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The application of various action spectroscopy and absorption spectroscopy methods for studying the struc-
ture of biological molecules and their constituent fragments in an isolated state is considered. The main attention
is paid to the results achieved in the study of the nucleosides which are the structural units of DNA and RNA. It
has been demonstrated that modern low-temperature spectroscopy methods allow registration the vibrational
spectra of isolated nucleosides in neutral or ionized form. It was shown that most of the nucleosides can be con-
verted into the gas phase by prolonged evaporation from the Knudsen cell without thermal decomposition. Cool-
ing molecules to cryogenic temperatures plays an important role in these studies. The conformational equilibri-
um of the gas phase between syn and anti subsets of nucleosides is maintained due to fast cooling when frozen in
inert matrices. Within these subsets, interconversion processes between conformers can occur during cooling if
the conformers are separated by low energy barriers. In inert gas matrices at 6 K, subsets of the syn-conformers
of deoxyribonucleosides are mainly frozen with the C2’-endo structure of the deoxyribose ring. The structures of
molecular ions of nucleosides are very different from their neutral forms. In particular protonation leads to the
domination of the enol forms of thymidine, as well as syn-conformations of adenosine, stabilized by the
intramolecular hydrogen bond N3H"se«05.
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1. Introduction fragments in an isolated state is of great interest for mod-

ern science [1-12]. This interest is due to a number of rea-

Investigation of the structure and physicochemical : et ) -
sons, among which are usually distinguished: (i) the ability

properties of biological molecules and their constituent
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to study the internal properties of biomolecules, unper-
turbed by the influence of surrounding molecules, (ii) the
possibility of a detailed, step-by-step study of intermolecu-
lar interactions, (iii) the ability to use high-level quantum
mechanical ab initio calculations for the interpretation of
experimental data. At various stages of such studies, bio-
molecules are subjected to heating, cooling, intense laser
irradiation, and ionization. The behavior of biological mol-
ecules under extreme conditions can be a source of useful
information for fundamental astrophysical and astrochemi-
cal studies [13—15], as well as for the practical aspects of
human expansion in space. Isolation of biomolecules from
strong intermolecular interactions is achieved in a rarefied
gas phase or in an environment of inert molecules that
weakly interact with each other. In many cases, the most
complete information about the structure of an isolated
molecule is provided by vibrational spectra. However rota-
tional broadening significantly complicates the analysis of
the gas phase vibrational spectra even for simple mole-
cules. The use of low temperatures can partially or com-
pletely solve this problem. For example, matrices of inert
gases with weak van der Waals interactions insignificantly
affect the internal properties of molecules but hinder their
rotation. For example, tautomers of the DNA base cytosine
were detected in the argon matrices [16, 17] using the clas-
sical method of low-temperature matrix isolation spectros-
copy [18]. Low thermal stability of even simple biomole-
cules (amino acids, nucleic acid bases) limited their matrix
isolation spectroscopic studies in the isolated state.
Nowadays, various methods of action spectroscopy are
widely used to study isolated molecules. These methods
use supersonic beams, tunable lasers, and mass spectrome-
ters to obtain vibrational spectra [1-12, 19-22]. Due to
their high sensitivity, these methods were used to study the
spectral characteristics of a large number of neutral mole-
cules (DNA and RNA fragments, amino acids, peptides,
sugars), their ions and various complexes. There are many
excellent reviews that describe in detail, main results in
this area [1-12]. Therefore, in this work, we focus only on
the results obtained by various low-temperature methods
for such structural elements of DNA and RNA as nucleo-
sides. A nucleoside is a compound molecule in which a
nucleic acid base is linked by a glycosidic bond to a five-
membered sugar ring of ribose (RNA) or deoxyribose (DNA)
[23]. The nucleobase fragment or sugar ring of the nucleo-
side can be modified and, as a result, the conformational
structure and biological functions of the nucleoside can be
changed. Modified nucleosides are often used to create
new drugs [23, 24], and therefore, the study of the structur-
al features and properties of canonical nucleosides is of
great interest. The glycosidic bond significantly reduces
the thermal stability of nucleosides as compared to
DNA/RNA bases. However, we were able to obtain FTIR
spectra of pyrimidine nucleosides (uridine, thymidine) in
inert matrices for the first time [25]. Moreover, to transfer

these nucleosides to the gas phase, the thermodynamical
equilibrium process of evaporation from the Knudsen cell
was used. The complex, non-rigid conformational structure
makes these molecules sensitive to the experimental condi-
tions. Therefore it is of great interest to compare in this
review the results obtained by different methods of absorp-
tion spectroscopy and action spectroscopy.

2. Experimental methods of low-temperature
spectroscopy of nucleosides

2.1. Action spectroscopy

At room temperature, even simple biomolecules (DNA
bases, amino acids) are in a solid phase. Since many bio-
molecules are destroyed at heating, the sensitivity of the
research method and its additional capabilities for convert-
ing biomolecules into the gas phase are important. There-
fore now for the study of the vibrational spectra of isolated
molecules the most used methods of action spectroscopy.
These methods change the populations of different molecu-
lar configurations in a molecular beam using tunable la-
sers. The high sensitivity of action spectroscopy is largely
due to the mass spectrometric method of measuring the
intensity of the molecular beam.

The infrared—ultraviolet (IR-UV) double resonance
spectroscopy method is widely used to study molecules in
a neutral form [1-6, 26]. The general scheme of the meth-
od is shown in Fig. 1. In most cases molecules (molecular
weight up to 2000 Da) are injected into a supersonic inert
gas beam using a pulsed laser (Fig. 1). A pulse from a
scanning IR laser irradiates a supersonic beam by 100400 ns
earlier than a UV laser pulse which is pre-tuned to the
main (intense) vibronic absorption band of a molecule in
the ground state [26] and produces ions. The absorption of
IR photons leads to a decrease in the population of the
ground state and, respectively, to a decrease in the ion cur-
rent in the mass spectrometer detector [26]. Therefore, this
method is often called IR-UV ion dip spectroscopy [26].
A noticeable advantage of this method is the possibility of
recording the IR spectra of individual conformers [26].
However IR-UV ion dip spectroscopy only works when a
UV chromophore is present in the molecule under study.

