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Submillimeter-wave phonon modes in DNA macromolecules
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A detailed investigation of phonon modes in DNA macromolecules is presented. This work presents experi-
mental evidence to confirm the presence of multiple dielectric resonances in the submillimeter-wave spectra
~i.e., ;0.01–10 THz! obtained from DNA samples. These long-wave~i.e., ;1–30 cm21! absorption features
are shown to be intrinsic properties of the particular DNA sequence under study. Most importantly, a direct
comparison of spectra between different DNA samples reveals a large number of modes and a reasonable level
of sequence-specific uniqueness. This work establishes the initial foundation for the future use of
submillimeter-wave spectroscopy in the identification and characterization of DNA macromolecules.
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I. INTRODUCTION

There exists considerable interest in both the experime
and the theoretical investigation of the vibrational dynam
associated with deoxyribonucleic acid~DNA! polymers. In-
deed, much effort has been applied to the experimental g
eration@1–5#, and the theoretical interpretation@6–8#, of the
spectral data originating from the collective electronic m
chanics and atomic motions of biopolymers. The underly
motivation for this work is clear. The study of the molecul
dynamics, achieved via scattering and absorption spec
copy, is a viable and proven approach that has been app
widely for the general characterization of molecular conf
mation @9–11#. Furthermore, there are fundamental physi
reasons to expect that an effective application of the spe
data~i.e., especially in the very long wavelength regime! can
yield detailed information about complex biological mo
ecules. Since the submillimeter-wave frequency regime~i.e.,
;0.01–10 THz! is predicted to be fairly rich with spectra
features that are dependent on DNA internal vibrations
are spread over large portions of the complex molec
@7,12#, it is reasonable to expect results that are dependen
the primary sequence of the molecule. Hence, the focu
this work is to investigate the use of submillimeter-wa
spectroscopy for the identification and characterization
DNA polymers and to establish a theoretical foundation
future interpretation of phonon modal behavior using T
spectroscopy.

The general need for faster and less expensive techni
that can provide useful structural information leads natura
to spectroscopic techniques that utilize the interaction of
applied electromagnetic~EM! field with the phonon~lattice
vibration! field of the material. From the very beginnin
Raman spectroscopy has been widely used to provide ins
into the three-dimensional structure and microscopic p
cesses associated with biological molecules@2,3#. For ex-
ample, Raman data provided accurate force constants for
oretical refinements in early lattice-dynamical treatments
1063-651X/2002/65~5!/051903~11!/$20.00 65 0519
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nucleic acid molecules@1,13# and the supporting experimen
tal evidence for ‘‘heteronomous’’ conformations arising
poly~dA!-poly~dT! homopolymers@14#. The Raman effect,
which produces frequency shifts in the optical spectra, ar
from nonlinear mixing interactions between the naturally o
curring phonon modes and those artificially induced by
applied EM field. Hence, Raman scattering results from
second-order optical process and can provide unique in
mation not available from a first-order photon absorptio
While Raman scattering is especially effective in the char
terization of periodic microstructures~e.g., semiconductors
and semiconductor interfaces@15#!, it is a very complicated
process and correlation between theory and measureme
exceptionally challenging for DNA polymers@16#. In fact,
the problem of developing formalisms for the computation
Raman intensities and selection rules in large molecu
such as DNA, has been addressed only recently@17,18#. This
fact, combined with the richness of predicted lines in t
low-frequency range, has led to an increased interest in
application of submillimeter-wave absorption spectrosco
to biopolymer characterization.

