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Abstract. An experimental and theoretical RHF, MP2 and DFT/6-31+4+G"* study is described of the
matrix FT-IR spectra of monomer 2-aminopurine and H-bonded complexes of 2-aminopurine with water.
2-aminopurine occurs in Ar predominantly as the amino-N9H tautomer, but small amounts of the amino—
NT7H tautomer are also present. An approximate Kr value for this tautomeric equilibrium is found to
be 0.016 (RHF) and 0.015 (DFT) using the infrared intensity measurement. Four H-bonded complexes
of the abundant amino—N9H form with water are detected in the experimental FT-IR spectrum by their
characteristic predicted absorptions, i.e. the three closed complexes N3.--H-O---H-N9, N1.--H-O---H-
NH, N3---H-O---H-NH and the open complex N7--- H-OH. From the experimental results, the proton
affinity of the N7 atom in 2-aminopurine can be estimated. The dependence of the H-bond strength on the
H-bond linearity is demonstrated by a correlation between the N---H distance and the N--- H-O angle in

closed N---H-O---H-N complexes.

PACS. 87.14.Gg DNA, RNA — 87.15.Aa Theory and modeling; computer simulation —

87.15.By Structure and bonding

1 Introduction

2-aminopurine (2AP) is a purine derivate comparable to
adenine and guanine, the only difference with adenine be-
ing the position of the amino group. It is a fluorescent
adenine isomer which can be incorporated into DNA dur-
ing replication without obstructing the base pairing, so
that 2AP preserves the B-form DNA. These properties
of 2AP have been used to study the structure and dy-
namics of DNA fragments by replacing adenine by the
fluorescent isomer 2AP. 2-aminopurine is also a poten-
tial mutagen in bacteria, generating predominantly tran-
sition mutations as a consequence of different base pair-
ing. Whereas adenine and 2-aminopurine normally pair
with thymine, 2-aminopurine can also form a base pair
with cytosine [1,2]. This implies that 2-aminopurine can
produce AT=GC transitions in the next generation.
Literature data on the tautomeric properties of the
ground state of 2-aminopurine are scarce. Sheina et al. [3]
have compared the theoretically predicted IR spectra of
2AP with those of adenine. They have concluded that the

* The experimental spectrum of monomer 2-aminopurine
and tables of energy data, experimental and theoretical pre-
dicted spectral parameters are only available in electronic form
at http://wuw.edpsciences.org

® e-mail: guido.maes@chem.kuleuven.ac.be

change in the position of the amino group on the pyrim-
idine ring has no large influence on the IR spectrum,
some changes of the stretching vibrations of the pyrim-
idine ring being observable only in the low frequency re-
gion. The NTH=N9H equilibrium in vacuum and in water
has been studied theoretically by Broo et al. [4]. These au-
thors have concluded that in vacuum (MP2/6-31G* level)
the amino—N9H tautomer is favored over amino—N7H by
18.8 kJmol~!, whereas the imino-N1H-N9H form was
found to be 127 kJmol~! less stable. This prediction has
later been confirmed by the same research group, i.e. the
amino-N9H tautomer is abundant and only a very small
amount (<1%) of the amino-N7H form exists at room
temperature [5]. The Onsager and polarized continuum
models have been used in self-consistent reaction field cal-
culations to describe the solvent-solute interaction [4]. In
water solution, the amino—N7H form is slightly stabilized
relative to the N9H tautomer, the energy difference being
decreased to 11.2 kJmol~!. The same authors [4] have also
investigated the geometry of the amino-N9H tautomer in
more detail using the DFT(B3LYP) method with differ-
ent basis sets. From this study, it has been concluded that
the improvement of the basis set favors an increase of the
planarity of the amino group.

Recently more attention has been paid to the excited
states of 2AP, because of the high fluorescence capacity
of this molecule [6-8]. The position of the amino group
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on the C2 atom of the purine molecule appears to have a
strong effect on the excited-state potentials [9].

The H-bond characteristics of 2-aminopurine have not
been studied into great detail. Most literature data focus
on the geometry of the 2AP-C mispair in DNA. An NMR
study of the conformation of this base pair has been per-
formed by Fagan et al. [10]. They have found that this
mispair is of the wobble type. A series of UV, fluores-
cence, and NMR studies to determine the structure of
the 2AP-C mispair, described by Sowers et al. [11], has
demonstrated that an equilibrium exist between the neu-
tral wobble and the protonated Watson-Crick structures.
A quantum-chemical characterization of the cytosine-2AP
base pair has been performed by Sherer et al. [12]. These
calculations have indicated that in aqueous solution the
Watson-Crick form of the 2AP-C base pair, protonated at
the N1 atom of 2AP, is preferred over the neutral wobble
pair. Literature data on H-bonded complexes of 2AP with
water are not available hitherto.