The helium nanodroplet isolation (HENDI) spectrosco-
py method can be considered more versatile in relation to
the structure of the molecule [20-22]. In this method, a
supersonic beam is used to condense gaseous helium. The
impurity of a molecule under study is incorporated directly
into nanodroplets (nanomatrices) of liquid He which is in a
superfluid state (7 = 0.38 K). The intensity of the super-
sonic beam of He nanodroplets decreases when the fre-
quency of the tunable IR laser coincides with the absorp-
tion frequency of the impurity molecule. Mass spectro-
meters and low-temperature bolometers are used to monitor
the beam intensity [21, 22]. For example, in one of the
HENDI spectroscopy implementations, impurity nanoclusters
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Fig. 1. (Color online) Scheme of the molecular beam setup equipped with a laser desorption source and a reflectron time-of-flight mass

spectrometer used for IR—UV double resonance experiments at the free-electron laser facility (FELIX). The inset shows details of the

laser desorption source [26].

were ionized by an electron beam and the beam intensity
was monitored using a mass spectrometer [27, 28]. This
method was the first to obtain the IR spectra of the sim-
plest amino acid glycine in He nanodroplets [29]. It should
be noted that in a similar way restrictions on the structure
of the molecule in UV ion dip spectroscopy can be avoided
by using non-selective ionization of the molecular beam by
vacuum ultraviolet (VUV) irradiation [26].

Another method of the action spectroscopy of neutral
molecules is now beginning to be applied. In this method,
VUV ionization is also used [30, 31]. As shown in Fig. 2,
the general scheme of this method is very similar to the UV
ion dip spectroscopy (Fig. 1). But in this method a tunable
pulsed IR laser is used for infrared multiple photon dissocia-
tion (IRMPD) of the molecule under study. Further to evalu-
ate the degree of dissociation of molecules, one-photon ioni-
zation by a vacuum ultraviolet laser and signal registration by
time-of-flight (TOF) mass spectrometer is used [30, 31].

The close integration of action spectroscopy with mass
spectrometry has made it possible to apply a number of
technical solutions from the field of mass spectrometry and
obtain infrared absorption spectra of isolated molecular
ions [19, 34]. For example, the combination of the pro-
cesses of evaporation and ionization of molecules using
electrospray (Fig. 3) has significantly increased the capa-
bilities of the IRMPD method in studying large molecules
[32, 33]. As a result the IRMPD spectra of various ionized
DNA fragments were obtained [33].
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The use of cryogenic ion traps and isolation of ions in
He nanodroplets (Fig. 4) provides additional opportunities
for the IRMPD method [32, 34]. Cooling the ions improves
spectral resolution and expands the possibilities of study-
ing complex molecular structures and their complexes. For
example, the helium nanodroplet IR action spectroscopy
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Fig. 2. (Color online) Scheme of the setup for the infrared (IR)
action spectroscopy of low-temperature neutral gas-phase mole-
cules. The IR photons were resonantly absorbed leading to infra-
red multiple photon dissociation (IRMPD). The IRMPD products
were ionized with vacuum ultraviolet laser and the ionized spe-
cies were analyzed with a time-of-flight reflectron-type mass
spectrometer [30].
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Fig. 3. Scheme of the setup with the Fourier-transform ion cyclotron resonance (FTICR) mass spectrometer, electrospray ionization

(ESI), and source hexapole ion guide used for IRMPD ion spectroscopy at the FELIX facility [8].

method was used to obtain high-resolution spectra for a
number of DNA dinucleotide anions within the helium
nanodroplet [35]. The use of cryogenic ion traps made it
possible to characterize the products of ion-molecular reac-
tions and to study the structures of solvated clusters [36, 37].

2.2. Absorption spectroscopy

Despite the emergence of new methods, the absorption
spectroscopy of isolated molecules remains a useful re-
search tool and is enriched with new possibilities. In par-
ticular, a cavity ringdown spectroscopy which is a modern
modification of gas-phase spectroscopy [38] should be
noted. This method allows one to analyze such complex
processes as the formation of intermolecular hydrogen
bonds between DNA and RNA bases [39]. Significant im-
provements have also been made in the field of microwave
spectroscopy [40]. This made allows one to obtain and
analyze microwave spectra of many thermally unstable
molecules including nucleosides [41].
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Fig. 4. (Color online) Scheme of the setup with helium droplet
machine and ESI source for cold-ion spectroscopy, constructed
at the Fritz Haber Institute by von Helden and coworkers [34].

Matrix isolation spectroscopy is another option for absorp-
tion spectroscopy and is widely used to study small biological
molecules in an isolated state. Matrix isolation spectroscopy
differs from most of the above methods by the possibility of
long-term accumulation and preservation of the studied mole-
cules in low-temperature inert matrices. The basic design of
the cryogenic unit used for recording the FTIR spectra of ma-
trix isolated nucleosides is shown in Fig. 5. The feature of this
design is the low-temperature quartz microbalance (QCM)
[42, 43] and the design of the evaporation unit [44, 45].

The QCM allows controlling the intensity of molecular
flows of studied molecules and an inert gas. The cooled
electrode of the QCM measuring quartz can be a mirror
substrate for deposition of the matrix [43]. Most of the
studied biomolecules are thermally unstable. Such mole-
cules have a very low vapor pressure at temperatures be-
low the thermal degradation threshold. Therefore we devel-
oped new design of the evaporator allowing accumulation

Fig. 5. (Color online) The general scheme of low-temperature
setup based on liquid He cryostat: rotating vacuum seal (1), cryo-
genic block with cold mirrors and QCM (2), rotating nitrogen
shield (3), flange with indium seal (4), Knudsen cell (5), an elec-
tric heater of Knudsen cell (6), Ar flow through Knudsen cell (7),
outside Ar flow (8). Adapted from [44].
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Fig. 6. (Color online) The evaporation scheme with flat cryo-
mirror and cryoretroreflector with the relationship of the intensity
of molecular beam 7/ as function of the distances L between the
cell and cold mirror. L is in the unit of radius R of the outlet noz-
zle of Knudsen cell. The dotted lines show the actual distances
that were used in the experiments [46].

of a sufficient number of molecules in the sample in a rea-
sonable time. The main idea of the design was to allow the
maximum quantity of sublimated molecules to reach the
matrix [44, 45].