While the application of submillimeter-wave absorptio
spectroscopy to biopolymers has been somewhat limite
date, indirect techniques such as Raman scattering, the
louin scattering, and the neutron scattering have clearly d
onstrated standing wave oscillations in DNA polymer cha
in the very far infrared~IR! @2,19#. Indeed, most spectra
investigations of DNA have been performed at frequenc
above 10 THz@5# or towards the higher-frequency portion o
the submillimeter-wave domain. The limited number of spe
troscopic studies@2,20–23# below this regime may be attrib
uted to the special experimental difficulties that are presen
there. In this region between the microwave~;100 GHz!
and the lower end of the far IR~;1000 GHz!, the output
power of the available sources is limited, the absolute
sorption of the biological material is relatively weak, and t
high absorption of water masks results from biological m
terials in solution. These difficulties have severely limit
03-1
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the direct identification of phonon modes in biological ma
rials at submillimeter-wave frequencies. Investigations p
formed on dried films of DNA in the 3- to 500-cm21 range
have revealed only a few modes. Specifically, work by W
tlin et al. @21# has found modes of 45 cm21 for the Li-DNA
and 41 cm21 for the Na-DNA. Most notable is the observa
tion of four bands near 63, 83, 100, and 110 cm21 in poly-
crystalline poly~dA!-poly~dT! DNA by Powell et al. @2#.
While this work did not report any phonon modes below
cm21, it is important to note that the authors believed that
is not possible to make meaningful measurements at freq
cies lower than 40 cm21 because the polynucleotide sampl
are too fragile to form the sufficiently thick and large diam
eter films required to provide adequate absorption below
cm21.’’ Finally, Lindsay and Powell@22# have previously
reported a mode in DNA around 12 cm21 and there have
been reports of DNA modes in the microwave range~i.e.,
,0.3 cm21! from measurements of DNA solutions by E
wardset al. @23#. However, later confirmations and interpr
tations of these results have not been reported. Hence,
vious investigations have not definitively established
existence of DNA phonon modes at submillimeter-wave f
quencies below the infrared. Much more recently, new st
ies on dry DNA samples have suggested that microwa
frequency resonant modes exist that are unique to DNA t
and this has been the motivation for the studies prese
here@24#.

With increased availability of DNA sequence informatio
as a result of various genomic sequencing projects wo
wide, there is a keen interest in determining new method
extracting primary sequence information for clues to biolo
cal and functional properties@13,25#. It is generally accepted
that the translational and rotational motions of biopolym
molecules must be related to their properties and biolog
functions@26#. The desire to understand the mechanisms
DNA function in biological processes has motivated mu
study of biopolymer dynamics@27#. Previous theoretica
studies by Van Zandt and Saxena@12# have predicted tha
DNA phonons in the intermediate submillimeter-wave ran
~i.e., 0.01–10 THz! arise out of poorly localized motions tha
are spread over one or more base-pair units. Here, the
namics are dominated by interactions of moderate stren
and range, which includes the weak hydrogen bonds of
DNA base pairs. Hence, phonon modes that arise in this
termediate range should reflect features specific to the D
code. Furthermore, theoretical studies have predicted D
phonon frequencies throughout this regime@28–31# includ-
ing an optical mode as low as 3 cm21 @31#. Therefore, the
scientific motivation for further investigation is exceptiona
strong.

This paper presents experimental results on the natur
phonons within the long-wavelength regime. In these stud
detailed transmission measurements were performed
DNA films to search for the occurrence of dielectric res
nances in the frequency band from approximately 300 G
to 100 THz. These results confirm that a portion of t
submillimeter-wave spectra~i.e., &1 THz! contains numeri-
cal structures that are unique to the individual biopolym
under investigation. Specifically, dry films of randomly o
05190
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ented herring DNA sodium salt and salmon DNA sodium s
were investigated and shown to possess large number
resonant features. In addition, and most importantly, the
dividual spectra of the oriented samples were shown to c
tain features that are sequence specific. This work has
firmed the utility of long-wavelength phonon modes
probes to the structure and dynamics of DNA. Furthermo
this work has laid an important foundation for the applicati
of submillimeter-wave spectroscopy to the area of biologi
science, medical applications, and in the arena of milit
defense against warfare agents@25#.