2 Methodology
2.1 Experimental method

The cryogenic and FT-IR (Bruker IFS-88) equipment used
here have been described in detail in earlier papers [13-15].
The solid compound 2-aminopurine was evaporated at
433 K in a home-made mini-furnace positioned close to the
cold CsI window (15 K) in the cryostat. Water-doped ar-
gon matrices with different HoO/Ar ratio were deposited
for the study of the H-bonded complexes. Fairly high
water-to-base ratios were used to ensure an excess amount
of 1:1 H-bonded complexes 2AP /water. Former studies of
H-bonded complexes have demonstrated that such ratios
ensure excess amounts of the 1:1 complex to be formed
without disturbing effects of higher-stoichiometry com-
plexes [13].

Twice-distilled water was used for the experiments
with water-doped matrices. The H,O/Ar ratios were var-
ied between 1/300 to 1/800.

Additional IR spectra were recorded for 2AP in a
D50O-doped Ar matrix.

2.2 Theoretical method

Molecular properties such as geometries, energies and
vibrational frequencies of the different tautomers and
H-bonded complexes were calculated using both the den-
sity functional theory (DFT) and the RHF method. The
DFT method, with Becke’s non-local three parameter ex-
change functional [16] and the gradient-corrected func-
tional of Lee, Yang and Parr (B3LYP functional) [17], has
been demonstrated in former studies to produce quite ac-
curate results for isolated molecules modeling nucleic acid
bases [18-22]. The standard 6-31++4G** basis set was used
in all these calculations. For a better description of the
long-range interaction of H-bondings it is essential to em-
ploy sets of orbitals that possess sufficient diffuseness and
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angular flexibility. Therefore, an extension of the basis set
with diffuse functions (++) is necessary.

The structure optimizations of the different forms at
the RHF level was followed by single-point MP2 calcula-
tions with the frozen core electron option. This was neces-
sary to account for electron correlation. The MP2 energy
obtained for the RHF optimized molecular structures will
be further denoted as MP2//RHF.

The H-bond interaction energy of each complex was
computed as the difference between the energy of the com-
plex and the energies of the monomer base and water.
These results were corrected for the basis set superposition
error (BSSE), by recalculating the monomer energies in
the basis set of the hetero-dimers using the Boys-Bernardi
counterpoise correction [23].

Finally, Potential Energy Distributions (PED) were
calculated and the computed IR frequencies were scaled
to account for various systematic errors in the theoretical
approach, i.e. the use of a finite basis set, the neglect of the
vibrational anharmonicity and the incomplete account for
electron correlation. Either a single scaling factor was used
(0.900 for RHF and 0.970 for DFT) or a set of different
scaling factors was used (DFT), reflecting the difference
in the anharmonicity of the different types of vibrational
modes. The latter scaling procedure has been proposed
by several authors in the recent past [24-26]. All calcula-
tions were performed with the Gaussian 94 and Gaussian
98 programs [27,28].

3 Results
3.1 Monomeric 2-aminopurine [29]

Combination of the amino=imino and the N1-H=N3-
H=N7-H=N9-H prototropies allows 2-aminopurine to
occur in 9 different tautomers, i.e. 4 amino forms and
5 imino forms. The orientation of the H atom on the imino
N atom yields 5 extra isomers. This implies that 14 pos-
sible structures exist for 2-aminopurine. Figure 1 presents
the optimal geometries of the four amino forms and five
of the imino forms of 2-aminopurine.

According to the RHF, MP2//RHF and the DFT
methodology with the 6-31++4G** basis set, the amino—
N9H form is the most stable tautomer, while the amino—
NT7H form is about 18 kJmol~! less stable (MP2 level).
All the imino forms are at least 100 kJmol~! higher in
energy. The MP2 and the DFT results agree very well in
the prediction of the stability order of the 2AP tautomers.

From a detailed analysis of the experimental matrix
FT-IR spectrum of 2AP, a value can be estimated for
the equilibrium constant of the tautomerization process
between the amino-N9H and the amino-N7H tautomers.
The mean experimental K7 (N7H/N9H) value is found to
be 1.6 x 1072 at the RHF level and 1.5 x 102 at the
DFT level of theory. The theoretical K7 values calculated
from the relative energy differences between the tautomers
at the different theoretical levels are 1.2 x 1073 (RHF),
7.9 x 1072 (MP2) and 6.8 x 10~3 (DFT), respectively.
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Fig. 1. Optimal geometries of nine possible tautomers of 2-aminopurine.
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Table 1. Total (a.u.) and relative energies (kJ mol™') of H-bonded complexes of the two most stable tautomers of 2-aminopurine

with water.

