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We report the first electric field dependence IR spectra of three cytosine tautomers solvated in helium nanodroplets. 
By using an electric field dependence on the three lowest energy tautomers of cytosine and ab initio calculations, we 
are able to measure the vibrational transition moment angles (VTMAs), specifically for the NH2 symmetric stretch 
(SS) mode in this study, with more precision; thus we have reassigned the previous NH2 (SS) VTMA of 74o for the 
C1 tautomer to 85o, which the latter is in excellent agreement with the ab initio value. Nonplanarity of the three lowest 
energy tautomers of cytosine has been investigated by measuring the VTMA of each vibrational mode for the 
tautomers.
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Introduction

Usually the structural information of isolated molecules is 
obtained from the rotational constants by rotational spectro­
scopy; however, for nucleic acid bases (NABs), their structural 
information is obscured with difficulty of obtaining the rota­
tional constants due to the high melting point and thermal in­
stability of NABs. Recently, therefore, there have been enor­
mously large efforts on investigating the structures of biologi­
cally important molecules via vibrational spectroscopy with 
an aid of quantum mechanical calculations.1-6 Among them, 
the application of pendular spectroscopy has been one of the 
important techniques, which orients molecules in the laboratory 
frame for photodissociation,7,8 cross molecular beam9-12 and hel­
ium nanodroplet experiments.13-16 In the latter, using low tem­
perature (0.4 K) characteristic of helium nanodroplets and the 
pendular spectroscopy, polar molecules in a high DC electric 
field become oriented in the laboratory frame, such that the 
angle between the permanent dipole and transition dipole mo­
ments, called vibrational transition moment angle (VTMA), is 
experimentally obtained.1,17-25

In the previous reports on the VTMA measurements of cyto­
sine,18 we employed vibrational spectroscopy of cytosine sol­
vated in helium nanodroplets to identify the three lowest energy 
tautomers, namely C1, C31 and C32, with an assist of measuring 
the vibrational transition moment angles (VTMAs) of high fre­
quency O-H, N-H and NH2 stretches of each tautomer as well 
as the ab initio frequency calculations. Along with the VTMA 
study of adenine, we further investigated the nonplanarity of 
adenine by comparing the VTMAs of experimental and cal­
culated values which the latter were obtained by varying the 
dihedral angles associated with the NH2 groups. In the study 
of adenine, we have confirmed that the VTMAs are very sen­
sitive to the structure of molecules.23

In the present experiment, in addition to the same techniques 

mentioned above, we apply a recently developed method23 for 
a polar molecule's orientation in the high electric field to the 
cytosine tautomer system. The excitation efficiency of cytosine 
tautomers is dependent upon the several different parameters, 
such as permanent and transition dipole moments, DC electric 
field and VTMA. By using this method, we have reanalyzed 
the NH2 symmetry stretch (SS) band of cytosine tautomers. Fur­
thermore, we discuss the nonplanarity of each cytosine tautomer 
by freezing the dihedral angle of the NH2 group with respect 
to the VTMA changes of the N(O)-H, NH2 asymmetric and sym­
metric modes.

Experimental Section

The experimental apparatus has been described elsewhere 
in detail,26,27 thus only a brief explanation is provided in this 
paper. Nanodroplets with a mean size of 3,000 helium atoms 
were formed by expanding ultrahigh purity helium (99.9999%) 
from a 5 “m diameter orifice, operated at 50 atm pressure and 
a temperature of 20.5 K. Cytosine was doped to the droplets by 
pick-up28 in a scattering-box oven, the temperature of which 
was optimized for the capture of a single molecule (〜210 oC). 
Upon being captured by the droplets, cytosine is quickly cooled 
to the 0.37 K temperature of the droplets at typical rates of 
1010 K/s.29

In this work, using a periodically poled lithium niobate optical 
parametric oscillator (cw-PPLN-OPO) from Linos Photonics, 
the IR laser beam is directed into a multipass cell,26 used to im­
prove the excitation efficiency by having multiple crossings 
between the laser and droplet beams. Vibrational excitation of 
the solvated molecules results in the evaporation of several 
hundred helium atoms. The resulting laser induced decrease in 
the kinetic energy of the droplet beam is detected by a bolometer, 
which is positioned downstream of the laser interaction region. 
The laser beam is amplitude modulated and a phase sensitive 
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detection of the bolometer signal is used to improve the signal- 
to-noise ratio. A series of external etalons and a wavemeter 
were used to calibrate the resulting infrared spectra.