The construction of this Knudsen cell is characterized
by the working pressure less than 10* Torr and Knudsen
number more than 100 [44]. For this cell, the dependence
of the molecular beam intensity on the distance L to the
cold mirror was obtained (Fig. 6) using the statistical Mon-
te Carlo method [42]. In different experiments, the distance
L was varied from 4.5R to 1.6R (Fig. 6) [25, 44-46]. De-
spite the small gap between the Knudsen cell and the cold
mirror we were able to work even with Ne matrices at 5 K.
Stable molecular flows with intensity of 40-60 ng/s-cm’
were obtained using this design (Figs. 5 and 6) for thymi-
dine, uridine [25] and glucose [25, 47] without their ther-
mal decomposition.

2.3. Effect of cooling rate on interconversion
of molecular configurations

Despite the technical differences, the methods discussed
above have a common feature which is the need to cool the
studied molecule to cryogenic temperatures in order to obtain
spectra with good resolution. The cooling method is very im-
portant for non-rigid (labile) molecules since it may change
the conformational equilibrium of the gas phase [48]. Even
collisions of cold molecules may change the population of
structures separating by low barriers [49]. Experiments with
cooling molecules in supersonic beams show that the equilib-
rium does not change if the barrier between conformers ex-
ceeds 400-800 cm ' [48-52]. When cooled in supersonic
beams, the interconversion speed increases in the series of
inert gases: He, Ar, Kr, and Xe [52]. The analysis of inter-
conversion processes at the qualitative level can be performed
on the basis of simplified kinetics of the transition through the
energy barrier [46]. According to conventional transition state
theory (TST) the classical rate constants K¢, may be esti-
mated from the Eyring equation [53]:

kT
Ky =-2 e—AG#/RT’ (1)

where AG" is free energy of the barrier, 4 and k, are
Planck and Boltzmann constants.

Analogously to work of Jensen and Gordon for glycine
[53], the Wigner correction of quantal tunneling effects
was made as [46]:

2
1( hv RT

v K| T —| 2| 14 @

st = Brst 24(kBTj ( AG#j 2)

where the imaginary frequency at the saddle point is de-
noted as v.

Under the assumption that only forward transition will
occur, the number of molecules dN which were passed
through the barrier in a time dt may be expressed as [46]:

dN = —K s Ndt . 3)

Table 1. The T, time (s) of transition of one-half number of molecules from the one conformer to another calculated by Egs. (1)—(5)

(the reverse transition was ignored) [46]

The T, time (s) for different 7' (K)
Barrier, kcal/mol

430K 300K 200 K 12K 6K
0.3 1.1.107% 1.9-10°% 3.7-.10°8 1.2:10°° 9.0
0.7 1.7.1071 3.5-107" 1072 9.9 2.5.10"
1.3 3.4.107" 10712 4.6-107" 8-10"! >2.5-10"
2.0 810712 3-10712 2.5.10" >g.10"! >2.5-10"
3.0 2.6-10712 1.7-1071 310710 >8.10!"! >2.5.10"
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Integration of Eq. (3) with the initial number of molecules
N, leads to

N (t)= Nye ¥t )

It follows that time T, of the transition of one-half num-
ber of molecules from the one conformer to another may
be expressed as [46]:

0.693

M= = w ®)
Krsr

Obviously, depopulation of the low-barrier conformers
(conformational cooling [46, 52]) will occur if the time of
energy relaxation is close to 7j,. The results of calcula-
tions using Eqgs. (1)—(5) for the different temperatures and
height of barriers are summarized in Table 1 [46].

As it is seen from Table 1 and extrapolation of the ex-
perimental data [54, 55], the conformers with the barrier
about 0.7 kcal/mol may be easily conserved in the isolated
state at the temperature of 6 K. But it is possible only un-
der the condition that the process of relaxation energy
is very fast, otherwise the population of conformers will be
changed. Obviously, the cooling rates will differ for differ-
ent methods of cooling the impurity molecules. The cool-
ing will be the slowest when the impurity molecules are
introduced into the subsonic zone of a supersonic beam. It
can be assumed that the widely used scheme of introducing
molecules into the beam in front of the skimmer (Fig. 1)
[26] is also not optimal. The reason is collisions of mole-
cules in the “hot” shell of the supersonic beam before they
reach its cold core.

The more rapid energy relaxation and consequently ef-
fective “conformational quenching” may happen at the
“pick-up” cell [21, 22, 28] with direct contact of impurity
molecules and superfluid helium nanodroplets in HENDI
spectroscopy or at the surface of the low-temperature ma-
trices. Poliakoff and Turner [56] noted what the rate of
relaxation energy is subject to variation directly as fre-
quencies of the phonon spectrum. It is known, that the fre-
quencies of the phonon spectra increase in the row of ma-
trices: Xe, Kr, Ar [57]. Some experimental results of
matrix isolation spectroscopy are in good agreement with
this hypothesis [54]. It is interesting that the frequency of
the phonon spectrum of Ne cryocrystals has the middle
position between Kr and Ar [57].

3. Quantum mechanical calculations
of the conformational structure of nucleosides

Nucleosides are the main building blocks of DNA and
RNA. Natural canonical nucleosides include guanosine,
adenosine, cytidine, and thymidine (uridine in RNA) [23].
Nucleosides have a flexible, non-rigid structure. As it was
shown for thymidine and adenosine, the structure of nucleo-
sides is mainly determined by four intramolecular rotations
and by the non-rigid structure of the sugar ring (Figs. 7 and 8).
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Fig. 7. (Color online) Atomic numbering, torsion angles, and
molecular structures of the main syn- (Ths2_0) and anti- (Tha2_0)
conformational isomers of thymidine. The dotted line shows the
intramolecular hydrogen bonds.
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Fig. 8. (Color online) Atomic numbering, torsion angles, and
molecular structures of the main syn- (Ads2 _0) and anti-
(Ada2_0) conformational isomers of adenosine. The dotted line
shows the intramolecular hydrogen bonds.
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Fig. 9. Pie chart of the distribution of the all Th conformers over
torsion angles. The dotted lines show the areas of syn-conformers
(55° <y < 85°) and anti-conformers (190° <y < 250°) [66].

Structural investigations of highly flexible nucleoside
molecules are impossible without performing of modern
quantum mechanical calculations. Earlier the quantum me-
chanical calculations were used to study only certain struc-
tural and spectral properties associated with the limited ex-
perimental information [58—63] since the vibrational spectra
of isolated nucleosides were not available. New experi-
mental spectral data obtained for isolated nucleosides has
stimulated a detailed study of their conformational space.

