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Nonplanarity of Adenine: Vibrational Transition Moment Angle Studies in Helium

Nanodroplets
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Mid-infrared spectra are reported for adenine monomer in helium nanodroplets. We show that there is only
one tautomer of adenine, the global minimum structure, observed in helium nanodroplets and characterized
by using ab initio calculations and the measurement of vibrational transition moment angles (VTMAs) for
the various vibrational modes of the adenine monomer. On the basis of the VTMA analysis on the amino
group of the global minimum tautomer, which gives insights into its nonplanarity, a detailed VTMA study of
three lowest-energy amino tautomers of adenine is discussed in this study.

Introduction

Although nucleic acid bases (NABs) are well-known as the
building blocks of life,'? the detailed structure of isolated NABs
still remains to be solved. NABs were believed to be perfectly
planar for many years, until the predictions of nonplanarity of
the amino group on the NABs in the early 1990s.3-® Hobza and
co-workers*® conducted a series of ab initio studies on the
nonrigidity of NABs and showed that the nonplanar structure
was indeed more stable than the planar structure. Other evidence
also supports nonplanarity,>%!9 which is caused by the partial
sp? hybridization of the amino group nitrogen atom.*” Although
a large inertial defect of adenine was observed in a microwave
study,!! its cause was not directly related to the nonplanarity of
adenine. Unfortunately, due to the experimental difficulties
associated with the isolation of single molecules as well as
insufficient experimental spectral resolutions, no direct experi-
mental evidence for the nonplanarity of isolated NABs has been
provided.

Recently, Dong et al. have provided an unambiguous conclu-
sion on the nonplanarity of the global minimum tautomer of
adenine!? using a recently developed method called vibrational
transition moment angles (VTMAs)!>1° and showed also that
these VTMAs are highly dependent on the molecular structure
and are rather insensitive to the basis sets used in the ab initio
calculations.

In this paper, we report a more complete VIMA study of
the three lowest-energy tautomers of adenine (see Figure 1).
The nonplanarity is based on the dihedral angle measurements
of the amino group with respect to the VITMA changes of the
N—H and NH; asymmetric and symmetric stretching (AS and
SS) vibrational modes in each tautomer.

Experimental Techniques

The infrared spectrum of isolated adenine was carried out
by solvating adenine in liquid helium nanodroplets. The
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Figure 1. The ab initio structures and relative energies [MP2/6-
311++G(d,p)] of the various tautomers of adenine. Amino and imino
are classified by certain functional groups in the position of N10,
namely, NH, and NH, respectively. In addition, the imino forms have
two rotational orientations of the NH group, which are cis (a form)
and trans (b form) to the five-membered ring. The values in the brackets
give the energies relative to A9 in kJ/mol with/without a harmonic
zero-point energy correction. Only the global minimum tautomer is
experimentally observed in the present study.

experimental apparatus has been described elsewhere in detail;!*0
thus, only a brief explanation is provided in this paper.
Superfluid helium droplets have been shown to be an ideal
spectroscopic matrix,'%21-23 resulting in high-resolution spectra
completely devoid of hot bands and vibrational frequencies
unperturbed from those in the gas phase. Nanodroplets with a
mean size of 3000 helium atoms were formed by expanding
ultrahigh-purity helium (99.9999%) from a 5 um diameter
orifice, operated at 50 atm of pressure and a temperature of
20.5 K. Adenine was doped to the droplets by pick-up?* in a
scattering-box oven, the temperature of which was optimized
for the capture of a single molecule (~175 °C). Upon being
captured by the droplets, adenine was quickly cooled to the 0.37
K temperature of the droplets.?26