II. THE EXPERIMENTAL PROCEDURE

A. Instrumentation

In this study, detailed Fourier-transform infrared~FTIR!
spectroscopic investigations of DNA films were perform
over the broad spectral range from;10 to 4000 cm21 wave
numbers. Here, transmission measurements were perfor
to determine the material absorption characteristics. Th
experiments were utilized to search for the occurrence
dielectric resonances induced by interactions of the EM fi
with long-wavelength phonons. The spectral studies repo
on here utilized a commercial Fourier-transform spectr
copy ~FTS! ~Bruker IFS-66! system. The FTS system i
equipped with mercury lamp~,100 cm21! and glowbar
~100–4000 cm21! sources, and offers deuterated tri-glycin
sulfate detector~DGTS! ~room temperature! and liquid-
helium-cooled Si-bolometer (T51.7 K) signal detection.
The sample chamber of the spectrometer was placed
vacuum to eliminate any influence of water-absorption lin
The resolution was set between 0.2 and 2 cm21, and up to
512 interferograms were accumulated, co-added, and Fo
transformed. In all cases cited here, baseline correc
~graded or uniform shift! was not necessary.

B. Sample preparation and measurement conditions

The investigations reported here considered both unifo
and nonuniform films of dry DNA material. In addition, th
studies considered randomly oriented and partially align
DNA chains. It is appropriate to mention here that measu
ment results are strongly dependent on a number of fac
~e.g., sample preparation, humidity, and temperature!. In-
deed, in order to successfully resolve phonon resonance
biological materials one must consider the effects of interf
ence and mode coupling strength. For example, very unifo
solid films are well known to exhibit interference fringes
their reflection and transmission spectra. Furthermore,
interference phenomena can obscure fine resonant featur
be misinterpreted as modes themselves@2#. As will be
shown, the samples with randomly varying thickness
lowed for estimations of the phonon resonances via transm
sion averaging~see the following section!. It should also be
noted that the fine structures observed here required spe
resolutions better than 0.5 cm21. This requirement may par
tially explain why earlier FTIR investigations were not ab
to detect them. An equally important point for detection
the optimization of the coupling between the EM field a
the dipole moment of the DNA oscillator. As will be show
3-2
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measurements on unoriented dry films result in mode da
ing and a weak coupling to the EM field. This leads to sp
tral results where the occurrence of some modes varies f
sample to sample. Conversely, spectral results are m
more consistent within oriented samples. Specifically,
number and frequency of phonon modes is directly tracta
with angle of orientation to the aligned DNA samples.
should be noted that some modes are orientation inde
dent.

The DNA films were prepared by dissolving herring DN
sodium salt~type XIV from herring testes, Lot 14H7121 wit
6.5% Na content!, and salmon DNA sodium salt~type XIV
from salmon testes, Lot 44H7020 with 6% Na content! ob-
tained from Sigma Chemical Co. using glass-distilled wa
with a concentration ratio between 5:1 and 10:1. The ma
rial then formed a gel that was brought to the desired thi
ness by placing the gel inside an arbor shim between
Teflon films or polycarbonate membranes. The entire m
was left to dry at room temperature in air or in vacuum. T
samples were then separated from the entire mold, when
sible, to exclude all interference effects and all transmiss
losses due to the Teflon films. The thinnest samples had g
planarity, although they sometimes had an imperfection d
sity ~i.e., voids! of about 5–10%. The thickness of the drie
films were measured with a Gauge Stand ONO SOKKI S
022. The drying process typically reduced the sample th
ness between two to three times its initial value. All t
samples that were considered in this study possessed a
film thickness between 30 and 300mm.

All measurements were obtained from free-standing film
Films of various thicknesses were utilized to confirm that
observed resonances were directly attributable to the abs
tion characteristics of the biological material. Interferen
effects were documented in cases of very uniform films a
contrasted to samples with randomly varying imperfectio
in optical thickness. The mathematical procedure used to
rive the dielectric properties for this particular condition
quenched fringes will be fully discussed in the followin
section.