Conformational space of a nucleoside molecule may be
described using several dihedral angles: O4’'C1'N1C2 for
pyrimidine nucleosides and O4'C1'N9C4 for purine nuc-
leosides (Z£y), C3'C4'O5'H (£B), C2'C3'C4'05" («y),
C4'C3'0O3'H’ (Leg) [23]. Structure of ribose or deoxyribose
residues usually may be described by a pseudo rotation
angle: (£P) [23, 64] but additional dihedral angles may be
also used: C5'C4'C3'03 («£98), C3'C2'0O2'H (4£m), and
03'C3'C2'02' (£9).

For the conformational analysis of the structure of nucle-
osides, the “brute-force” method turned out to be the most
effective. It consists in sequential scanning of dihedral an-
gles. This is due to the relatively small number of dihedral
angles describing the structure of nucleosides. The most
detailed search for stable conformations of canonical nucle-
osides and some of their derivatives was carried out by
Zhurakivsky et al. [65-72]. For example, 92 stable con-
formers of thymidine [65] and 103 conformers of adenosine
[69] were located in the calculations performed at the of
DFT/B3LYP/6-31G(d,p) level of theory. The examples of
resulting distributions of the torsion angles of the nucleoside
conformers are shown in Figs. 9 and 10 for thymidine and
adenosine, respectively.

150° 180°
—180°

Fig. 10. Pie chart of the distribution of the all Ad conformers over
torsion angles. The dotted lines show the areas of syn-conformers
(40° <y < 88°) and anti-conformers (140° <y <250°) [69].

It is clear what all predicted nucleoside conformers
cannot be observed in experiment even if very sensitive
methods are applied. First of all this is due to high relative
energies of the most calculated conformers. The detection
threshold of 2.5 kcal/mol with respect of the lowest energy
conformers reduces the number of potentially observable
conformers to 8 for adenosine and 29 for thymidine. More-
over the possible conformer interconversion during matrix
deposition should be taken into account. Therefore in the cal-
culations associated with the analysis of the experimental
spectra obtained by the matrix isolation method much atten-
tion was paid to the analysis of the height of the energy barri-
ers separating the nucleoside conformers.

Quantum chemical calculations of the nucleosides were
performed using the program packages Gaussian 09 [73]
and Firefly (version 8.0) [74]. The later partially uses the
GAMESS (US) program code [75]. In most investigations,
the geometry optimization was performed using the second-
order many-body perturbation theory (MP2) and density func-
tional theory (DFT/B3LYP [76]) methods. As a rule, standard
basis sets, such as cc-pVDZ [77] or 6-311++G(df,pd) were
used in the calculations. In this review, conformations with
anti- and syn-structures of the ribose (deoxyribose) ring are
denoted as Yan x and Ysn_x, respectively, where Y desig-
nates certain nucleoside (for example, Th — thymidine,
2dU — 2deoxyuridine, Ad — adenosine ets.), n designates
conformation of the sugar ring (2-C2'-endo or 3-C3’-endo)
and x correspond to the conformer numbers in order of in-
creasing their relative energy. The DFT/B3LYP method was
used in combination with the empirical dispersion correction
(D3 or D3(BJ) [78, 79]) to improve the accuracy of calculat-
ing energies. As we demonstrated earlier, the use of the D3
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or D3(BJ) corrections improves the agreement between calcu-
lated and experimental frequencies of the vOH, vNH stretch-
ing vibrations of nucleosides [80]. Also the polynomial cor-
rection method [81] may be helpful to further reduce the
difference between calculated and experimental frequencies.

4. Vibrational spectra and structure of pyrimidine
nucleosides at low temperatures

4.1. 2-deoxyuridine and thymidine in Ar matrices

IR spectra of thymidine (Th) and uridine (Ur) in argon
matrices were obtained in 1998 [25] for the first time. In
this work [25] the possibility of long-term sublimation of
nucleosides was demonstrated. More sophisticated analysis
of the experimental spectra and conformational equilibri-
um was carried out in subsequent works for Th, Ur, and the
minor nucleoside 2-deoxyuridine (2dU) [44—46, 82—84].

The region of stretching vibrations of Th and 2dU iso-
lated in Ar matrices is shown in Fig. 11. This figure also
shows the FTIR spectra of 1-methylthymine and thymine.
The spectrum of 1-methylthymine allowed exact identifi-
cation of the vN3H vibration of Th and 2dU molecules
(Fig. 11). Comparison of the spectra of nucleosides and bases
(thymine, 1-methylthymine) showed that characteristic very
narrow bands of bases are absent in the spectra of nucleosides.
This indicates that, upon evaporation of nucleosides, the
cleavage of the glycosidic bond between the pyrimidine and
ribose fragments of the nucleoside does not occur. This is
reliable evidence that thermal destruction of Th and 2dU did
not occur during evaporation of the nucleosides in the temper-
ature range of 415435 K [44-46, 82, 83]. In mass spectro-
metric experiments the thermal stability threshold of nucleo-

vN3H

vO5'H(syn-)

1 1
3500 3400

Il
3600 '
Frequency, cm

Fig. 11. The region of vOH, vNH stretching vibration of thymi-
dine conformers (2), as well as 2'-deoxyuridine (/), 1-CH3-
thymine (3), and thymine (4) in an Ar matrix [83].

sides is noticeably lower. For example, a temperature stability
threshold of 420 K was found in experiments with electron
impact ionization of thymidine [85]. The destruction of Th
under VUV ionization began at 410 K [86].

Rotation around the glycosidic bond (angle ) divides
the conformational space of a nucleoside into anti- and
syn-subspaces [23]. Calculations estimate the height of the
barrier between these subspaces to be more than 4 kcal/mol
for 2dU [82] and more than 6 kcal/mol for Th [83] (Fig. 12).
Annealing the matrices at 30 K showed no significant
changes in the spectra and confirmed the existence of a high
barrier between the anti- and syn-subspaces [83]. This al-
lows us to assert that interconversion between the anti- and
syn-conformers did not occur in low-temperature inert ma-
trices. At the same time, rotation of small nucleoside frag-
ments corresponding to dihedral angles /B, £y and Ze are
possible within the subspaces. Pseudo rotation of the ribose
ring (dihedral ZP) is also possible. This increases probability
of the nucleoside conformer interconversion and requires a
detailed analysis of the height of the energy barriers between
individual conformers. An analysis of experimental results
and calculations showed that the minimum barrier height that
allows fixing nucleoside conformers in Ar or Kr matrices can
be estimated as 2 kcal/mol [83]. All main conformers of 2dU
and Th fixed in matrices were identified. Their population in
the gas phase at the evaporation temperature [82, 83] was
calculated. Based on experimental integral intensities of the
characteristic spectral bands of individual conformers we es-
timated their populations in Ar matrices [83]. As shown in
Fig. 13, only 5 Th conformers make a significant contribu-
tion to the experimental FTIR spectrum.