In this work, improved signal levels have been obtained by
using a 70 mW periodically poled lithium niobate optical
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TABLE 1: A Summary of the Experimental and Calculated Vibrational Frequencies and VTMAs for the Various Tautomers

of Adenine
harm. freq. scaled” freq. exp. freq. IR. intensity ab initio” exp. VIMAs dipole moment relative? energy
tautomer  (cm™!) (em™) (cm™h) (km/mol)  assignment VTMAs (degree) (degree) (Debye) (kJ/mol)
A9 2.8 0.0
3733.7 3573.6 3568.2 52.7 NH, AS 21 24
3666.4 3509.2 3509.2 112.8 NOH 59 63
3602.3 3447.9 3451.6 73.7 NH, SS 76 77
A7 6.7 32.1
3686.5 3528.4 - 325 NH, AS 61 -
3667.7 3510.5 - 85.3 N7H 15 -
3570.9 3417.9 - 37.0 NH, SS 54 -
A3 4.1 354
3740.9 3580.5 - 67.3 NH, AS 11 -
3608.3 3453.7 - 45.4 N3H 79 -
3603.0 3448.5 - 178.5 NH, SS 88 -
Al 8.6 74.9
3686.6 3528.6 - 45.5 NH, AS 39 -
3619.6 3464.4 - 84.3 N1H 21 -
3569.0 3416.0 - 66.6 NH, SS 62 -
A9la 39 53.0
3660.6 3503.7 - 108.9 NOH 14 -
3611.7 3456.9 - 76.0 N1H 57 -
3533.7 3382.2 - 25.1 N10H 19 -
A9Ib 4.6 73.4
3664.0 3506.9 - 108.3 NOH 52 -
3619.4 3464.2 - 46.0 N1H 78 -
3493.2 33434 - 7.9 N10H 7 -
ATla 34 90.9
3662.1 3505.1 - 84.0 N7H 12 -
3612.7 3457.8 - 74.4 N1H 88 -
3545.8 3393.8 - 13.6 N10H 41 -
AT7Ib 3.8 74.9
3653.8 3497.1 - 110.0 N7H 57 -
3623.3 3468.0 - 49.0 N1H 48 -
3512.1 3361.6 - 10.4 N10H 36 -

“The ab initio calculations were performed at the MP2/6-3114++G(d,p) level, and the scaled frequencies were obtained by multiplying the
harmonic frequencies by a factor of 0.95713. » The typical dependence of the ab initio VTMASs on the basis sets is £1—2°.'91 ¢ Normal
experimental error is within £5—7°.101% ¢ The energy was obtained with zero-point energy correction.

parametric oscillator (cw-PPLN-OPQ)?7-28 IR laser from Linos
Photonics. The signal was further enhanced by the use of a
multipass cell.? Vibrational excitation of the solvated molecules
resulted in the evaporation of several hundred helium atoms.
The resulting laser-induced decrease in the energy of the droplet
beam was detected by a bolometer,?® which was positioned
downstream of the laser interaction region. The laser beam was
amplitude modulated, and a phase sensitive detection of the
bolometer signal was used to improve the signal-to-noise ratio.
A series of external etalons and a wavemeter were used to
calibrate the resulting infrared spectra.

Measurements of VIMAs and ab Initio Calculations. The
pendular-state spectroscopic method has been applied previ-
ously to both gas-phase’*-3* and helium nanodroplet?!-35-37
studies. A large direct current (DC) electric field applied
between the Stark electrodes results in the orientation of
the permanent dipole moment of the molecule parallel to the
electric field, in the limit where «E is large compared to the
rotational temperature of 0.37 K.?>2¢ For a linearly polarized
laser, the result will be a change in the excitation efficiency,
given that the molecular transition moments will also be
oriented in the laboratory frame of reference. If the laser
electric field is aligned parallel (perpendicular) to the DC
electric field (referred to here as parallel and perpendicular
polarization alignments), the corresponding change in the
vibrational band intensity will depend upon the angle between
the permanent dipole axis and the corresponding transition
moment direction. This angle is referred to as the vibrational

transition moment angle or VTMA. For a vibrational mode
in which the angle between the transition moment and
the permanent dipole moment is less than the magic angle
(54.7°), a parallel polarization scan will result in an increase
in the band intensity, and vice versa for the perpendicular
polarization scan, compared to the corresponding band in the
zero-field scan. A quantitative description of this effect
requires that the orientation distribution for the permanent
dipole moment be known. This distribution depends upon
the magnitude of the dipole moment, the applied electric field,
the rotational constants, and the temperature of the mole-
cule. The methods for calculating this distribution have been
discussed in detail previously.3840 This distribution is
dependent upon the detailed rotational structure in the band,
which is, in turn, dependent upon the rotational temperature.
However, since the present experimental spectra are broad-
ened beyond the rotational contour, the sensitivity of the
orientation distribution to the rotational constants is rather
small. As a result, we find that the ab initio rotational
constants, divided by a factor of 3 to approximately account
for the effects of the helium,*! can be used to determine
accurate VITMAs. This is largely the result of the fact that
the rotational temperature is well-determined in these experi-
ments (namely, the droplet temperature of 0.37 K). A detailed
discussion of how the experimental VITMAs are extracted
from the integrated areas of the zero field parallel and
perpendicular polarization spectra is given elsewhere.!3-17-19
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Figure 2. The three lowest-energy tautomers of adenine, showing the
corresponding directions of the permanent electric dipole moments (the
length of the solid arrow is proportional to the dipole magnitudes) and
the vibrational transition moments (empty double ended arrows) for
the various vibrational modes. The magnitudes of these moments are
given in Table 1.