C. Calculation of refractive index n and extinction
coefficient k

The measurements obtained in this paper were use
derive the high-frequency dielectric properties of the biolo
cal agents under consideration. Here, the investigation s
to resolve the frequency-dependent nature of the mate
that results directly from the microscopic resonant pheno
enon. When optically active resonance is present in any
terial a frequency-dependent, lossy, dielectric character
will result. Such a dielectric will exhibit an effective permi
tivity of the form

«~n!5« real1 i« imag5«`1(
j

Sjn i
2

~n j
22n2!2 ig jn

, ~1!

where« is the complex dielectric function,n is the frequency
in wave numbers, and« real and« imag are the real and imagi
nary parts, respectively. The last term in Eq.~1! explicitly
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gives the complex permittivity in terms of the high
frequency dielectric constant«` and a sum over the Lorent
oscillator states. Here,Sj is the oscillator strength,n j is the
eigenfrequency, andg j is the full width at half maximum
associated with each harmonic oscillator. The dielectric pr
erties of the films may be equivalently characterized by
complex index of refraction defined by

N~n!5n1 ik, ~2!

where the real partn is the refractive index and the imag
nary partk is the extinction coefficient. In almost all mater
als ~i.e., nonmagnetic! the index of refraction and the dielec
tric constant are defined according toN5A«/«o where«o is
the permittivity of a vacuum, hence, the individual terms
Eqs.~1! and ~2! are related by

« real5n22k2, ~3!

« imag52nk. ~4!

Lossy dielectrics, with nonzero« imag andk, introduce an ex-
ponential damping factor@i.e., exp(2az)# to the propagating
electromagnetic wave in thez direction with an attenuation
constant defined by@32#

a5
4pk

lo
5

2p« imag

lon
, ~5!

where lo5c/ f 5n21 is the wavelength in free space. I
theory, if one seeks to derive a frequency-dependent atte
ation ~or extinction! coefficient fromveryuniform films then
the effects of interference must be addressed. Specific
films that are sufficiently uniform and thin can be expect
to exhibit frequency dependence both in their transmiss
and reflectance spectra due to fringing effects. In this sit
tion, the effects of geometrical interference must be s
tracted from the spectra to derive the true frequency dep
dence of the material parameters. When fringes are obse
in measurements, interferometric techniques~i.e., varying
wavelength or thickness! must be employed directly to de
termine the dielectric properties. Furthermore, numerical
erations are necessary to discriminate the natural wavele
dependence of the material from those produced by the
ometry of the film@2#.

Fortunately, the effects of geometrical fringing can be
tificially excluded by precise control of film thickness vari
tions ~e.g., lapping in semiconductor film measurement! or
naturally diminished by random variations introduced by i
perfections. In such situations where fringes are not resolv
an average transmission can be defined and measured
resolves the dependence of the dielectric~or optical! param-
eters on spectral wavelength. Specifically, the average tr
mission through a nonfringing film of randomly varyin
thickness is given by@32#

^T&5
~12RS!2~12k2/n2!

exp~ad!2RS
2 exp~22ad!

, ~6!
3-3
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FIG. 1. Salmon and herring
DNA transmission spectra take
from a broad sweep over the ver
far infrared regime.
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whered is the average thickness of the film andRS is the
surface reflectance~i.e., of an equivalent air and infinite-film
interface! given by

RS5
~n21!21k2

~n11!21k2 . ~7!

If the material is sufficiently lossy such that

exp~2ad!@RS
2, ~8a!

k2!n2 ~8b!

are true, then Eqs.~6! and ~7! simplify to

^T&5~12RS!2exp~2ad!, ~9!

RS5
~n21!2

~n11!2 . ~10!

Data collected for two samples of different average thickn
can now be used to eliminate the surface reflectance
define the absorption coefficient as

a5
ln^T1&/^T2&

~d22d1!
, ~11!

where^T1& and ^T2& are the average-transmission measu
ments for samples of thicknessd1 andd2 , respectively. Once
the transmission and the absorption coefficients have b
determined over some frequency band of interest, Eqs.~9!
and ~10! can be used sequentially to extract the refract
index n(n) and Eq.~7! can be used to determine the extin
tion coefficientk(n). The assumptions utilized from Eq.~8!
can now easily be verified for accuracy.