16

AE = 6.5 kcal/mol

AE, kcal/mol

0 100 200 300
Zy(O4'C1'HIC2), deg

Fig. 12. The profile of the barrier of the anti — syn-confor-
mational transition in isolated thymidine calculated by the
DFT//B3LYP//cc-pvdz method with a step of 10° along the tor-
sion angle y. The circles indicate the profile of motion from syn
(Ths2_0) to anti (Tha2_0) [83].
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Fig. 13. (Color online) The conformers of thymidine that are

fixed in the matrix and estimation of their population (%) in Ar
matrices [83].

Analyzing the experimental spectra of nucleosides it is
also necessary to take into account the splitting of the spec-
tral bands caused by the Fermi resonance. The Fermi reso-
nance is especially often manifested in the region of the
absorption bands of CO stretching vibrations of pyrimidine
bases [40]. For example, 5 additional absorption bands
appear in this region in the FTIR spectrum of 1-methyl-
thymine [Fig. 14(a)].

Comparison of the experimental and calculated (synthe-
sized with accounting for the conformer populations (Fig. 13)
spectra of Th demonstrated a significant overlap of the
vC20 and vC40 spectral bands [Fig. 14(a)]. Such a broad-
ening of the absorption bands of vCO vibrations can also
be caused by the Fermi resonance.

The possibility of the manifestation of the Fermi reso-
nance in this spectral region was also indicated by the re-
sults of calculations by the VPT2 method which takes into
account the anharmonicity of vibrations [83]. According to
these calculations, Fermi resonance between CO stretching
vibrations and several combination modes is possible.
Deuteration of Th changed the resonance conditions signi-
ficantly. As a result, in the experimental spectrum of
deuterated Th one can see a clear separation of the absorp-
tion bands of the vC20 and vC40 vibrations and good
agreement between the experimental and calculated spectra
was observed [Fig. 14(b)].

|
1700
Frequency, cm' !

1750 1650

Fig. 14. The region of stretching vibrations of the CO group
(vCO) for thymidine,
thymidine (b) in Ar matrices. The spectrum of 1-methylthymine

1-methylthymine (a) and trideutero-

is shown by a dotted line. The line composed of circles shows a
visualization of the calculated spectra of nucleosides [83].

Absorption bands of the vOD and vND vibrations were
shifted to the region of 2700-2500 cm ' in the spectrum of
deuterated Th and their intensities were decreased signi-
ficantly [Fig. 15(b)]. The results of calculations of vibra-
tional spectra by the DFT/B3LYP/6-311++G(df,pd) me-
thod in the harmonic approximation and with a scaling
factor of 0.96434 agree well with the experimental spec-
trum. This was observed for all spectral bands in this
range, except for the vN3D vibration band. This band
overlapped with the vO5'D band of the Ths2 0 conformer and
is split into two bands with frequencies of 2552 cm ' and
2533 cm . The frequencies of these two bands are shifted
in opposite directions from the calculated frequency of
2543 cm' (VN3D). The reason for this splitting is the Fermi
resonance. This is facilitated by the fact that the band of
VN3D vibration is shifted to the region of 25002800 cm
where several combination bands are located [87]. Earlier
we detected the splitting of the vVIN3D vibration band caused
by the Fermi resonance for deuterated SI-uracil [87].
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Fig. 15. The region of stretching vibrations (vNH, vOH) of thy-
midine (a) and (VND, vOD) of deuterothymidine (b) in Ar mat-
rices. The dotted line shows a visualization of the calculated
spectrum [83].

4.2. Uridine in Ar matrices

Compared to 2dU, the Ur molecule contains an addi-
tional hydroxyl group O2'H. As a result, intramolecular
hydrogen bonds O2'Hee+O2, O3'He*+O2’, and O2'He*O3’
are formed in the various uridine conformers (Fig. 16).
Matrix isolation FTIR spectroscopy and quantum-chemical
calculations demonstrated that in argon matrices at 10—12
K most conformers (70 £ 10) % contain intramolecular
hydrogen bonds formed by the carbonyl group (C2=0)
(Fig. 16) [84]. FTIR spectra of Ur demonstrated an in-
crease by (40 + 10) % of the population of syn-confor-
mers with the O5'Hee+O2 intramolecular hydrogen bond
[84] as compared to the spectra of 2dU. It is explained
by the appearance in the matrices of the Urs3 0 con-
former with the C3’-endo structure of the ribose ring. This
result was supported by the calculation [84] of the energy
relaxation profiles of the conformational transitions for the
different pair conformers (Fig. 17). In this work [84], the
population of conformers in the matrices was estimated
using information about the experimental integral intensi-
ties of characteristic absorption bands of individual con-

"“‘\:J P 6o o & ®
@ g/E c/@ e c”
“«F b 4 i B
@, W ,‘.
c 0p A & g P @,
o \ o
W @\t . ¢ o
Ura2 0 Ura2 1
10% 20 % ®

% =< ) W @ g
&€ L 4 /b“ c H ? *- %
o O~ ) e G0 [
gy @ Y ve—of
b by
. &\v &
Ura3 0 Urs3_0“
30 % 20 %

& ¢ § _la i <
& L - * e : &
@ c “} € ? w
5 A
Urs2 0 Urs2 1
10 % 10 %

Fig. 16. (Color online) The conformers of uridine are fixed in the
matrix and estimation of their population (%) in Ar matrices [84].

formers. It was further confirmed by a comparison of the
experimental spectrum and the calculated spectrum using
Gaussian contours with half-width of 10 cm™. The calcu-
lated spectrum was produced as a sum of calculated spectra
of individual Ur conformers with accounting for the con-
former populations. It was done for both experimental and
calculated populations. If we used the calculated popula-
tions of conformers the total calculated spectrum (Fig. 18,
curve 3) was found to be significantly different from the
experimental spectrum (Fig. 18, curve 7). However, using
of experimental population (Fig. 16) resulted in a good
agreement between the calculated and experimental spec-
tra. (Fig. 18, curve 2).