RHF*//RHF AEP w (D) MP2*//RHF AEP DFT¢//DFT AEP u (D)
6-31++CG** (RHF//RHF) (RHF) 6-31+4+G** (MP2//RHF) 6-31++G** (DFT//DFT) (DFT)

Amino-N9H
N3---H-O---H-N9 —540.458879 0.00 3.22  —542.131957 0.00 —543.667298 0.00 3.18
N1---H-O---H-NH —540.457040 4.83 3.13  —542.129104 7.49 —543.666399 2.36 3.27
N3---H-O---H-NH —540.455682 8.39 3.31  —542.127722 11.12 —543.664786 6.60 3.27
N7---H-OH —540.455499 8.87 2.66 —542.126589 14.09 —543.663060 11.13 4.33

Amino-NT7H
N3---H-O---HN-H —540.449110 25.65 5.97 —542.123835 21.32 —543.660392 18.13 5.43
N1---H-O---H-NH —540.447029 31.11 6.20 —542.121569 27.27 —543.658701 22.57 5.63
N7-H--- OH, —540.448727 26.65 8.17 —542.122662 24.40 —543.657902 24.67 7.71
N9---H-OH —540.447831 29.01 3.81 —542.121009 28.74 —543.657391 26.01 4.83

# ZPE-corrected RHF and MP2 energies; ZPFE values scaled with the scaling factor 0.900 (RHF).

> Energy difference between the complexes.

¢ ZPE-corrected DFT energies; ZPE values scaled with the scaling factor 0.970 (DFT).

The detailed energetic data of the different tautomeric
forms of 2AP and the detailed analysis of the vibrational
spectrum are available from the corresponding author on
request.

3.2 H-bonding properties of 2-aminopurine

The investigation of the H-bonding properties of 2AP is
limited to the two most stable tautomers identified in the
study of the tautomeric properties of 2AP [29], i.e. the
amino—N9H and the amino—N7H forms.

The amino-N9H tautomer has three H-bond donor
sites, ¢.e. the two amino N—-H groups and N9-H, and three
H-bond acceptor sites, i.e. N1, N3 and N7. The H-bonding
sites of the amino-N7H tautomer are comparable to those
of the amino—N9H form, i.e. three H-bond donor sites
(two amino N-H groups and N7-H) and three H-bond
acceptor sites (N1, N3 and N9). The vicinal position of
the H-bond donor and acceptor sites allows the forma-
tion of closed complexes. Four different complexes with
water are possible for both tautomers, three of these be-
ing closed H-bonded complexes with two H-bonds. For
the amino-N9H tautomer the four complexes with water
are N1..--H-O---H-NH, N3-.--H-O---H-NH, N3---H-
O---H-N9 and N7.-.--H-OH. For the amino-N7H tau-
tomer, the complexes are N1---H-O-.-H-NH, N3---H-
O---H-NH, N9---H-OH and N7-H- - - OHs.

The geometry optimizations for the eight complexes
described above were performed on the RHF and DFT
levels of theory. Table 1 lists the total and relative energies
of all these structures at the RHF, MP2//RHF and DFT
level with the 6-31+4G™* basis set. Figures 2 and 3 show
the optimal geometries of the complexes for amino-N9H
and amino-NT7H, respectively.

The strength of the H-bonding in the different com-
plexes was also calculated on the different levels of the-
ory. Table 2 summarizes the H-bond interaction energies

at three levels of accuracy, i.e. the differences between
the energies of the complex and the monomers (=AF),
with addition of the ZPE correction (AE + ZPE), and
with addition of the ZPE as well as the BSSE correction
(AE + ZPE — BSSE).

As expected, the most stable complex N3- - - H-O- - - H-
N9 has the largest (i.e. strongest complex) interaction en-
ergy at all levels of theory. Closed H-bonded complexes are
generally stronger (larger interaction energy and higher
stability) than open complexes, because of the H-bond
cooperativity effect [30].

MP2 interaction energies are mostly larger than DFT
and RHF interaction energies. For some of the 2AP com-
plexes, the BSSE correction reverses this order. This is
the case for the complexes were the amino group is in-
volved, i.e. N1--- H-O---H-NH and N3---H-O- - - H-NH,
for both tautomers.

Although the N1..-H-O.---H-NH and N3-.-H-
O---H-NH complexes exist for both tautomers, the sta-
bility order of the two complexes is different.

In two open complexes, i.e. N7--- H-OH of the amino—
N9H tautomer and N9---H-OH of the amino-N7H tau-
tomer, the water molecule is orientated such that a weak
interaction might take place between the O atom of water
and the C8—H group of 2AP. If this interaction takes place,
the C8-H distance should elongate. However, the elonga-
tion of this bond predicted at the RHF level is negligibly
small (about 0.0002 A). Also at the DFT level, the C8-H
bond is shortened for only about 0.0002 A. This implies
that both complexes are really “open” complexes.

From the above theoretical results it can be expected
that only the four complexes of the amino-N9H tautomer
will be present in the experimental matrix isolation spec-
tra of 2AP with water. First of all, only about 1% of 2AP
is present as the amino-NT7H form [29]. Furthermore, the
complexes of the amino-N7H form are at least 18 kJ mol~!
(DFT) less stable and the probability to find these in the
experimental spectrum is therefore very small.
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Fig. 2. Geometries of the four possible H-bonded complexes between (amino-N9H) 2-aminopurine and water.