Although the recent systematic theoretical studies*>~*> on
the tautomers of adenine have focused on the energetics of
the various tautomers of adenine, the information about the
permanent dipole and transition dipole directions needed for
the comparison with the experimental VTMAs has never been
reported. Therefore, we conducted ab initio calculations for
the eight amino and imino tautomers of adenine (shown in
Figure 1), of which the three lowest-energy amino tautomers
(A9, A7, and A3) were extensively studied for the VTMA
analysis in this study. Figure 1 shows the eight tautomers of
adenine with their relative equilibrium energies listed in
brackets (kJ/mol), with/without harmonic zero-point energy
corrections at the MP2/6-311++G(d,p) basis set using
Gaussian 03.%6 Detailed information about the ab initio
VTMAs of the tautomers in Figure 1 is listed in Table 1.
The ab initio transition moment vectors (empty double-ended
arrows) and permanent electric dipole moments (solid arrows)
for the three lowest-energy tautomers which are superimposed
on the molecules are shown in Figure 2. The density
functional theory calculations (DFT) at Becke’s three pa-
rameters hybrid functional method (B3LYP) have also been
applied for comparison, which will be discussed below.

Results and Discussions

The upper panel in Figure 3 shows an experimental spectrum
of adenine in helium nanodroplets that spans the regions
corresponding to the NH, (AS), N—H, and NH; (SS) modes.
The lower panels, from the second to the fourth, show the ab-
initio-predicted spectra (all scaled by a factor of 0.95713 with
a 6-311++G(d,p) basis set) for the three lowest-energy tau-
tomers, A9, A7, and A3, respectively. The assignment of this
spectrum is quite straightforward because the vibrational bands
are widely separated. Indeed, the ab initio frequencies give a
convincing assignment, as guided by the dotted lines in Figure
3. However, even here, some frequency differences between
the experimental and scaled calculations still exist, illustrating
the difficulties that can arise in assigning vibrational spectra of
more complicated molecules, where the spacing between
vibrational levels can be smaller than the typical accuracy of
the calculations.'*!° Given that the assignments of the vibra-
tional bands in adenine are well-established, it has served as an
excellent test case for illustrating the use of the present method
for measuring VTMAs.!2

Figure 4 shows the expanded regions of the NH, (SS),
NOH, and NH; (AS) modes of the A9 tautomers, recorded
with (a) an applied DC electric field directed parallel, (b) no
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Figure 3. A survey spectrum of adenine in helium droplets. The ab
initio vibrational spectra for the three lowest-energy tautomers of
adenine are shown in separate panels below the experimental spectrum.
The vertical bars in the bottom panels summarize the ab initio
frequencies and intensities for the NH, (AS), NO9H (N7H for A7 and
N3H for A3), and NH; (SS) stretch modes of the various tautomers.
The harmonic ab initio calculations were all scaled by a factor of
0.95713 with a MP2/6-311++G(d,p) basis set to obtain the best overall
agreement between theory and experiment, particularly for the free NOH
stretch of the A9 tautomer. The dotted lines are meant as a guide to
assign the bands associated with calculated frequencies of each
vibrational band of A9.