4.3. Uridine and protonated uridine in the gas phase

Structure of the gas phase uridine was studied by mi-
crowave spectroscopy method using broadband chirped
pulse FT microwave spectrometer [41]. A laser ablation
vaporization system was used to convert uridine to the
gas phase. Rotational transitions of uridine were distin-
guished in the experimental spectrum (Fig. 19) despite the
strong photo-fragmentation of uridine during laser abla-
tion. Comparison of the experimental data with the results
of calculations performed at the MP2-6-311++G(d,p) level
of theory allowed authors to assign observed bands to the
anti/C2'-endo-g+ conformer. Structure of this conformer
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Fig. 17. The energy relaxation profiles of the conformational transi-
tions for the different pair of anfi- (a), (b) and syn-conformers
(c) calculated by the DFT/B3LYP/cc-pVDZ and MP2//cc-pVDZ
methods (squares) along dihedral angle O4'C4'C2'C3’" with the
step of 10° [84].

is similar to the conformer Ura2 0 (Fig. 16) from the anti-
conformational subspace which was detected in argon ma-
trices earlier [84].

Many pyrimidine nucleosides were investigated in pro-
tonated form by action spectroscopy (IRMPD) [88-95].
Electrospray method is widely used in the study of ions. It
combines the transfer of molecules into the gas phase and
the ionization process.

The conformational landscape of protonated nucleosides
changes significantly. These changes can be caused not only
by the addition of a proton. It has been shown that tautomeric
transitions can occur in molecules (for example, in uracil,
thymine, and their nucleosides) in a protic solvent prior to (or
during) their transfer into the gas phase by means of the elec-
trospray process [94, 95]. Solvent molecules may act as a
bridge that lowers the activation energy of tautomerization
[94]. Tt was shown that 2,4-dihydroxy tautomers are domi-
nant for the derivatives protonated forms of Ur and Th.
O2-protonated tautomers represent the main group of minor
Th and 5-methyluridine conformers [88, 89]. At the same
time, atom O4 is protonated in the minor group of conformers
(Fig. 20) in the case of [2dU+H]" and [Ur+H] [88].

0.4

| |
3500 3400

|
3600
1
Frequency, cm

Fig. 18. The comparison of the experimental spectrum and the
calculated spectra. The experimental spectrum of Ur isolated in
Ar matrix (1); visualization of the calculated spectrum according
the experimental estimation of the occupancies of the Ur con-
formers (2); visualization of the calculated spectrum according
the computational estimation of the occupancies of the Ur con-
formers [84] (3).

The number of conformers that are energetically favorable
and can be detected in experiments is very small for each
tautomeric group [88]. For example, only three conform-
ers have populations sufficient for experimental detection
(Fig. 20) within tautomeric subspace [Ur+H]". It should
also be noted that calculated relative stabilities of proto-
nated structures (Fig. 20) are highly dependent on com-
putational method applied.

5. Vibrational spectra and structure of purine
nucleosides at low temperatures

5.1. Guanosine and adenosine in the gas phase

In contrast to the pyrimidine nucleosides discussed
above, the vibrational spectra of isolated purine nucleo-
sides (2'-deoxyguanosine, 3'-deoxyguanosine, guanosine)
were first obtained by action spectroscopy using the IR-UV
ion dip or REMPI methods [96-100]. As shown in Fig. 21,
spectra of guanosine and its derivatives under the conditions
of these experiments were obtained only for the enol tauto-
mers [97]. The conditions of resonant photoionization were
apparently not optimal for the diketotautomer [96]. It is also
interesting to note, that only one structure of guanosine was
detected in supersonic beams: a syn-conformer with strong
intramolecular hydrogen bond formed between 5'O-H group
of ribose residue and 3-N atom of enol tautomer of guanine
residue [96—100]. Taking into account the results obtained
for the gas phase Ur (Fig. 19) [41], we can assume that the
depletion of the conformational landscape in these experi-
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Fig. 19. (a) Spectrum of uridine in the frequency 6—12 GHz frequency region with some of the photofragmentation lines (b). A part of

the broadband spectrum showing a not resolved 10,9493 transition of uridine. (c) The 10,994 rotational transition of uridine showing

its hyperfine structure completely resolved by FT microwave spectrometer [41].

ments may be explained by specific conditions of laser
ablation and resonant photoionization.

Unlike guanosine, adenosine was found to be unstable
to the specific conditions of the REMPI experiment [101].
However, IR-UV ion dip spectra of adenine and 9-methyl-
adenine have been successfully obtained [101, 102]. The
fragmentation of adenosine during laser vaporization may
be caused not only by its instability. It has been suggested
that adenosine has an efficient excited-state deactivation
mechanism and exhibits a significantly shorter excited-
state lifetime than adenine [103].

5.2. 2-deoxyadenosine and adenosine in Ar matrices

In the matrix-isolation experiments, 2-deoxyadenosine
(2dA) and adenosine (Ad) were evaporated from Knudsen
cell. Evaporation temperatures were 440 K for 2dA and
465 K for Ad [80, 104]. These temperatures are noticeably
higher than in experiments with pyrimidine nucleosides.
However, they are significantly lower than the known melt-
ing points of 2dA and Ad [105]. For example, the melting
point of Ad is 510 K [105]. Therefore, we can say that the
evaporation of 2dA and Ad took place in the sublimation
mode. Similarly to the analysis of the Th and 2dU spectra
(Fig. 11) in the region of stretching vibrations, a compari-
son was made between the spectra of the nucleoside and

the adenine base. FTIR spectrum of adenine was also reg-
istered to simplify analysis of the nucleosides spectra in the
fingerprint region.

Registered FTIR spectra are shown in Fig. 22. As it is
seen, narrow spectral bands were absent in the spectrum of
adenosine. These narrow bans are spectral markers of ade-
nine. Therefore it demonstrated sufficient thermal stability
of 2dA and Ad during prolonged sublimation in vacuum
[80, 104]. It should be noted that similar evaporation of
guanosine was not possible.