The vibrational analysis of the experimental spectra
was performed in terms of the four complexes of the
amino—N9H tautomer. Tables 3-5 summarize the experi-
mental and theoretical (only DFT) frequencies, frequency
shifts, intensities and PEDs of the vibrational modes of
the four complexes. Only vibrational modes directly in-
volved in the H-bonding are listed. For the N7.-.-H-OH
complex, only the vibrations of water are important, be-
cause the frequency shifts of the vibrations where the N7
atom is involved, i.e. ring stretching, ring bending and
ring torsion vibrations are mostly rather small and these

vibrations are usually less intense [35]. The different spec-
tral regions will be analyzed separately. Figures 4-7 il-
lustrate the different regions of the experimental complex
spectra.

321 VB_H—region
When either a single H-bond, B- - - H-OH, or two H-bonds,

B---H-O(H)---H-A, are formed with water, only one of
the OH groups is involved in the H-bonding, while the
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Fig. 3. Geometries of the four possible H-bonded complexes between (amino—N7H) 2-aminopurine and water.

other OH group remains free. We will distinguish between
these groups by the vibrational symbolism zxg_H (for free)
and v§_y (for bonded).

It is not possible to make any distinction between the
four complexes, N3---H-O---H-N9 (1), N1.--H-O- - - H-
NH (2), N3-- -HfO- --H-NH (3) and N7-- ~HfOH (4),
based on the vf_y-region, because the predicted vf,_y fre-
quencies have all about the same shift (—39, —43, —44,
—42 em™1, respectively) with respect to the theoretical
monomer frequency of 3735 cm~!. However, complex for-
mation is clearly manifested in the experimental spectrum.
As a matter of fact, in the pure water spectrum there is
no band at 3700 cm ™!, while in the complex spectrum a
band appears at 3700 cm~'. This band can be assigned
to the free O—H stretching vibration of HyO in the four
different H-bonded complexes 2AP-H50O.

3.2.2 Vg_H and vn-y region

Figure 4 illustrates the spectral region between 3600 and
3100 cm~!. This region contains 2AP monomer absorp-
tions, water absorptions, as well as complex absorptions.
Spectrum A is scanned before annealing the matrix while
spectrum B is scanned after annealing.

The frequency shifts of the bonded O—-H frequencies
of water in the four complexes differ much more than
the shifts of the free O-H frequencies (Tab. 3). Three
new, weak bands or shoulders appear at 3407, 3392 and
3301 cm™!, which can be assigned with good confidence
to the v§_j; mode of the N7--- H-OH (4), N3. - - H-O- - - H~
N9 (1) and N1---H-O---H-NH (2) complexes, respec-
tively. As a matter of fact, the corresponding shifts Avd_y
agree more or less with the predicted shifts of —204, —233
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Table 2. Interaction energies (kJ mol™") of 2-aminopurine — water H-bonded complexes.

RHF//RHF MP2//RHF DFT//DFT
Tautomer 1: Amino-N9H
N3---H-O---H-N9
AE —33.95 —47.61 —41.84
AE + AZPE —25.60 —39.26 —32.42
AE + AZPE — BSSE —23.10 -31.51 —29.18
N1---H-O---H-NH
AFE —28.54 —39.54 —38.89
AE + AZPE —20.77 —-31.77 —30.06
AE + AZPE — BSSE —18.25 —24.08 —26.82
N3---H-O---H-NH
AFE —24.86 —35.80 —34.40
AE + AZPE —17.21 —28.14 —25.82
AE + AZPE — BSSE —14.70 —20.39 —22.58
N7---H-OH
AFE —23.00 —31.44 —28.28
AE + AZPE —16.73 —25.17 —21.29
AE + AZPE — BSSE —14.86 —19.61 —19.08
Tautomer 2: Amino-N7H
N3---H-O---H-NH
AFE —31.80 —42.92 —40.98
AE + AZPE —24.18 —35.30 —32.19
AE + AZPE — BSSE —21.54 —27.33 —28.71
N7H---OH;
AFE —29.02 —38.07 —31.48
AE + AZPE —23.18 —32.22 —25.65
AE + AZPE — BSSE —20.04 —24.18 —21.59
N1---H-O---H-NH
AFE —26.44 —-37.07 —36.46
AE + AZPE —18.72 —29.35 —27.75
AE + AZPE — BSSE —16.24 —21.89 —24.56
N9---H-OH
AFE —27.14 —34.20 —31.26
AE + AZPE —20.82 —27.88 —24.31
AE + AZPE — BSSE —18.75 —22.18 —21.80

and —322 cm~! for these complexes, respectively. The
weak shoulder at 3310 cm ™' might be responsible for the
l/g_H of the third complex, N3--- H-O- - - H-NH (indicated
with a dotted arrow in Fig. 4).

