformational relations of the investigated amino acids (glycine and alanine) are
well studied in the literature. It is interesting that the theoretical results predict the
presence of large number of conformers (Figure 2 and 3), but only a few of them could
be detected experimentally (Table 3 and 4).

The goal of my research was to generate new, formerly unobserved conformers, and
to shed light on the reason of the absence of some conformers in the experimental ob-
servations. Since amino acids have very complex conformational map, first I tested the
experimental technique, i.e. the matrix isolation combined with NIR laser irradiation, on
a simpler model system, on 2-chloropropionic acid.
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ttt/Ip (0) ccc/IIn (224) gtt/IVn (430) tct/IIIp (616)

gct/Vn (937) ttc/VIp (1700) tcc/VIIp (2060) gtc/VIIIn (2130)

Figure 2: The eight lowest energy conformers of glycine, and their usual notations in the
literature. The relative energies (in cm−1) [11] are also given in the brackets.

Table 3: Results of some former conformational analysis on glycinea.

Method ttt/Ip ccc/IIn tct/IIIp gtt/IVn

GED [12] + (+) (+)
MW [13] + +
IR, Ar matrix [14] + + +
He-droplet [15] + + +
IR, gas phase [16] + + + (+)
Raman, jet-cooled [17] + + +

a The + sign means the observation, in brackets uncertain identi-
fication.

Table 4: Results of some former conformational analysis on alaninea.

Módszer I IIa IIb IIIb

GED [20] +
IR, gas phase [16] +
FTMW [21] + +
IR, Ar matrix [22] + +
IR, Ar matrix [23] + + (+)
Raman, jet-cooled [24] + + + +

a The + sign means the observation, in brack-
ets uncertain identification.

2.3 Investigations on 2-chloropropionic acid

Thanks to the numerous former studies one of which had been performed in our laboratory
we had detailed information on the conformational relations of 2-chloropropionic acid
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Figure 3: Conformers of alanine [18]. At lower computational levels one more (IIIa)
conformer is also a minimum [19].

(Figure 4).
On the basis of the relatively large (2 849 cm−1 computed at MP2/6-311++G**) cis-

trans conformational barrier, we also expected that the cis conformer has long, but not
too long lifetime, so the detection of this structure is feasible.

1 2 3

Figure 4: The conformers of S -(–)-2-chloropropionic acid.

3 Experimental techniques

In my research project matrix isolation spectroscopy and its combination with laser irra-
diation was applied. Matrix isolation means the dispersion of the investigated molecules
in a low-temperature (8–10K), and most often inert, medium. Under these conditions
the molecules are isolated from each other. The matrix is prepared by the fast freezing of
a gas mixture that contains the sample.
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The nearly interaction-free environment is similar to that of in the gas phase. As a
result the molecular and spectral properties observed in an inert matrix are very similar
to gas-phase properties. Small linewidth, and compared to the solid and liquid phase,
higher resolution characterises the spectra. Furthermore the rotation of the molecules is
hindered in the crystal, eliminating the rotational structure of the spectrum. Consequently
the spectra observed in a low-temperature inert matrix are simpler compared to the ones
measured in the gas phase.

During the rapid condensation there is no time for the sample to reach thermal equilib-
rium. Thanks to the low temperature the typical (> 5 kJmol−1) conformational barriers
are not permeable, therefore the matrix usually conserves the conformational composition
that existed in the gas phase before deposition. Exceptions include the cases when the
conformational barrier is low, and the conformational change can taken place by classical
"over the barrier" mechanism, or when a light-atom tunneling mechanism "below the
barrier" is possible. That is the reason why the matrix isolation method offers suitable
conditions for studying the tunneling effect in molecular systems.

The advantages of matrix isolation can also be exploited in structural investigations.
The high resolution makes the differentiation between different conformers of the same
molecule possible. Several types of manipulations are also allowed in the matrix that help
the conformational analysis. The most suitable ones are the excitations of the molecules
by electromagnetic radiation, and annealing.

In my PhD research projects I mostly used matrix isolation combined with NIR laser
irradiation. A tunable laser source allows us to selectively excite an overtone band, typi-
cally an OH stretching mode, of one of the conformers that exists in the matrix.

The vibrationally excited molecules – dissipating their extra energy – return to their
ground state with high probability. However, there is always a small possibility for an
energy transfer to a vibrational mode that can induce conformational change. In this case
either by classical “over barrier” or by “tunneling” mechanism – and with a very small
(10−3–10−5) quantum yield – the excited molecule can convert to another conformer.
The monochromatic laser radiation does not excite the reaction products, allowing the
accumulation of those during long irradiation. Therefore, it is possible to convert one
chosen conformer to an other conformer or other conformers.

During the irradiation all the bands belonging to the same conformer change with the
same rate. The rate of conformational change is also proportional with the amount of
the excited conformer. Following the intensity changes of the spectral bands upon NIR
irradiation helps in the grouping of these bands to different species and in the identification
the theoretically predicted conformers.

In addition, this method also has the potential for the preparation and investigation
of conformers that are not observable by other methods because of their high energy and
low lifetime.
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4 New scientific results

1. A simple and, compared to earlier techniques, more reliable method had been worked
out for determination of the mole fractions of a many component (either tautomer
or conformer) system. This methodology that uses experimental matrix isolation
IR spectra and computed vibrational data has been successfully applied to the
determination of the tautomeric ratios of cytosine.

2. The conformational relations of a three-conformer (1, 2, 3) model system, 2-chloro-
propionic acid was investigated by matrix isolation techniques combined with NIR
laser irradiation. The conversion paths have been mapped. It was shown that
conformer 3 can be prepared from the most stable H-bonded (1) structure. This
higher energy conformer can convert back to conformer 1. This conversion is slow
in the dark, and fast upon broad-band NIR or appropriate NIR laser irradiation.

A new, formerly unobserved, weekly hydrogen bonded, strained-geometry short-
lived structure have been prepared by the irradiation of the third conformer (2).
The lifetime of this structure was also measured. On the basis of the temperature
dependence of the lifetime of this structure it was proved the conversion back to the
more stable (2) conformer takes place via a tunneling mechanism.

For the unusual non-exponential kinetics found for the decay, several possible ex-
planations were given, and the relevance of them are investigated

3. The matrix isolation technique combined with laser irradiation was applied for the
conformational analysis of the most simple amino acids, glycine and alanine. In the
case of glycine all the three formerly known conformers observed in matrices (ttt/Ip,
ccc/IIn and tct/IIIp) could bee converted into each another. Furthermore a new,
formerly unobserved short-lived conformer (ttc/VIp) was prepared and identified.
The lifetime of that conformer was measured in different matrices. Investigating
the effect of the isotope (H/D) exchange and the temperature on the lifetime of
conformer ttc/VIp, it was proved that the short lived conformer converts back
to the lower energy (ttt/Ip) conformer via a tunneling mechanism. Based on my
experiments more accurate vibrational assignments of the observed conformers have
been given.

The bands of the formerly observed (I and IIa) conformers of alanine have been
assigned by the application of the same technique. A new, formerly unobserved
short-lived (VI) conformer have been prepared and its lifetime have been measured.

Using the tunneling effect a general, experimentally supported explanation was given
for the anomaly why the computation predict large number of conformers, while only
few of them can be identified by conventional (non-ultrafast) spectroscopic methods.
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4. The matrix isolation technique combined with laser irradiation was applied to more
complicated amino acids, cysteine and serine with my assistance. In the case of
serine the evaluation of the complicated data was supported by 2D correlation tech-
nique. There is no literature precedent of these combination of methods.
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