2dA in the gas phase and in low-temperature matrices
was represented mainly by syn-conformers (Fig. 23) what
makes it different from 2-deoxy pyrimidine nucleosides. In
the matrices, the subset of syn-conformers of 2dA was rep-
resented by two conformers with the C2'-endo structure of
the deoxyribose ring. The difference between these con-
formers was only in the rotation of the O3'H group (Fig. 23).
In contrast to pyrimidine 2'-deoxy nucleosides, the matri-
ces did not contain 2dA conformers with intramolecular
O3'He++05" and O5'He++O3’ hydrogen bonds. It explains
the absence of absorption bands of 2dA conformers in their
FTIR spectra near 3600 cm ' (Fig. 24). Frequency of the
O5'H stretching vibration is strongly downshifted due to
the intramolecular hydrogen bond O5'He**N3 in syn-con-
formers (Fig. 24). UV irradiation of the matrix samples
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Fig. 20. (Color online) Comparison of the measured IRMPD ac-
tion spectrum of [Ur+H]" with the calculated IR spectra for the
low-energy conformers of [Ur+H]" that may be populated in the
experiments and the corresponding structures calculated at the
B3LYP/6-311+G(d,p) level of theory. Also shown in black are the
B3LYP/6-311+G(2d,2p) and in red the MP2(full)/6-311+G(2d,2p)
relative Gibbs free energies at 298 K [88].

leads to decrease of population of the syn-conformers.
Characteristic bands of conformations with the C3’'-endo
structure of the deoxyribose ring were not found in the
matrix FTIR spectra of 2dA [80].

The presence of the O2'H group significantly enriches
the conformational landscape of the gas phase of adenosine
(Fig. 25) [104]. It was shown that the population of the
anti-conformers of Ad increased significantly as compared
to dA due to the intramolecular hydrogen bond O2'HeeeN3.
At evaporation temperature of 465 K, the population of
these conformers was more than 50 % higher than the pop-
ulation of syn-conformers with the O’HeesN3 hydrogen
bond. Subsets of syn- and anti-conformers with the C2'-endo
structure of the deoxyribose ring were detected in argon
matrices at 6 K. Similarly to the 2dA FTIR spectra, absorp-
tion bands of Ad conformers with intramolecular hydrogen
bonds O3'He+O5’ or O5'He*+03' are not observed (Fig. 26).
However, there are absorption bands of hydrogen-bonded
groups O3'H and O2'H near 3590 cm ' (Fig. 26). The fre-
quency position of these bands is determined by the
intramolecular hydrogen bonds O3'HeesO2" and O2'Hes+O3'.
The absorption band of O2'H and O5'H groups of Ad was

2,3-Isopropyl Gs
-JNvE"-’T'M"WM O‘:I Guanosine

3-Deoxy Gs

Gs

2-Deoxy Gs

+———— 5.0H tightly bound 3-OH

G (Enol)

NH,(s) NyH NH,(a)'OH(G)
G (Keto)

L1 1 1 1 1 1 1 | | | | |
3332 3400 3450 3500 3550 3600 3650 3700 3750 3800 3850 3900

—1
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Fig. 21. The IR-UV ion dip spectra of laser-desorbed guanosine
(Gs), 2-deoxyuanosine (2-deoxyGs) and 3-deoxyguanosine (3-
deoxyGs) molecules. The IR spectra of 2,3-isopropylGs and
G(enol, keto) are shown also. The inset shows the most stable
guanosine structure at the HF/6-31G(d,p) level that is in agree-
ment with the observed spectral bands [97].

observed near 3270 cm™' (Fig. 26). This bands is broad and
intense due to the strong intramolecular hydrogen bonds
O2'Hee*N3 and O5'HeesN3. It should be noted that the ab-
sorption bands of the O3'H and O2'H groups of syn-confor-
mations, have highest frequencies. In these conformations the
oxygen atoms are proton acceptors in intramolecular hydro-
gen bonds O3'Hee+02’ or O2'Hee+03’ (Figs. 25 and 26). Un-
like 2dA, the syn-conformers of Ad with the C3'-endo struc-
ture may be fixed in Ar matrices [104].
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Fig. 22. Comparison of the vibrational spectra of adenosine
(Ado) and adenine in the region of stretching vibrations vNH: (a)
Ado in an Ar matrix (7 = 8 K, M/S = 700); (b) adenine in Ar
matrix (7= 12 K, M/S = 800) [104].
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Fig. 24. Experimental FTIR spectra of the region of free (a) and hy-
drogen-bonded (b) stretching vibrations VOH of 2-deoxyadenosine
molecules in an Ar matrix: spectrum after deposition (7= 6 K, M/S =
=500) (7); difference spectrum after 40 min UV irradiation of matrix
sample (2); given for comparison, spectrum 2dUr [80] (3).
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Fig. 25. (Color online) The conformers of Ad that are fixed in the
matrix and estimation of their population (%) in the Ar matrices
at T=6K[104].

5.3. Protonated derivatives of guanosine and adenosine
in the gas phase

IRMPD spectra of protonated 2'-deoxyguanosine (2dG)
and guanosine (Gu) showed that atom N7 is the most fa-
vorable protonation site [106]. The most stable structures
[2dG+H]" and [Gu+H]" anti-conformers stabilized by a
weak hydrogen bond between C8—H group and atom OS5’
[106]. In both cases, the sugar ring is in the C3'-endo con-
formation. It was also shown that only keto forms of the
guanine residue of [dGuo+H]" and [Guo+H]" were ob-
served in these experiments [106].

In contrast to 2dG and Gu, 2dA and Ad molecules were
protonated at N3 site whereas protonation at N7 was found
to be much less favorable [107]. According to the calculat-
ed data and IRMPD spectra, only one syn-conformation of
[2dA+H]" was observed (Fig. 27) [107]. A similar result
was obtained for [Ad+H]" [107]. This was due to protona-
tion at the N3 site which allowed the formation of a strong
intramolecular N3H se+05’ hydrogen bond. It should be
noted that the analysis of the experimental spectra did not
exclude the presence of trace amount of minor anti- and
syn-conformers of [2dA+H]" (Fig. 27) and [Ad+H]" [107].
Obtained data demonstrated significant decrease of quanti-
ty of the protonated 2dA and Ad conformers in the gas
phase as compared to neutral ones (Figs. 23 and 25).
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Fig. 26. Experimental and calculated vibrational spectra of the OH,
NH stretching vibration region for dA and Ad molecules: (a) dA in
an Ar matrix (7= 6 K, M/S = 700); (b) Ad in Ar matrix (T=6 K,
M/S = 600); (c) total spectrum of conformers Ada2 0, Ada2 2,
Ads2 0, Ads2 1, Ads3 0, calculated by the DFT/B3LYP/6-
311++G(df,pd) method with frequency correction (multiplier
0.951) and taking into account the populations [104].
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6. Conclusions

Low temperatures play an important role in the modern
highly sensitive spectroscopy of isolated biological mole-
cules. In most methods, the cooling of molecules to cryo-
genic temperatures occurs directly during the isolation pro-
cess. It significantly improves the spectral resolution. The
cooling rate of is very important in studies of highly flexible
biomolecules. The modern methods of action spectroscopy
and low-temperature matrix isolation spectroscopy allowed
the registration of vibrational spectra of isolated nucleosides
in neutral or ionized form. It was shown that pyrimidine and
purine nucleosides can be converted into the gas phase by
prolonged evaporation from the Knudsen cells without
thermal decomposition. Laser evaporation can greatly affect
the conformational composition of the gas phase.

