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Temperature-dependent low-frequency vibrational spectra of purine
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Terahertz time-domain spectroscopy has been used to measure the vibrational spectra of
polycrystalline purine and adenine over the temperature range 4—290 K. A number of well-resolved
absorption peaks were observed in the frequency range 0.2—3.0 THz, which are interpreted as
originating from intermolecular vibrational modes mediated by hydrogen bonds. We find that as the
temperature is reduced, the observed absorption bands resolve into narrower peaks and some shift
towards higher frequencies. We explain the temperature dependence of the spectra by the
anharmonicity of the vibrational potentials and give an empirical expression to describe the
frequency shift. ©2003 American Institute of Physic§DOI: 10.1063/1.1565680

Low-frequency vibrations play a crucial role in the bio- ensures adequate thermal contact while allowing the THz
logical functions of proteins and nucleic acids since theybeam to pass through the sample. The sample was fixed via
give rise to significant atomic rearrangements and conformahe copper ring into the cold finger of a cryostat equipped
tional fluctuations:™® Hydrogen-bonded networks are par- with Mylar windows (MicrostatHe, Oxford Instrumenitsor
ticularly important in this context since they are more easilyTHz spectroscopy measurements. A calibrated rhodium—iron
broken than covalent bonds and facilitate structural chahgestesistance thermometer mounted adjacent to the sample on
The nucleic acid bases are the building blocks of deoxyribothe cold finger was used to monitor the sample temperature.
nucleic acid(DNA) and ribonucleic acidRNA), and there All chemicals were purchased from Sigma-Aldrich and used
have been numerous experimental investigations of nuclei@ithout further purification. Adeninglot 96H040623 and
acid bases and nucleosides using mid-infrail& and Ra- purine(lot 27114-079 have molecular weights of 135.10 and
man spectroscopy, as well as neutron inelastic scattering vit20-12, respectively. Both had a purity of 99%. X-ray dif-
brational spectroscopy® However, the extension of these fraction ~measurements (Philips x-ray diffractometer
spectroscopic investigations to the far-IR, which may givePW1050 revealed that both the adenine and purine samples
information about intermolecular vibrational modes medi-Were polycrystalline. The polyethylerigot 17410A0-061
ated by the hydrogen bonds, has received much less atte2d @ Spectrophotometric grade purity and was amorphous. It
tion. Over recent years terahertZHz) time-domain spec- Was almost transparent in the frequency range 0.2-3.0

troscopy has been demonstrated to give much bettePHz-*"*In addition, the grain size of these powder samples
performance in the far-IR range than other spectroscopit’@S much smaller than the THz wavelength, minimizing the

techniques such as Fourier transform IR spectrosédpy, effectrs] of Mie_scat(;[ering. has b
making it possible to study the temperature dependence of The THz time-domain spectroscdfpparatus has been

low-frequency vibrational spectra below 100¢ch (3 reported previously? In brief, a Ti:sapphire laser provides

TH2), L accessing information about the structure and vibraY/Sible/near-infrared pulses of 12 fs duration at a center
. : . wavelength of 790 nm with a repetition rate of 76 MHz. The
tional dynamics of solids. output is split into two parts: a 250 mW beam is focused onto

In this letter, we present temperature-dependent meg; . o .
b P b %he surface of a biased semi-insulating GaAs photoconduc-

surements of the far-IR vibrational spectra of purine and adfive emittet® for THz generation, and a 25 mW beam serves

enine, using THz time-domain spe_ctroscop_y. Adenine is one e probe beam for electro-opficdetection using a
of two common purine bases and is fognd in both DNA aN% mm-thick ZnTe crystal. In all measurements, the variable
RNA. We continuously map the evolution of the absorptlondelaly stage, which provides the time delay between the THz
features from 4 to 290 K, and present an empirical EXPreShulse and tr,1e probe pulse, is scanned over a distance of 10
sion describing the observed frequency shift as a function o m, providing a spectral r,esolution of 0.5 ¢ (15 GH2).
temperature. . . . Using a lock-in detection scheme, the signal-to-noise ratio
Samples were prepared by mixing purine or aden'neachieved in our experiments was®10
polycrystalline powder with polyethylene powder in a mass Figure a) shows the measured absorption spectra of
ratio of 1:10 and then compressing the mixture with a Spey, rine 4t room temperature and at 4 K. A number of well-
cially designed pellet maker into a copper ring of 8 MM oq)ved absorption peaks are seen in the far-IR region be-
diam. The pellet was about 1.3 mm thick. The copper ringyyeen 0.2 and 3.0 THz. In addition, the base line increases
with frequency. As the temperature is reduced from room
dElectronic mail: EHL10@cam.ac.uk temperature to 4 K, all of the observed absorption bands
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FIG. 1. Absorption spectra df) purine and(b) adenine at 4 and 295 K.
4 K spectra are vertically offset.
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resolve |_nto narrower peaks _and most shift towards h_lgheIEIG. 2. (a) Evolution of the vibrational modes of purine in the temperature
frequencies. In order to see if these effects are specific t@inge 4-290 K. A total of 120 spectra were measured. For clarity, only
purine, we examined the spectra of samples of four nucleispe_ctral data in the 1.0—2.3 THz range are shdnAbsorption spectra of
basegadenine, guanine, cytosine, and thymi ared in  Purine at 4, 54, 105, 153, 204, 253, and 29%tém top to bottom. Spectra