An additional argument for the rather tentative assign-
ments of the v2_g modes of the complexes (1), (2) and (4)
is obtained by additional experiments in a DoO-doped Ar
matrix. Figure 5 illustrates the region between 2800 and
2400 cm~! of the spectrum of 2AP /D20/Ar. All the DO
and DOH bands in this spectrum agree well with the as-
signments published by Engdahl et al. [31]. However, three
additional bands appear at 2590, 2563 and 2516 cm™!.
Using the earlier assigned l/g_H modes at 3407, 3392 and
3301 em™!, the isotopic ratios v2_g/vd.p can be calcu-

lated. The obtained values are 1.315, 1.323 and 1.312.
For H-bonded complexes of this strength, these values
are quite acceptable [32]. We should mention that some
of the complex bands, e.g. 3700 cm™"', 3392 cm~!, have
frequencies close to either (H20), or (H20)s bands, re-
spectively and one may doubt about their assignments
as complex bands. However, the possibility that the al-
ternative assignment would be the correct one is ruled
out by the observation that the bands do not occur in
matrix spectra of water complexes, with other bases, e.g.
6-mercaptopurine [29].

The frequency shifts of the vy, and vy, modes of the
N3.--H-O---H-N9 complex are negligibly small. Shifts of
these vibrational modes are only significant in complexes
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Table 3. Experimental (Ar matrix) and calculated (DFT/B3LYP/6-314+4G**) IR spectral data (3800-3100 cm™) for the
four H-bonded complexes of the amino—N9H form of 2-aminopurine with water.

Experimental Calculated (DFT/B3LYP) PED?
v (em™1) Av (em™1)®  v(em™') I(kmmol™!') Avr(cm~!)* optimal scaling
scaledP factor®

N3...H-O---H-N9

3700 —34 3696 95 -39 0.951 vf(OH)(99)

3392 — 3406° —246 — —280° 3385 752 —233 0.952 v?(OH)(78) + v(N9H)(20)

f 3553 48 -8 v%(NHsz) (100)

f 3429 75 —4 v*(NHz) (100)

3363 ? —132 3348 38 —131 0.954 v(N9H) (80) + v?(OH) (19)
N1---H-O---H-NH

3700 —34 3692 80 —43 0.952 vf(OH) (100)

3301 — 3315° —337 — —371° 3296 430 —322 0.951 v?(OH) (85) 4+ v*(NHa) (10)

3544 —20 3541 111 —20 0.951 v (NHz) (86) + v*(NHy) (15)

3368 —81 3358 751 75 0.953 v5(NHz) (75) + v*(NH3) (12) + v*(OH) (13)
N3...H-O---H-NH

3700 —34 3690 91 —44 0.953 vf(OH) (100)

33107 — 3324° —328 — —362° 3336 130 —292 0.942 v*(OH) (62) + v*(NH2) (30)

3544 —20 3544 123 —17 0.950 v*(NHs) (88) 4 v°(NH2) (13)

3384 —65 3375 790 —58 0.952 v5(NHzg) (57) + v*(NH2) (34)

N7---H-OH
3700 —34 3693 96 —42 0.952 vf(OH) (98)
3407 — 3421° —231 — —265° 3414 837 —204 0.950 v*(OH) (94)

2 Shift with respect to experimental or calculated monomer frequencies. ® Scaling factor: 0.950.
¢ Optimal scaling factor = Vexp/Vealc(unscaled) -
4 = stretching, f = free, non hydrogen-bonded, b = hydrogen-bonded, a = asymmetric, s = symmetric.

¢ v(OH) is corrected for reduced coupling in bonded water. f Not possible to distinguish from the monomer bands.

Table 4. Experimental (Ar matrix) and calculated (DFT/B3LYP/6-314+4+G**) IR spectral data (1700-1400 cm™') for the
four H-bonded complexes of the amino—N9H form of 2-aminopurine with water.

Experimental Calculated (DFT/B3LYP) PED4
v (em™1) Av (em™1)2 y(em™1) I(kmmol™!) Av(cm~1)2 optimal scaling
scaled® factor®
N3..-H-OH---H-N9

1624 +33 1592 31 +32 0.994 §(H20) (74) + §(N9H) (20)

1608 +18 1574 162 +14 0.996 §(H20) (28) + v(C5C6)(21) + v(CAC5)(15)

1598 +3 1601 282 +4 0.973 §(NHa) (64) + 6(Ho0) (14) + v(C2N) (10)

1417 +37 1384 45 +15 0.999 §(NOH) (39) + v(C8N9) (17)
N1.--H-O---H-NH

1624 +33 1588 88 +28 0.997 §(H20) (87)