applied field, and (c) perpendicular (electric field being 80
kV/cm) to the laser polarization direction for each vibrational
band. Using the methods discussed elsewhere,!>14-19 we made
use of the integrated areas under the corresponding peaks to
determine experimental VTMAs for the NH; (SS) band at
3451.6 cm™!, namely, 77°, which is in excellent agreement
with the ab initio value of 76° (normal experimental error
being within +5—7°).1¢19 The other two bands, labeled o
and 8 in Figure 4, which disappear at lower oven tempera-
tures (Figure S1 shown in the Supporting Information), are
assigned to adenine dimers or to high-energy tautomers since
higher oven temperatures result in higher adenine pressures
in the scattering-box oven and thus a greater probability for
picking up more than one molecule.!> However, as discussed
in a previous paper,! higher-energy tautomers are also
favored at higher temperatures, so that a definitive assignment
of these bands will have to await a more detailed investigation
in which the vapor pressure of the sample in the pick-up
cell can be varied independently of the temperature.

As listed in Table 1, the ab initio VTMA for the N9H band
at 3509.2 cm™! is 59°, in good agreement with the experimental
value, namely, 63°. Similarly, the bands in the region of
3504—3508 cm™! are assigned to the adenine dimers or high-
energy tautomers. The band at 3509.2 cm™! has a temperature
dependence that is consistent with the pick-up of a single
molecule by the droplets. The oven temperature dependence of
the intensities of the NH, (SS) and N9H bands in Figure 4 is
discussed in the Supporting Information.

We now turn our attention to the region of the spectrum
corresponding to the NH; (AS) vibrational band at 3568.2 cm ™.
Quantitative analysis of this band gives experimental VTMASs
of 24°, which is in excellent agreement with the ab initio value,
21°.

Up to now, we have shown that the combination of the ab
initio frequencies and the VTMA assignment of each vibrational
band of the global minimum structure of adenine, A9, gives a
conclusive assignment of the adenine monomer. Now, we begin
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Figure 4. Expanded views of each vibrational band region of the adenine spectrum. Spectra (a), (b), and (c) correspond to parallel polarization,
zero-field, and perpendicular polarization, respectively. The bands marked with the downward point arrows are assigned to the NH, (SS), N9H, and
NH, (AS) modes of A9. The bands marked with an “o’” and a “f” in NH, (SS) and in the range of 3504—3508 cm™! marked with a dash line are

due to the adenine dimer or higher-energy tautomers.

discussing the issue of adenine nonplanarity. It is well-known
that the VTMAs of vibrational modes are very stable to basis
set size compared to the stability of ab initio frequencies of
each vibrational band upon different basis sets.!> Furthermore,
the calculated harmonic frequencies have to be scaled to correct
for the anharmonicity; however, the calculated VTMAs are
essentially independent of a basis set size, suggesting that
quantitative comparisons can be made with experiment even
using very modest ab initio calculations. This is important when
applying these techniques to much larger systems, where large
basis sets may be prohibitively expensive. The reason for the
insensitivity of the VTMAs to basis set size can be appreciated
by noting that, for the localized vibrations considered here, the
transition moment directions are primarily determined by bond
directionality.'? Therefore, as long as the calculated structure
is good, the directions of the permanent and transition moments
will be rather well determined.

The nonplanarity of the A9 tautomer is reflected in the
dihedral angles of N'CON!'®H'4, N'CON'H">, and C>N'C®N!0
(see Figure 1). Therefore, we have conducted an extensive study
of the evolution of the other two dihedral angles, namely,
NICON!OH!S and C2N!CON!, of the A9 tautomer as a function
of NICON'°H!* from 0 to 40° using a B3LYP and MP2 level of
theory with a cc-pVDZ basis set, shown in Figure 5a and c,
respectively. The calculations were conducted by freezing the
dihedral angle, N'CN'°H'4, while all of the others were fully
relaxed. The result shows that the A9 tautomer is planar when
N!CON!OH!“ is zero, which is independent of the level of theory
used in this study. However, at the fully relaxed geometry
optimization of the A9 tautomer, the B3ALYP and MP2 levels
of theory resulted in a planar and nonplanar structure of a
dihedral angle (N'CON'9H'#) of 0 and 20°, marked with a vertical
line in Figure 5b and d, respectively. The different horizontal
lines (dotted, dashed, and dot—dashed) indicate the experimental
VTMAS of the vibrational bands of the A9 tautomer, NH; (AS),
NO9H, and NH; (SS), respectively. Figure 5d shows that the
experimental VTMAs are in excellent agreement with the ab
initio values done with the MP2 calculations. It is worth pointing
out that the A9 tautomer is constrained to be planar when the
dihedral angle of the N'CON!'°H!4 is fixed to 0° with the MP2
level of theory, which is very similar to the result with the
B3LYP method. The VTMAs of the three vibrational modes
with a full optimization with the MP2 level can also be
reproduced by constraining the dihedral angle N'CON!°H'* of
the planar adenine to 20° with a B3LYP method. Taking all of
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Figure 5. The evolution of the dihedral angles (a and ¢) and VTMAs
(b and d) of the A9 tautomer as a function of the dihedral angle,
N!CON!'H'4, from 0 to 40°, using a cc-pVDZ basis set with B3LYP (a
and b) and MP2 (c and d) levels of theory. The vertical line in (b) and
(d) shows that the dihedral angles, N'C’N'H!4, of the optimized
structure of A9 are 0 and 20° with the B3LYP and MP2 levels of theory
using a cc-pVDZ basis set, respectively. The different horizontal lines
(dotted, dashed, and dot—dashed) indicate the experimental VTMAs
of the vibrational bands of the A9 tautomer, NH, (AS), N9H, and NH,
(SS), respectively.