For orienting a solvated polar molecule, two stark electrodes 
are positioned on either side of the laser interaction region. 
The laser electric field direction is then aligned either parallel 
or perpendicular to the DC electric field, which we have applied 
up to about 80 kV/cm in this study.

VTMAs and ab Initio Calculations

The orientation of polar molecules in the laboratory fixed 
frame has several important advantages,13-16,30 in which we have 
used this as a structural tool for biologically important molecules 
and further for their water complexes.1,18-25 In this study, at the 
low temperature (0.37 K),29 associated with helium nanodrop­
lets, and large electric field (65 kV/cm), strong orientation of 
the molecules was achieved since the interaction between the 
dipole moment and the DC electric field is much larger than 
the rotational energy. The experimental measurement of the 
ratio of the integrated areas, namely the polarization ratio as a 
function of a, for a given vibrational mode with the laser polari­
zation aligned parallel and perpendicular to the applied electric 
field is shown below.

P(a)=
A// (a)
A 丄(a)

(1)

2 [)尸(cos9)[2cos2 0 + sin2 a - 3cos2 0 sin2 이sin OdO 

「Rcos0)[2 -sin2 a - 2cos2 0 + 3cos2 0 sin2 a]sin OdO

where, 0 is the angle between the permanent dipole moment 
direction and the Z-axis, defined as the direction of the applied 
field. The normalized orientation distribution is then given by 
P(cos0), namely:

2无 쯔,
P(cosO) = J0 P(cos(O,0))d0= %(1 + ?；anP(cos。))(2)

This distribution depends upon the magnitude of the dipole 
moment, the applied electric field, the rotational constants, 
and temperature of the molecule in question. The methods for 
calculating this distribution have been discussed by Kong’s 
group in detail previously.31-33

The experimental VTMAs (a) are determined from Equation 
(1) by measuring the ratio of the integrated band intensities for 
parallel and perpendicular polarization, normalized using the 
corresponding field free spectra. These angles can also be ex­
tracted from ab initio calculations for direct comparison with 
the experimental values.1 The calculated VTMAs were obtained 
by using the Moller-Plesset perturbation theory at the 2nd order 
(MP2) level and density functional theory (DFT) calculations 
at a Becke's three parameters hybrid functional method 
(B3LYP) with a 6-311++G(d,p) basis set using Gaussian 03.34 
Figure 1 shows the structure of cytosine tautomers, C31, C32 
and C1, with the ab initio transition moment vectors (empty 

Figure 1. The three lowest energy tautomers of cytosine, 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.

Table 1. Experimental and calculated data for the VTMA analysis of the various cytosine tautomers

MP2a DFT4
tauto-
meter

assign­
ment

exp. freq. 
(cm-1)

exp.
VTMA(o) ab initio

VTMA(o)
rotational 
constant 
(cm-1)

卩p 
(debye)

relativec 
energy 

(kJ/mol)
DFT

VTMA(o)
rotational 
constant 
(cm-1)

卩p 
(debye)

relativec 
energy 

(kJ/mol)

C31 3.39 0.0 3.46 4.9
OH 3609.7 43 47 A = 0.1312 x = -2.80 41 A = 0.1320 x = 3.10
NH2(AS) 3572.3 22 26 B = 0.0667 y = 1.71 27 B = 0.0669 y = 1.46
NH2(SS) 3455.9 66 70 C = 0.0443 z = 0.87 66 C = 0.0444 z = 0.50

C32 4.56 3.0 4.81 8.1
OH 3617.9 81 88 A = 0.1293 x = 4.41 89 A = 0.1297 x = 4.67
NH2(AS) 3570.9 61 64 B = 0.0672 y = -0.79 63 B = 0.0675 y = -1.07
NH2(SS) 3457.2 29 29 C = 0.0443 z = 0.88 27 C = 0.0444 z = 0.54

C1 6.38 7.8 6.75 0.0
NH2(AS) 3572.7 12 6 A = 0.1286 x = 3.80 7 A = 0.1289 x = 4.41
H1H 3471.7 71 78 B = 0.0671 y = 5.06 72 B = 0.0674 y = 5.10
NH2(SS) 3451.7 85(74)d 88 C = 0.0441 z = 0.78 84 C = 0.0443 z = 0.36

aThe ab initio calculations were performed at the MP2/6-311 ++G(d,p) level. 4The DFT calculations were performed at the B3LYP/6-311++G(d,p) level.
cThe energy was obtained with zero point energy corrections. dThe value in the parentheses is from the previous work.18
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double ended arrows) and permanent electric dipole moments 
(solid arrows) superimposed on the molecules. Detailed infor­
mation about the ab initio VTMAs and relative equilibrium 
energies of the tautomers in Figure 1 is listed in Table 1.