1624 +29 1624 160 +27 0.975 §(NHa) (69) + 6(H20) (17)
N3-.-H-O---H-NH

1624 +33 1582 66 +22 1.000 §(H20) (100)

1624 +29 1620 179 +23 0.977 §(NHa) (70) + 5(Hz0) (14) + v(C2N) (11)

N7---H-OH
1624 +33 1595 30 +35 0.993 §(H20) (89)

2 Shift with respect to experimental or calculated monomer frequencies. ® Scaling factor: 0.975.
¢ Optimal scaling factor = Vexp/Veale (unscaled)- 4y = stretching, 6 = bending.
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Table 5. Experimental (Ar matrix) and calculated (DFT/B3LYP/6-31++C**) IR spectral data (800-400 cm™") for the four

H-bonded complexes of the amino-N9H form of 2-aminopurine with water.

Experimental Calculated (DFT/B3LYP) PED
v (em™1) Av (em™H? v(em™!') I(kmmol™!) Av(cm~!)? optimal scaling
scaled? factor®
N3...-H-O---H-N9
670 / 670 132 / 0.980 71(---OHH:--) (60) + 72(--- OHH) (26)°
410 / 409 104 / 0.983 71(---OHH---) (32) + 72(--- OHH) (36)°
690 +187 714 86 +214 0.999 v(N9H) (38) + 7r1(22) + (C2N) (14)
487 0 460 65 0 1.038 7(NHz) (48) + wag(NHs) (14) + 6R3 (12)
f 392 255 +41 wag(NHs) (69) + 7(NHs) (12)
N1...H-O---H-NH
? / 749 171 / 0.982 71(---OHH---) (97)°
410 / 412 138 / 0.974 72(---OHH---) (61)f + §(--- OHH---)(14)
+ 7(NHz) (12) + 7R2 (11)
630 +143 622 62 +162 0.992 7(NH2) (56)
f 316 138 -35 wag(NH2) (44) + 7r1 (11) + 7rR (12)
N3...H-O-.-H-NH
? 742 158 / 0.991 71(---OHH:--) (61) + 72(---OHH.---)(22)
+ &(---OHH---) (12)®
410 400 152 / 1.005 72(---OHH---) (41) + 71(--- OHH- - -)(23)
+ wag(NHz) (15) + 7(NHz) (11)°
630 +143 631 37 +171 0.978 7(NHz) (34) + 62 (14) + v(C2N) (10)
f 319 89 —-31 wag(NHs) (34) + 72(---OHH---) (32)
N7..-H-OH
670 662 94 / 0.987 §(N---H-0) (69) + wag oop (N---H-0) (26)°
f 365 105 / wag(N- - - H-0) (70) + §(N---H-0) (20)°

2Shift with respect to experimental or calculated monomer frequencies. ®Scaling factor: 0.98.
¢ Optimal scaling factor = Vexp/Vealc (unscaled)- 4§ = bending, T = torsion, v = out of plane motion, wag = wagging.

¢ 71 and 72 = new intermolecular torsion modes. f Situated below the studied region.

%T

b
MM

/7

b Map W N

M,

B

3600

1
3500

1
3400

1
3300

viemh

Fig. 4. The 3600-3 100 cm™* region of the FT-IR spectrum of 2-aminopurine/H>0/Ar (H2O/Ar: 1/250) (A) before annealing
and (B) after annealing.
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Fig. 5. The 2800-2400 cm ™" region of the FT-IR spectrum of 2-aminopurine/D2O/Ar (D2O/Ar: 1/100).
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Fig. 6. The 17001400 cm™" region of the FT-IR spectrum of 2-aminopurine/Ar (A), 2-aminopurine/H2O/Ar (H20/Ar: 1/250)
(B) and HoO/Ar (H2O/Ar: 1/300) (C).
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Fig. 7. The 800-400 cm™! region of the FT-IR spectrum of 2-aminopurine/H20/Ar (H2O/Ar: 1/800) before annealing (A)
and 2-aminopurine/HyO/Ar (H2O/Ar: 1/250) after annealing (B).

in which the NHs-group is involved in the H-bond, i.e.
N1---H-O---H-NH and N3---H-O---H-NH. The inten-
sities of these bands are also much larger in the latter type
of complexes.

The high-frequency shoulder on the absorption of
trimer water at about 3544 cm~! (Fig. 4) is possibly due
to the 1y, of the two N-.-H-O---H-NH complexes, the
shift of —20 cm ™! being comparable to the predicted shifts
of —20 and —17 em™!, respectively.