the experimental and theoretical data presented above together,
it is certain that the NH; group is not in the plane of the purine
ring.

It is very interesting to note that the geometries of adenine
show a large dependence on the type of theory used, namely,
the MP2 and B3LYP methods. However, the evolution of
VTMAs of all three vibrational bands shown in Figure 5b and
d shows almost no difference depending on the level of theory
used in this study. This is, while the MP2 and DFT calculations
may disagree about the planarity of adenine, they both agree
about the values of the VTMAs at their nonplanar geometry of
adenine. This further supports that VTMA is very sensitive to
the structure of the molecules.

Similarly, Figure 6 shows the evolution of the dihedral angles,
NICONIOH!5 and C2N!CON!, and VTMAs of each vibrational
band of the A7 (a and b) and A3 (c and d) tautomers as a
function of N'CON!°H'* from 0 to 40° using the MP2 level of
theory with a cc-pVDZ basis set. The vertical line in Figure 6b
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Figure 6. The evolution of the dihedral angles (a and c¢) and VTMAs
(b and d) of the A7 and A3 tautomer as a function of the dihedral
angle, N'CN'H™, from 0 to 40° using a cc-pVDZ basis set with the
MP2 level of theory. The vertical line in (b) and (d) shows that the
dihedral angle, N'CON'’H'4, of the optimized structure of A7 and A3
is 14 and 18°, respectively.

and d is the dihedral angle of the optimized structure of each
tautomer, 14 and 18°, respectively. It is worth noting that the
A7 tautomer shown in Figure 6a is not planar not only at the
dihedral angle, N'CON'°H!4, of 0° but also with the B3LYP/
cc-pVDZ calculations. This could be attributed to the steric
hindrance caused by N7H close to the NH, group.

Summary

In this combined experimental/theoretical study, we have
presented the infrared laser spectroscopic investigation of
adenine isolated in helium nanodroplets. By using ab initio
frequency/vibrational transition moment angle (VTMA) calcula-
tions and the measurement of VITMAs for each vibrational
stretching mode, we have observed only the global minimum
structure of adenine (A9) in helium droplets. The vibrational
bands of higher-order clusters or high-energy tautomers of
adenine were identified by the temperature dependence experi-
ments. However, specific assignments of the bands are beyond
the scope of this study.

Most interestingly, the experimental VTMAs of each vibra-
tional band matched with the ab initio values obtained from a
nonplanar structure geometry of the global minimum structure
of adenine (A9). The nonplanarity of A9 has been further
confirmed by studying the evolution of the VTMAs of each
vibrational mode as the dihedral angle, N'CN'H'4, is changed.
A detailed VTMA study of two more tautomers, A7 and A3,
has also been conducted, resulting in both having a nonplanar
structure. Further studies of the nonplanarity of the two
tautomers suggest that only A7 among the amino tautomers of
adenine (shown in Figure 1) exhibits a nonplanar structure even
at the dihedral angle, N'C°N'°H'4, of 0°. We hope that this study
gives more insights for further experimental and theoretical
studies on adenine.
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