In the results reported here, simultaneous measurem
of optical transmission through samples of different thic
ness, prepared under the same conditions, were used t
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termine the absorption and refractive index spectra. For m
of the data presented the effects of specimen imperfect
and/or spectral bandwidths were such that the material c
acteristics were derived using the nonfringing procedure
scribed above. In addition, the materials studied posse
sufficient loss to justify the use of Eqs.~9! and ~10!. This
procedure allowed for the interrogation of narrow spect
features in the dielectric characteristics.

III. MEASUREMENTS RESULTS

FTIR spectroscopic studies were performed over a v
broad frequency region~i.e., ;10–4000 cm21! that encom-
passed the major portion of the very far infrared spectr
where optically active phonon phenomena are expected
should be noted~see the following section! that the elastic
nature of DNA polymers results in structural vibrations th
are acoustic modes below approximately 0.01 THz~0.3
cm21!. Hence, DNA phonon modes in the microwave a
millimeter-wave regime, with wavelengths greater than
mm, are for the most part optically inactive and absorpt
spectrum from this region cannot be expected to yield a g
deal of information about the internal structure of the po
mer @6#. On the other hand, there are two distinct regio
within the submillimeter-wave diapason where phon
modes can be expected to reveal information about the
lecular structure of DNA. Above about 10 THz the sho
range, covalent bonds of nucleotides present within the D
polymer are the primary source of the phonon modes. Th
fore, similar modes should result whether these nucleoti
are isolated or appear as constituent elements inside com
DNA chains. Hence, spectra from different DNA speci
within this high-frequency regime should not differ great
Conversely, in the low-frequency band 0.01–10 THz, t
spectral features have been predicted to result from po
localized motions that are dictated by structural factors fr
several nearest-neighbor base-pair units. Therefore, pho
3-4
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FIG. 2. A comparison of
salmon and herring DNA spectr
over the terahertz frequency sub
band.
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modes that arise in this portion of the submillimeter-wa
regime should reflect features specific to the DNA sequen
The two subsections that follow will present measurem
results from each of the optically active spectral regimes
confirm these previous conclusions that were hereto
based almost exclusively on theoretical considerations.

A. High-frequency regime measurements

Detailed FTIR transmission measurements were p
formed on dry, free-standing, thin-film samples of DN
taken from both salmon and herring testes in the region 4
4000 cm21. Figure 1 presents a transmission measurem
sweep for both salmon and herring samples that shows
majority of the region considered~note that the region abov
2000 cm21 lacks interesting features and has been exclu
from later results!. It should be noted that measurements p
05190
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formed in this high-frequency domain were performed
randomly oriented DNA. Here, heavy absorption and m
tiple, broad features are present in the high-frequency reg
between 400 cm21 and 1800 cm21. Figure 2 presents a typi
cal set of results and compares the transmission spectra
salmon and herring DNA samples in this same freque
region. These results, which utilized a relatively low
resolution scale of 5 cm21, reveal that salmon and herrin
exhibit broad resonances that are in direct agreement.

Multiple spectral scans for herring DNA were taken a
used to derive the absorption coefficient that is given in F
3. The peaks in the absorption characteristic may be att
uted to phonon modes associated with stretching and b
ing motion of covalent bonds. In fact, previous spectral st
ies performed by Sarkaret al. @5# have made assignments fo
some of these absorption bands in nucleic acids. For
-
FIG. 3. Absorption character
istics of herring DNA within the
terahertz frequency subband.
3-5
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FIG. 4. Herring DNA trans-
mission as a function of film
thickness in the upper portion o
the submillimeter-wave regime.
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ample, these earlier FTIR spectral studies of both DNA a
RNA oligonucleotides have documented broad spec
bands in this high-frequency region. In particular, the FT
spectrum of the 23mer-merDNA hairpin at a temperature
15 °C shows three bands between 1700 and 1630 cm21. Our
low-resolutionresults show a very broad resonance overl
ping these bands at 1692, 1665, and 1644 cm21. The results
of Sarkaret al. results assign these peaks to carbonyl stre
ing vibrations with contributions of the C2vO2 of thym-
ines, C4vO4 stretching vibrations of thymines with contr
butions C2vO2 of cytosines, and CvC, CvN ring
vibrations of thymines engaged in Watson-Crick base p
ing. Another example of general mode agreement is
broad peak exhibited at approximately 1080 cm21 in the re-
sults of Fig. 3, which has been observed by earlier FT
05190
d
al

f

-
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r-
e

studies@5# of double-stranded RNA oligomers~i.e., 7-mer
and 23-mer RNA’s!. Here the;1080 cm21 band is attributed
to symmetric PO2