Results and Discussion

In the previous study of cytosine,18 we showed a survey scan 
of 3325 - 3700 cm-1 region and assigned all major bands to the 
NH2 asymmetric stretching (AS), N-H and NH2 symmetric stret­
ching (SS) modes of the C31, C32 and C1 tautomers. The assign­
ment was achieved with a comparison between the measurement 
of VTMAs and the ab initio VTMA calculations. Even though 
the assignment was conclusive with the analysis of VTMAs 
and ab initio calculations, there was a mismatch in the VTMA 
of NH2 (SS) band of Cl between the experimental and ab initio 
value. Therefore, we further investigated the experimental and 
theoretical VTMA analysis of major three cytosine tautomers.

As described above, we calculated the rotational constants, 
A, B and C, for the each cytosine tautomer since the obtained 
band spectrum was not rotationally resolved. The resulting rota­
tional constants and the permanent dipole moment,卩p, for the 
isolated molecules are listed in Table 1. The ab initio and DFT 
rotational constants were modified to account for the effect of 
the helium solvent in the VTMA analysis.35 Therefore, the rota­
tional constants were decreased by a factor of three upon sol­
vation in helium.35 Here we have to mention that the orientation 
distributions are very weakly dependent on the values of the 
rotational constants at the fields used in this experiment. As a 
result, we conducted the VTMA analysis by assuming that the 
rotational constants are the ab initio values divided by a factor 
of three.

The experimental VTMAs of C31, C32 and C1 can be ob­
tained from the curves in Figure 2, which shows the polarization 
ratios, p(a), obtained from equation (1). For the case of C31, 
shown in Figure 2 (a), the ab initio constants 卩p = 3.39 debye, 
A = 0.1312, B = 0.0667, C = 0.0443 cm-1 were used to determine 
the dipole distribution function, P(cos。), equation (2), resulting 
in the dashed curve for p(a). The dashed and solid curves were 
calculated using the ab initio rotational constants without and 
with reducing the rotational constants by a factor of three, res­
pectively, as mentioned above. Even if the rotational constant 
correction factor is changed by a factor of three, only a small 
change in the polarization ratio is observed with more change 
for more parallel bands. Very similarly, the VTMAs of C32 (b) 
and C1 (c) were also determined in Figure 2.

The results of this analysis are summarized in Table 1. It is 
worth mentioning that the experimental VTMA of NH2 (SS) 
for C1 was previously 74o,18 however, it turned out to be 85o 士 
5o after reanalysis of the band, much close to the ab initio value 
of 88o, which will be discussed later. Overall, the experimental 
and calculated VTMAs, including DFT calculations, are in 
excellent agreement for the cytosine tautomers.

Figure 3 (a) shows the expanded region of the NH2 (SS) 
modes of the cytosine tautomers, recorded as a function of the 
sample oven temperatures. The normalized integrated band 
intensities of each band are plotted in Figure 3 (b), in which 
the bands marked with "*” and "#" tend to disappear at lower
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Figuie 2. The integrated intensity ratio, p(a), calculated from equation 
(1) in the text for C31 (a), C32 (b) and C1 (c). The solid and dashed 
curve was generated using the ab initio rotational constants (see Table 
1) with and without reducing the rotational constants by a factor of 
three, respectively. The predicted VTMAs obtained at the MP2/6- 
311++G(d,p) level of theory are included in parentheses. The hori­
zontal lines are the measured intensity ratios for the corresponding 
vibrational modes.

wavenumber, cm-1 temperature, oC

Figure 3. An oven temperature dependence of NH2 (SS) mode region
(a) and the normalized intensity plots for the corresponding bands
(b) . The three major cytosine tautomers clearly optimizes at lower tem­
peratures, consistent with the fact that lower vapor pressures are re­
quired for the pick-up of a single molecule. The other bands marked 
with '애” and "#” are tentatively assigned to the dimers and trimers due 
to the fact that they require higher vapor pressures for optimum signals.