The determination of the conformational landscape of
nucleosides can be successfully carried out using the rela-
tively simple method DFT/B3LYP/6-31G(d,p). However
estimating the energies of individual conformers requires
the use of more advanced methods, for example, MP2 with
large basis sets. Experimental FTIR spectra of matrix sam-
ples are in good agreement with spectra calculated at the
DFT/B3LYP/6-311G++(df,pd) or DFT/B3LYP/aug-cc-pVTZ
levels of theory. Calculating the energies of protonated
structures requires the use of the most sophisticated meth-
ods, for example, CCSD(T)/aug-cc-pVTZ.

The conformational equilibrium between syn- and anti-
subsets of pyrimidine and purine nucleosides in the gas
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Fig. 27. (Color online) Comparison of the experimental IRMPD action spectrum of [2dA+H]" with the calculated IR spectra for the low-energy
conformers that may be populated in the experiments and the corresponding structures calculated at the B3LYP/6-311+G(d,p) level of theory.
The B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) relative Gibbs free energies at 298 K are also shown in black and red, respective-
ly. The site of protonation, nucleobase orientation, and sugar puckering are indicated for each conformer [107].
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phase is maintained when the molecules are frozen in inert
matrices. Interconversion between individual groups of
conformers can occur within these subsets upon cooling. In
inert matrices at 6 K, the subsets of the syn-conformers of
deoxyribonucleosides are mostly frozen with the C2'-endo
structure of the deoxyribose ring. But the syn-conformers
of ribonucleosides with the C3’-endo structure of the sugar
ring can also be fixed.

Protonation significantly changes the conformational
and tautomeric structure of purine and pyrimidine nucleo-
sides. 2,4-dihydroxy forms dominate for protonated deriva-
tives of uridine and thymidine, while syn-conformations
stabilized by the intramolecular hydrogen bond N3H " +e+Q5
dominate for adenosine derivatives.
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MonekynspHa CTpyKTypa Ta KonmBarsbHi CnekTpu
i3011bOBaHNX HYKMEO3naiB NPY HNU3bKUX
TemnepaTypax
(Ormsim)

A. Yu. lvanov, S. G. Stepanian

PosrsiHyTO 3acTocyBaHHS pI3HHX METOAIB “action spectro-
SCopy” Ta CHEKTPOCKOIIi MOTJIMHAHHS ISl IOCIIDKEHHS CTPYK-
Typu OIOJIOTIYHUX MOJIEKYJ Ta iX CKIamoBHX ()parMeHTIB B i30-
JIb0BaHOMY cTaHi. OCHOBHY yBary NpUIUICHO pe3yibTaTaMm, Lo
JOCSITHYTI y BUBUCHHI HYKJICO3U/IB, SIKi € CTPYKTYPHUMH OJWHH-
wiva JTHK, PHK. IIpomemMoHCTpoBaHO, LIO Cy4acHi METOAU
CIIEKTPOCKOIIii 3 BAKOPUCTAHHSM HHM3bKHX TEMIIEPATyp H03BOJIS-
I0Th PEECTPYBATH KOJNMBAJIbHI CIIEKTPHU 13071b0BaHUX HYKJICO3U/IiB
B HeHTpaibHii abo ioHi30BaHOI Gopmi. [Tokazano, 1m0 KesKi HyK-
J€03UI MOXKYTh OYTH mepeBelieHi B ra3oBy a3y LUIIXOM TpU-
BAJIOr0 BUIApOBYBaHHs 3 KoMmipku KHuyzmcena 6e3 TepmiuHOro
poskiagaHHsa. OXOJIOMKEHHS MOJIEKYJ 10 KPIOT€HHHX TeMIepa-
TYp I'Pa€ BaXJIUBY POJIb B LUX JOCIIKCHHSIX. 3aBISIKH [IBHIIKO-
My OXOJIOJDKEHHIO KoH(popMalifiHa piBHOBara ra3oBoi ¢a3u Mix
CuH- Ta aumu- TiAMHOXHHAMHU HYKJICO3UIIB 30€piraeTbecsl MpH
3aMOPO’KYBaHHI B IHEPTHUX MaTPULAX. YCepeauHi LUX MiAMHO-
JKHH MOXKYThb BiZJOyBaTHCS NPOIECH IHTEPKOHBEPCii MK HH3BKO
Gap’epHnMu KOH(pOpPMEpaMH TMPH OXOJOKEHHI. B iHepTHHX
Marpunax npu 6 K nmigMHOXUHK cun-KOHPOPMEpPIB Ae30Kcipibo-
HYKJICO3U/IiB B OCHOBHOMY 3aMOpPOXYIOThcsi 3 C2'-eH10- CTpyK-
TYpoI0 Je30Kcipibo3HOro Kinbl. CTPYKTYpH MOJEKYJSIPHHX
IOHIB HYKJICO3HIIB CHJIBHO BiOPI3HSIOTBCS Bif iX HEHTpalbHUX
¢dopm. 30kpeMa NPOTOHYBAaHHS MPHU3BOJUTH JO JOMiHYBaHHS
CHOJBHUX (HOPM THMIZMHY, & TAKOXK CUH-KOH(OPMALH alleHO3H-
Hy, SKi CTaOimi30BaHI BHYTPINIHBOMOJICKYJSIPHUM BOJHEBUM
3B’ s13k0M N3H " ¢2¢ O5.

Kirouosi cnosa: I4 @yp’e-criekrpockorisi, HU3bKOTEMIIEpaTypHa
MaTpuyHa i30JILis, HYKIeo3uau, ab initio po3-
paxyHKH.
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