2 stretching mode coupled with th
C58-O58 vibration.

It should be noted that this work cited earlier~i.e., Ref.
@5#! for comparison purposes had quite different goals.
particular, these earlier FTIR studies measured hi
resolution spectra of RNA and DNA oligonucleotides in D2O
solutions and varied the temperature to detect changes in
molecular conformation. While this earlier work utilize
higher-quality samples, performed measurements on nuc
acid solutions, and utilized higher spectral resolution, a co
parison of their results to those presented here is very us
for illustrating some important points. First, it demonstra
that phonons arising from the influence of small constitu
r

FIG. 5. Differential plot of the

transmission characteristic fo
salmon and herring DNA in the
upper portion of the submilli-
meter-wave regime.
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FIG. 6. Two independent
transmission measurements
salmon DNA in the lower portion
of the submillimeter-wave regime
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molecules can be detected in thin, dry films of DNA as e
pected. In addition, it further illustrates that these featu
tend to be somewhat independent of base-pair sequence
nally, it lends support to the general accuracy and validity
the results from our investigations. In the section that f
lows, more detailed spectroscopic studies of these D
samples will be presented that illustrate the utility
submillimeter-wave spectroscopy for the detection and id
tification of biological agents and for the detailed interrog
tion of molecular structure. Here, higher resolution will
employed to reveal lower-frequency regime features
how they vary between DNA samples. Furthermore, the
sults will demonstrate an important dependence on the r
tive orientation of the DNA samples and the incident E
field.

B. Low-frequency regime measurements

High-resolution FTIR transmission measurements w
performed on dry, free-standing, thin-film samples of DN
taken from both salmon and herring tests in the region 1
600 cm21. To begin let us consider the results obtained fro
the upper portion of this frequency band between 100
600 cm21. In general, the transmission spectra obtained
this regime above 3 THz in frequency exhibited features t
were in very good qualitative and quantitative agreem
with previous investigations by others on DNA films~see
analysis in@33#!. For example, Fig. 4 presents a set of tran
mission measurements, at 2 cm21 resolution, for varying
thicknesses of randomly oriented herring DNA, which ind
cate resonant-absorption peaks at 212, 424, and 545 c21.
Figure 5 contrasts differential plots of the transmission ch
acteristic versus wave number~i.e., ]T/] f calculated from
smoothing over nine data points! from randomly oriented
samples of herring and salmon DNA. Here, approximat
similar results for the two different samples are observ
Furthermore, the differential plots reveal a large number
weak shoulder features in the transmission characteris
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over the range 300–600 cm21. These features are actual
soft phonon modes that are obscured by the absorption
offs from the very strong resonance at 545 cm21. These ex-
perimental results show that all clearly resolvable phon
modes are present in both samples. Hence, this sho
wavelength portion of the low-frequency regime does n
provide signature features for discriminating betwe
samples. However, it should be noted that features in
differential plots are extremely weak between 100 and 3
cm21 and difficult to distinguish.