oven temperatures, while the other three bands show almost 
similar band intensities as a function of oven temperatures. 
Indeed, we assign the bands marked with "*” and "#” are attri­
buted to the cytosine complexes, such as dimers and trimers, 
respectively.
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Figure 4. Electric field dependence spectra of the NH2 (SS) band re­
gion of the C31, C32 and C1 tautomer at parallel polarization. As the 
field increases, the parallel and perpendicular band intensity increases 
and decreases, respectively. The magnitude of intensity change is de­
pendent upon the several parameters, mentioned in the text. The band 
mark with '애” is due to the cytosine dimer.
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Figure 5. Calculated polarization ratios, A(para)/A(zero), in upper panels, 
of the NH2 (SS) modes for the C31, C32 and C1 tautomers with increa­
sing the electric field, from 0o to 90o with a 5o gap, between the two 
Stark electrodes. The ab initio constants for each tautomer, dipole mo­
ments and rotational constants, listed in Table 1, were used in the cal­
culations. The graphs clearly show that the curvature of the polarization 
ratio with different dipole moments at especially low electric fields 
is very distinctive. The down panels show comparisons between the ab 
initio polarization ratio curve (open shapes with a line) and experi­
mental polarization ratio (filled squares with error bars) of C31, C32 
and C1. The numbers in the down panels represent the ab initio 
polarization curves for the corresponding VTMA values.

Compared to the other two vibrational modes, NH2 (AS) and 
N-H, of the cytosine tautomers, the NH2 (SS) mode of the C31 
and C32 and C1 tautomer is well separated as shown in Figure 
3 and listed in Table 1. For the case of NH2 (AS) mode, the fre­
quencies of C31 and C32 tautomers lie almost within one wave­
number, (see Table 1) making rather difficult to analyze the elec­
tric field dependence polarization ratio curves. Therefore, we 
focused on the electric field and laser polarization direction 
dependence of the NH2 (SS) bands for the cytosine monomers, 
C31, C32 and C1. Figure 4 shows the electric field dependence 
of the NH2 (SS) vibrational bands with 0, 7.1, 14.8, 28.5, 41.9, 
56.3, 75.8 kV/cm at parallel polarization field. The perpendi-

Figure 6. The evolution of VTMAs of C31, C32, and C1 as a function 
of the dihedral angle, N3C4N8H13, fom 0 to 30o, using a 6-311++G(d,p) 
basis set with an MP2 (upper panels) and B3LYP (down panels) level
of theory. The vertical lines in upper panels show that the dihedral 
angle, N3C4N8H13, of the optimized structure of C31, C32 and C1 is 18o, 
19o and 18o, respectively, with an MP2 level of theory, while that with 
a B3LYP (down panels) is 10o, 12o and 7o, respectively. The horizontal
thick lines indicate the experimental VTMAs of the corresponding 
vibrational bands of C31, C32 and C1. The thickness of the line shows 
the experimental error limit (土 5o). The circles, triangles and squares 
indicate the calculated VTMAs of the vibrational bands, NH2 (AS), 
NH2 (SS) and N(O)H, respectively.

cular band, 88 and 70o, of C1 and C31 decreases as the electric 
field increases while the parallel band, 29o, of C32 increases. 
Here it is interesting to note that the trend of increasing and 
decreasing band intensity is quite different from each other, for 
example, the decrease of C1 is more rapid than that of C31, 
which is due to the larger values of VTMA and dipole moment 
of C1 than those of C31. This was well discussed in the recent 
study of guanine tautomers.21 Further investigation of this matter 
is discussed below.

The upper panels of Figure 5 show the plots of calculated 
polarization ratio, Aparallel/Azero, for the NH2 (SS) bands of the 
three tautomers with increasing the electric field between the 
two stark electrodes for 19 different (0 - 90o with a 5o gap) ratios. 
A molecule with a larger dipole moment requires a smaller elec­
tric field for complete orientation, while much larger fields are 
needed to reach this saturation condition if the dipole moment 
is smaller. This is well illustrated in Figure 5, for example, for 
the case of C31 (3.4 debye) and C1 (6.4 debye), of which the 
later showed a steeper slope at the VTMAs of 0 and 90o. The 
down panels show the comparisons between experimental 
(filled squares with error bars) and calculated (open shapes 
with a line) values of the polarization ratio for the NH2 (SS) 
bands of C31, C32 and C1 as a function of electric field strength. 
The ab initio polarization ratio curves of 70o (C31) and 30o (C32) 
are in excellent agreement with the experimental ratio of inte­
grated areas, Aparallel/Azero. The experimental VTMAs of 66 and 
29o for the C31 and C32 tautomers, respectively, further support 
the agreement. However, the previous experimental VTMA 
assignment of C1, 74o, was deviated from the ab initio polari­
zation ratio curves of 70 and 75o. It is rather very close to the 
ab initio curve of 85o and the ab initio VTMA value of 88o as 
well. This discrepancy between the values from the same group 
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might be due to increased errors in the integration of the band 
intensities subject to the experimental polarization ratio (ApaJ 