. d . 9 y . yn) peep. are vertically offset and the dotted lines are guides to the eye.
an identical manner. In each case, a different series of spec-
tral features was observed, but in general, as with purine, the _
frequencies and intensities of the features increased as ti#éed by phonons, one might expect that the temperature de-
temperature was lowered. As an example, the spectra of a@endence of the vibrational modes will follow a Bose-
enine are shown in F|g(m) The Sma"_amp”tude' ripp'e_ Einstein d|Str|but|O|+. We f|t the frequency Sh|ft fOI’ eaCh Of
like oscillations in the spectra result from multiple THz re- the observed absorption features by
flections in the sample and the detection crystal. By

<
o
o

subtracting the weak features arising from reflections out of (T)=vo—ATc/(e"c/T-1), (1)
the raw time-domain data prior to the Fourier transform,
these oscillations are minimized. whereuy is the center frequency of the vibration mode at 0 K

In order to study the temperature dependence of the viandA is a constantT ¢ is a characteristic temperature related
brational spectra quantitatively, 120 spectra of purine werd0 the energy of the mode. Figure 3 shows both the experi-
recorded over the temperature range 4—290 K duar2 h mental and best-fit results of the purine peak centered at 1.68
Warming_up procesQ:ig. 2) Figure 3 shows the frequency THz at 4 K. The agreement is reasonably gOOd over the
variation of the purine vibrational mode centered at 1.68 THZNtire temperature range, and the fitting parameters are
(at 4 K) as a function of temperature. The peak stays at #hown in the inset.
fixed frequency until 50 K, whereupon it progressively shifts
to lower frequency approximately linearly with temperature. 1.7

Since our measurements were made on polycrystalline .
samples, rather than noninteracting molecules in, for ex-
ample, the gas phase, one would expect to see extensive
inter- as well as intramolecular vibrations in this frequency
rangé?*® owing to the hydrogen-bonded network&The
importance of the intermolecular bonding was confirmed by
molecular modeling based on density functional theory

o measured
calculated

Vo

Frequency (THz)
[4)] N [22]
o N [+)]

(DFT) calculations. DFT calculations performed on a single 154 . . ‘s
adenine molecule and an adenine molecular dimer indicate 0 100 200 300
that all vibrational modes in the frequency range investigated Temperature (K)

experimentally are a result of intermolecular interactions.

Furthermore, DFT calculations on larger molecular cluster$!G. 3. Temperature dependence of the resonance frequency centered at
(tetramers, et¢suggest that these vibrational modes are nor]_1.68 THz(at 4 K). Open circles are experimental data and the solid line is

. . . calculated using the empirical expression given in @g. Inset shows the
localized but are (?f a_Conec'['Véphonon'“ké natl_”e- _ best-fitting parameters in units of THz, K, and #0THz/K for v, T¢, and
If all the contributions to the frequency shift are medi- A, respectively.
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The temperature-induced shifts for the purine peaks abonded purine and adenine, by THz time-domain spectros-
1.90 and 2.35 THZmeasured at 4 Khave been measured copy. A number of vibrational modes were found to shift to
and fitted in the same way, and the best-fit parameters at@gher intensities and frequencies as the temperature was re-
also listed in the Fig. 3 inset. It is important to note that theduced, and these were modeled by an empirical formula.
characteristic temperature${) for the 1.08, 1.90, and 2.35 Theoretical research will be needed to interpret fully the be-
THz peaks do not scale with their frequency. In addition, thehavior observed.
center frequencies of two specific purine vibrational modes

(1.11 and 1.43 THeremain almost unchanged with tempera- | X
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