The manifestation of resonances in the DNA mater
above 3 THz in frequency was found to be very sensitive
the sample preparation and is relevant for commenting
here. Specifically, the strength~i.e., the relative height! of the
resonant features was dramatically affected by the ratio
water-to-DNA concentration used in the film preparation. F
example, the intensity of the differential spectral results fro
a herring DNA film prepared with an 10:1 water-to-DN
concentration is a factor of 10 stronger than the results fr
a herring DNA film prepared with a 5:1 concentration@33#.
This is a direct indication of the resolvability of the pea
that occur in the absorption spectra. Furthermore, this eff
both the hard~i.e., zero crossings! and soft resonances an
shows that there is significantly stronger coupling of t
electromagnetic energy when the samples are prepared
larger concentrations of water. While the fundamen
mechanism responsible has not been identified at this po
it is clear that the oscillator strength~i.e., either the phonon
density or polarizability! has been affected by the film for
mation procedure. This phenomenon and its understan
will have many important ramifications for future studies
resolve the dynamics within intrinsic~isolated! DNA macro-
molecules. For example, if this effect is related to salinity
the sample~e.g., the DNA samples under study are in fa
DNA salts! then the prescription for enhancing the phon
activity is important for interrogating the microscopic phys
cal dynamics. In addition, this mechanism may offer a to
3-7
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FIG. 7. Transmission spectra
for mechanically aligned sample
of herring DNA.
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for determining the water content associated with DN
samples. Values for the absorption and extinction coefficie
were extracted for both herring and salmon films@33# and it
is important to note that these results agree very well, b
qualitatively and quantitatively, with earlier studies pe
formed by Powellet al. @2# on vacuum-dried poly~dG!-
poly~dC! DNA. In fact, the values of extinction coefficien
for salmon DNA at the transmission window~i.e., ;0.04 at
300 cm21! and at the lower-frequency resonant peak~i.e.,
;0.105 at 200 cm21! matched almost exactly with the room
temperature measurements on minimal-salt, poly~dG!-
poly~dC! films reported on in Ref.@2#. It is appropriate to
note that this earlier work considered the influence of salt
conditions on various polynucleotides. In fact, they obser
05190
ts

th

g
d

a substantial set of resonances in the band 50–110 cm21 for
minimal-salt Na-poly~dA!-poly~dT! that were strongly de-
pendent on temperature. These resonances were abse
high salt concentration samples. However, the spacing of
relative maxima and minima in the data reported can be
plained by thin-film fringing. Specifically, the position of th
fringes within their data corresponds almost exactly to
fringing pattern with uniform film thickness 145mm. Hence,
it is difficult to tell whether the effects of the salt concentr
tion are macroscopic~i.e., affects the film! or microscopic.

In the very lowest frequency spectral region considered
this study~i.e., 10–100 cm21! factors arose in obtaining re
liable and reproducible experimental data. Specifically,
was observed that the optical characteristics were dire
-

FIG. 8. Transmission spectra
taken from salmon DNA films of
highly uniform thickness. Note
the long-range fringing depen
dence on film thickness.
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FIG. 9. Transmission spectra
taken from mechanically aligned
samples of salmon DNA films a
the same relative orientation.
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dependent on the orientation~i.e., alignment of the DNA
fibers! of film samples. Indeed, the mechanical procedu
used in sample preparation were observed to influence
non mode coupling to the measurement field and reve
new details in the fine spectral structure at frequencies be
3 THz. It should first be noted that some DNA samples,
shown in Fig. 6, revealed a large density of resonant feat
and the high degree of repeatability of the features indep
dent of sample orientation. Note that these initial studies
lized DNA samples that were mechanically aligned by bru
ing during the film preparation but were measured at rand
orientations to the measurement field. Furthermore, th
type features were observed in both herring and salmon D
and were clearly due to the material properties of the D
05190
s
o-
d
w
s
es
n-
i-
-
m
se
A

sample as was demonstrated by numerous measuremen
thin films of various thicknesses@33#. However, further ex-
perimentation revealed that there was a variation in som
the spectral peaks on different samples prepared from
same source of DNA. For example, Fig. 7 illustrates resu
from measurements on a mechanically aligned herring D
sample at several orientations to the EM field. Here it is e
to observe weak spectral modes~minimum points in the
transmission! that both persist~e.g., at approximately 11.5
12.5, 13.5, and 16.5 cm21! and vary~e.g., at approximately
17.5, 20.0, and 21.8 cm21! with sample orientation.