Aperp) contributed from the background on the high frequency 
shoulder of the band, as shown in Figure 3(a). There may be 
some perpendicular band contributions from high order clusters 
in the VTMA, however, in the present electric field dependence 
experiment; we have used the integrated intensity ratio of para­
llel over zero field, instead of perpendicular field. Very similar 
case was also reported in the previous VTMA study of thymine 
and uracil in helium nanodroplets.22

Up to now, we have focused on the polarization dependence 
of NH2 (SS) bands of three lowest energy tautomers, presenting 
a quite good agreement between theory and experiment. Now 
we begin to discuss the VTMA change with respect to tilting 
a dihedral angle of NH2 group. We calculated the VTMAs of 
three vibrational modes of C31, C32 and C1 by freezing the 
dihedral angle of N3C4N8H13 while the other atoms are fully 
relaxed, shown in Figure 6. The calculations were done at the 
DFT and MP2 level of theory with a 6-311++G(d,p) basis set. 
It is well known that the VTMAs of vibrational modes are very 
stable compared to the stability of ab initio frequencies of 
each vibrational bands upon different basis sets, suggesting 
that quantitative comparisons can be made with experiment even 
using very modest ab initio calculations.23,25 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 appre­
ciated by noting that, for the localized vibrations considered 
here, the transition dipole moment directions are primarily deter­
mined by bond directionality.1 Therefore, as long as the cal­
culated structure is good, the directions of the permanent and 
transition moments will be rather well determined.

The upper and lower panels in Figure 6 show that the VTMAs 
of each vibrational mode vary as a function of the dihedral angle, 
N3C4N8H13, at the MP2 and B3LYP calculations, respectively. 
The horizontal thick lines are the experimental VTMAs of each 
vibrational mode with an error, 士 5o. Unfortunately, not likely 
to the study of adenine,23,25 where the VTMAs vary significantly 
with the dihedral angle, they are vey muted (within the error 
limit) with the angles for the case of cytosine. Therefore, the de­
tailed structural information about the nonplanarity of cytosine 
cannot be obtained in this study. It is, however, interesting to 
note that nonplanarity of cytosine tautomers was not dependent 
upon the level of theory used in this study, both predicting a 
nonplanar structure, supported by the vertical dotted lines, the 
angles obtained from full geometry optimizations. Nonetheless, 
the structures of adenine showed a strong dependence on the 
type of theory, MP2 and B3LYP, which predicted a nonplanar 
and planar structure, respectively.23,25 It still, however, shows 
that more nonplanar structures of cytosine tautomers are pre­
dicted from the MP2 than from DFT calculations, similar to 
the nonplanarity study of adenine.

Summary

In this study we have presented the first electric field depen­
dence of IR spectra of cytosine isolated in superfluid helium 
nanodroplets. By varying a DC electric field to the polar mole­

cules, the different permanent dipole moments of system in­
duced different orientation behavior with respect to the polari­
zation and electric field intensity. Using the recently developed 
technique by this group and more precise measurement of the 
band ratio, we have reanalyzed the measurement of VTMA 
for the NH2 (SS) mode of C1, 85o 士 5o rather than 74o 士 5o, pre­
viously measured in this group. The new value is in excellent 
agreement with the ab initio value, 88o. Other bands are in good 
agreement between experiments, both the VTMA and dipole 
moment curve measurement, and theory.

We have attempted to characterize the nonplanarity of cyto­
sine monomers with an aid of the experimental VTMAs of 
each vibrational band as in the case of adenine. Contrast to the 
nonplanarity study of adenine, the experimental VTMA change 
as a function of the dihedral angle, N3C4N8H1; , were almost 
within the experimental error limits. Therefore, it was not able 
to conduct the experimental evaluation for the nonplanarity of 
cytosine in this study. However, a detailed VTMA study of the 
cytosine tautomers using both DFT and MP2 level of theory re­
vealed that they have a nonplanar structure with full geometry 
optimizations, of which the geometry of adenine from DFT 
calculations was planar in the previous study. Based on this, it 
will be interesting to compare the nonplanarity of purines and 
pyrimidines in future studies.
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