The symmetric stretching v}y, bands are more in-
tense. The 1}y, mode of the N1.--H-O---H-NH and
N3---H-O---H-NH are predicted to shift —75 and
—58 cm ™1, respectively. This implies that these new bands
are situated in the same region as the bonded O—H stretch-
ing vibrations of water. Some weak shoulders within the
broad band at 3400-3370 cm™! must be responsible for
the symmetric stretching vibration of the NHs group of
the two N---H-0O---H-NH complexes, probably at 3 368
and 3384 cm ™1,

The vng-u frequency of the N3---H-O--- H-N9 com-
plex has a predicted frequency shift of —131 cm~!. From
the experimental monomer absorption of 3495 cm™!,
this complex band is expected to be located at about
3364 cm~!. Because its predicted intensity is very small
(38 kmmol 1), the identification of this band is difficult.
The weak shoulder at 3363 cm™! can tentatively be as-
signed to this band.

3.2.3 dn,0 and dn-n region

Figure 6 illustrates the OH and NH bending vibra-
tion region of the monomer 2AP/Ar spectrum (A), the
complex spectrum (B) and the spectrum of pure wa-
ter/Ar (C). Complex formation is clearly manifested in
spectrum B by considerable intensity differences compared
to spectrum C.

The predicted shifts for the dg,0 modes vary from +22
to +35 cm ™! for the four complexes. The similar shifts and
the large intensity of the monomer, dimer, trimer ém,0
bands makes it difficult to detect the different complexes
separately. The band at 1624 cm ™! in spectrum B is much
broader and larger than the band at 1624 cm™! in spec-
trum C, which originates from polymer dp,0 absorptions
in pure water/Ar. This intense absorption band in spec-
trum B must therefore be due to a combination of the
different d1,0 bending modes of all four complexes, over-
lapping with the polymer water absorptions. The dnm,
vibrations of the two N---H-O--- H-NH complexes (indi-
cated by 2 and 3 in Fig. 6) are also situated in this region.
The new band at 1608 cm™! in the complex spectrum
is due to the combination band (dm,0 + Vesce +Vcacs)
of the N3---H-O- - - H-N9 complex (Tab. 4). This band is
predicted with a large intensity at 1574 cm™!. From this
prediction, the experimental absorption must be situated
around 1605 cm ™!, which agrees well with the assignment
at 1608 cm™?.
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The N, mode of the N3---H-O-- - H-N9 complex is
shifted only +4 cm™! theoretically, the intensity being
predicted to be rather high. Although the frequency differ-
ence with the monomer absorption suggests that the com-
plex band is difficult to identify, a new band at 1598 cm ™!
appears in spectrum B. This band is tentatively assigned
to the dnm, band of this first complex.

The dngu vibration of the bonded N9-H group in the
N3.--H-O---H-N9 complex is expected to shift +15 cm™!
with respect to the monomer N9-H bending vibration.
The new band at 1417 ecm™! in the complex spectrum is
most probably responsible for this vibration.

3.24 7(---H20---), v(N-H), 7(NH2) and wag(NH;) region

Some new intermolecular 7 modes of H-bonded water are
predicted in the low-frequency spectral region (Tab. 5).
Usually these bands appear as rather broad bands in the
experimental spectrum. The theoretical predictions of the
new, intermolecular torsion vibrations of water are 670,
749, 742 and 662 cm ! for the four complexes, in decreas-
ing order of stability. Figure 7 illustrates the low frequency
region of the complex spectra of 2AP with water.

A first new, broad band appears at about 670 cm™!.
The assignment of this band to the intermolecular torsion
vibration of the N3---H-O---H-N9 complex and, to less
extent, to the N7- - - H-OH complex seems reasonable. The
identification of the intermolecular torsion bands of the
two N---H-O---H-NH complexes is more difficult.

Another combination of the new intermolecular torsion
vibrations is predicted around 400 cm~! for all four com-
plexes. In the experimental spectrum an intense, broad
band is indeed identified at 410 cm™?!.

The out-of-plane vibration of the N9-H group in the
N3---H-0O- - - H-N9 is shifted theoretically by not less than
+214 cm™!. The band at 690 cm~! might be due to the
out-of-plane of this bonded N-H group. The experimen-
tal shift of +187 cm™! agrees well with the theoretically
predicted value.

The amino group of the N3.--H-O---H-N9 complex
is not involved in the H-bond, which explains why the
theoretical shift of 7y, in combination with wag (NHz) is
0 cm~!. Nevertheless, the position of the NH, group near
the H-bond causes this band to become much broader, the
center of the band being still located at 487 cm™1.

The broad band at about 630 cm ™!, partly overlapping
with the band at 670 cm™!, is due to the torsion mode
of the NHs groups of the two N.--H-O---H-NH com-
plexes. These bands are theoretically predicted at 622 and
631 cm~! for the N1.--H-O---H-NH and the N3..-H-
O---H-NH complexes, respectively.

Although some assignments for each complex are with-
out doubt tentative, the vibrational analysis of the ex-
perimental complex spectra of 2-aminopurine-Hs O clearly
confirms the presence of the four complexes of the
amino N9H tautomer, as was predicted by the theoreti-
cal calculations.