It is appropriate at this time to comment on the gene
nature of the fine spectral features obtained from the m
surements on these DNA samples. It is certainly true t
e

FIG. 10. The differential-

transmission characteristics of th
salmon DNA film spectral results
given in Fig. 9.
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FIG. 11. A comparison of
salmon and herring DNA trans
mission characteristics taken from
aligned and identically oriented
samples.
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these features are relatively weak and in some cases o
revealed only as shoulders or inflection points in the tra
mission results. However, the individual features have va
tions ~i.e., typically of the order of 0.05–0.1! in transmission
that are well above noise floor of the FTIR measurem
system~i.e., less than 0.01!. Furthermore, these features we
absolutely stable under repeated measurements. The
nature of these phonon modes is certainly consistent w
expectation. A DNA chain represents a multiple oscilla
structure that is not highly periodic in space. Hence, the
cillators contributing to any individual frequency have a lo
density per unit volume. Therefore, the detection of DN
phonons via resonant absorption is a weak process. Ano
important factor to note is the influence of the interferen
effect. In some cases, as in those given in Fig. 6, the nat
variations that results over the surface of the film weak
the formation of interference fringes and very distinct ph
non modes are revealed. However, for the typical sam
considered in these studies~i.e., with d;200mm! the effect
of interference fringing in this frequency range manifests
self over many wave numbers@i.e., ;(2dn)21520 cm21

period# as shown in Fig. 8. Since the width of the resona
features are much smaller in extent~i.e.,;0.5 cm21!, there is
no direct obscuring of the fine spectra by interference. Ho
ever, a roll-off of the transmission, as shown in Fig. 8, c
transform resonant extrema into shoulders or inflect
points in the spectra. Hence, the general agreement of tr
mission spectra taken from identically prepared salmon D
samples that were measured at identical orientations
shown in Fig. 9, is most effectively considered as differen
plots, as shown in Fig. 10. As can be seen easily from F
10, there is a very high degree of consistency in the ac
and potential~i.e., shoulders and inflection points! resonance
modes when mode coupling is optimized through alignm
of the oscillator polarization and the EM field. Indeed, t
high density of spectral features provides a great dea
information for discrimination of the sample under measu
ment even over this limited domain from 10 to 25 cm21. A
05190
en
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r
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direct comparison of aligned herring and salmon DN
samples that were measured at identical orientations is g
in Fig. 11. As shown, there are many common phonon mo
across the 10–25 cm21 band. However, there are also a num
ber of distinguishing modes in both the herring~i.e.., at 15
and 16.5 cm21! and the salmon~i.e., 12.8 and 15.8 cm21!
spectral plots. Since these measurements were performe
very low quality DNA samples, these results suggest t
submillimeter-wave spectroscopy may be a valuable tool
the interrogation of DNA conformation and dynamics. In a
dition, the observation of polarization effects is importa
because this is an exact indication of the phonon’s dip
moment within the three-dimensional DNA double he
itself.

Therefore, these experimental investigations confirm e
lier theoretical studies@7# that predicted a definite relatio
between the DNA structure and the low-frequency phon
activity. Specifically, earlier studies have pointed out th
DNA polymers are of low symmetry and that none of t
spectral lines in the very far infrared are truly forbidde
Hence, this low-frequency region should reveal rich spec
features. While this research has confirmed the presenc
many low-frequency phonon modes and has identified so
unique dynamical features, much more research needs t
done to confirm and understand the nature of this fine st
ture that has potential application as an important DNA s
nature.

CONCLUSIONS

A study of phonon mode activity in DNA macromolecule
has been presented that confirms the presence of mul
dielectric resonances in the long-wavelength portion of
submillimeter-wave regime~i.e., ;1–30 cm21!. These ex-
perimental results demonstrate the potential
submillimeter-wave spectroscopy as a probe into the prim
3-10
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sequence, structure, and dynamics of DNA. As shown, w
this technique is combined with a robust theoretical capa
ity for the interpretation of the spectral data it has import
implications for fundamental biological science, medical a
plications, and in the arena of military defense against w
fare agents.
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