The optimal scaling factors, calculated as Vexp/Vealc,
agree well with the optimal scaling factors usually found
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Fig. 8. Correlation between the corrected frequency shift
Avdy (em™') and the proton affinity (kJmol™") of the basic
N atom in open N---H-OH complexes.

in similar H-bond complexes [22,33] as well as with the
scaling factors normally applied in the scaling procedure
with variable scaling factors [19,34]. Especially the vx-p
mode scaling factor of 0.950 corresponds well.

For some absorption bands for which the assignments
are not very accurate because of overlap of different vi-
brations, e.g. dm,0 and the dnm,, the scaling factor values
are not as satisfying as for the well-separated bands.

4 Correlation

The experimental-theoretical approach applied in this
work can be used to demonstrate some interesting and
useful correlations between theoretical and experimental
H-bond parameters.

A first correlation to be examined is the correlation be-
tween the frequency shift AVBH of the bonded OH group
and the proton affinity of the proton acceptor N atom in
open N--- H-OH complexes.

From an earlier study on H-bonded complexes of wa-
ter with different cytosine model compounds (pyrimidine,
pyridine, imidazole and 4-aminopyridine), a 4-point corre-
lation between the experimental Avgy values in N---H-
OH complexes and the proton affinity values of the N atom
in these molecules was obtained [35]. This correlation has
been used to estimate unknown PA values of particu-
lar N atoms in polyfunctional bases such as cytosines,
adenines and guanines. Figure 8 illustrates this mentioned
4-point correlation.

Only one open N- - - H-OH complex has been identified
experimentally in this work, i.e. the N7- .- H-OH complex.
The experimental frequency shift AugH for this open com-
plex can be used to estimate the (until now “unknown”)
proton affinity value of the N7 atom in 2AP.

From the experimental frequency shift of the bonded
O-H vibration in the N7---H-OH complex of 2AP with
water, the PA value of the N7 atom can be estimated as
919 kJ mol~'. This value is close to the PA value of the N7
atom in non-substituted purine (917.5 kJ mol~—!) [36]. The
fact that the PA values of the N7 atom in purine and in
2-NHs—purine are so close can be explained by considering
the resonance forms of 2-NHs—purine. No resonance struc-
ture with N7° can be obtained in 2-NHy—purine which
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therefore suggests a N7 basicity similar to that of N7 in
purine.

A more recent developed correlation is that between
H-bond linearity and H-bond cooperativity [37].

This mutual relation between the H-bond non-linearity
and the cooperativity is illustrated in Figure 9 where the
N- .- H H-bond distance is plotted versus the angle N- - - H-
O in closed N---H-O---H-N complexes. The smallest
H-bond distance or strongest H-bond is found in the sym-
metric, closed homo-dimer of 2-pyridone [38] where both
H-bonds in the complex are almost linear (180°) and the
optimal cooperativity effect is reflected by a very large
interaction energy (—83.8 kJmol). For the other com-
plexes in this correlation, i.e. N---H-O- - - H-N complexes
of 2-aminopurine, hypoxanthine, 6-mercaptopurine, ade-
nine and 4-aminobenzimidazole, the cooperativity effect
is reduced because of the deviation of the N---H-O an-
gle from 180°. Therefore, a clear dependence of H-bond
strength from H-bond non-linearity is demonstrated for
the first time for a larger series of comparable complexes.

5 Conclusions

The combined matrix-isolation FT-IR and theoretical
RHF, MP2 and DFT(B3LYP)/6-31++G** method has
been applied to investigate the tautomeric and H-bonding
characteristics of 2-aminopurine. The theoretical as-
sisted analysis of the experimental FT-IR spectrum of
2-aminopurine in Ar demonstrates the overwhelming pres-
ence of the amino—-N9H tautomer and to a less extent the
amino-NT7H tautomer. Combination of experimental and
theoretical predicted IR intensities of some characteris-
tic bands of both tautomers allows to estimate a tau-
tomerization constant Kp (amino-N7H/amino-N9H) of
0.016 at the RHF level and 0.015 at the DFT level of
theory. Four stable H-bonding complexes with water ex-
ist for the amino-N9H tautomer. The amino-NTH tau-
tomer can also form four H-bonding complexes with water.
The four complexes of the amino-N9H form, i.e. N3--- H-
O---H-N9,N1---H-O---H-NH, N3.--H-O---H-NH and
N7---H-OH, are more stable than the complexes of the
amino-N7H and all were identified in the experimental
spectrum. The three closed complexes are more stable
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than the open complex, because of the cooperativity ef-
fect. The experimental frequency shift of the bonded O—H
vibration in the open N7-.-H-OH complex was used in
an earlier established correlation to estimate the proton
affinity of the N7 atom in 2-aminopurine. A second cor-
relation between the N---H H-bond distance versus the
angle N---H-O in closed N---H-O---H-N H-bond com-
plexes shows a clear dependence of the H-bond strength
from the linearity of the H-bond.
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