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a b s t r a c t
Here we report the dielectric relaxation study of extended hydration sheathe of dilute aqueous solution
of two DNA samples, extracted from salmon sperm (SS DNA) and calf thymus (CT DNA) at different con-
centrations in the frequency range of 0.3–2.1 THz. The frequency dependent complex dielectric response
has been fitted according to a Debye relaxation model assuming three relaxation modes. The observed
relaxation time constants do not deviate much from that of bulk water and do not follow any particular
trend indicating to a marginal modification of the extended hydrogen bonded network of DNA.
1. Introduction

Water serves as the native solvent for biomolecules, however it
has been found to be more active than being just another inert sol-
vent [1]. It not only thermodynamically stabilizes the native struc-
ture of biomolecules, but also enhances their biological flexibility
and functionality through solvation [2]. Hydration water in biomol-
ecules has been in focus of numerous theoretical and experimental
studies for years [2–5]. The intermolecular vibrational modes of
molecules, specially of water, falls in the window of 0.1–10 THz re-
gion [6]. Spectroscopy in this frequency range has recently been
evolved as a key technique to study the hydration dynamics around
solutes and hydrated biomolecules [7–9]. This spectral window of-
fers a unique view of water and its properties as the collective inter-
molecular vibrations of the hydrogen bond network are probed
directly through this technique and any changes in its topology or
dynamics are certain to be detected. THz spectroscopy is therefore
expected to be very sensitive tool towards the dynamical properties
of collective water network. It has been shown that water dynamics
gets influenced within an extended dynamical hydration shell of
biomolecules which extends up to several layers from the surface
and is otherwise un-accessed by conventional spectroscopic studies
[10]. Such long range sensitivity results from the presence of various
processes in water occurring on ps timescales, e.g. hydrogen bond
rearrangements and rotational relaxations. THz time domain spec-
troscopy (TTDS) offers the additional advantage of collecting both
amplitude and phase information, thereby enabling the determina-
tion of real and imaginary part of dielectric response in a single
experiment.
There has been a growing interest to study these low frequency
vibrational modes in proteins and other biomolecules [5,9–14].
However, most of the earlier studies involving nucleic acids [15–
21] had been performed on gel-like, humidified biomolecules in
which the pivotal role of hydration dynamics is difficult to estab-
lish. It therefore stands interesting to explore how the hydration
water, specially the hydrogen bonded extended network of water
in such biomolecules behave. The dynamics of water molecules
in the vicinity of nucleic acids and nucleotides has earlier been
studied using complementary techniques like time resolved fluo-
rescence spectroscopy (TRFS) [22–25] and dielectric relaxation
(DR) at MHz–GHz frequency [26–30]. The TRFS studies have
strongly concluded the existence of strongly interacting hydration
layer around the biomolecular surface which offers a relaxation
dynamics order of magnitude slower than that of bulk water. In
the earlier DR studies it was found that DNA itself exhibits two
broad relaxation modes, namely the HF mode (0.1–15 MHz) and
the LF mode (0.5–70 kHz), and these modes are dependent on
the nature and concentration of the counter-ions [27]. Mashimo
et al. [26] have studied the DR of aqueous DNA solutions in the fre-
quency range of 107–1010 Hz and concluded the presence of two
distinct relaxation processes. The relaxation process at �100 MHz
[30] is attributed to the slow (of the order of ns) re-orientational
dynamics of water molecules bound to the DNA. The relative
strength of this relaxation mode has been found to be dependent
on the DNA concentration as well as on the salt concentration.
The faster relaxation process, however, has been found to be inde-
pendent of the DNA as well as the salt concentration. Recently
Glancy et al. [28] studied the dielectric relaxation of four fully hy-
drated nucleotides in the THz frequency range and concluded con-
trasting relaxation behaviour of the nucleotides depending upon
the hydrogen bonding ability of the corresponding nucleotides. De-
spite all these earlier efforts a systematic study of the relaxation
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behaviour of fully hydrated DNA molecules in the THz frequency
region is still demanding and in the present investigation we have
made a preliminary study of the response of two fully hydrated
DNA molecules extracted from salmon sperm (SS DNA) and calf
thymus (CT DNA) in the frequency range of 0.3–2.1 THz using the
TTDS technique. The choice of the DNA molecules lies on the com-
parable abundance of the constituting base pairs in them. The es-
sence of our study is to understand the nature of the relaxation
dynamics of water in a hydration sheathe and not to underline
the absorption features of DNA molecules itself. In order to achieve
so the maximum concentration of DNA in aqueous solution has an
upper limit confirming the abundance of bulk water in the solu-
tions. The derived real and imaginary part of the dielectric re-
sponse of hydrated DNA samples have been fitted according to
the Debye relaxation model.
Figure 1. (a) Power transmission spectra of dry cell and cell filled with water
derived from fast Fourier transform of the time scan data (shown in the inset). (b)
Refractive index (n) and absorption coefficient (a) of water, 500 and 1300 lM CT
DNA. (c) Refractive index (n) and absorption coefficient (a) of water, 500 and
1300 lM SS DNA.
2. Materials and methods

DNA samples from calf thymus (CT DNA) and salmon sperm (SS
DNA) were purchased from Sigma–Aldrich, which are of the highest
available purity and were used without further purification. All the
DNA solutions were prepared in 10 mM phosphate buffer (pH = 7).
The concentration of DNA samples were determined by UV absorption
spectroscopy taking e260nm = 13200 M�1 cm�1 (for DNA base pair).
Different concentrations of CT DNA and SS DNA samples were pre-
pared by diluting the stock solutions. The purity of the DNA samples
were checked prior to each measurements using circular dichroism
(CD) spectroscopy (J-815 CD Spectrometer, Jasco) and it was ensured
that all the DNA samples possess physiologically relevant B form.

The THz measurements were carried out in a commercial THz
spectrophotometer (TERA K8, Menlo Systems). A 780 nm Er doped
fiber laser having pulse width of <100 fs and a repetition rate of
100 MHz is divided into pump and probe beams (of equal inten-
sity; 10 mW) by a polarizing beam splitter. The pump beam passes
through a k/4 plate and reflects from a mirror mounted on a motor-
ized delay stage and excites the THz emitter antenna producing a
THz radiation having a bandwidth up to 3.0 THz (>60 dB). This
THz radiation is focused on the sample guided through polymer
lenses. The radiation transmitted through the sample is then fo-
cused on a THz detector antenna which is gated by the probe laser
beam. The THz antennas are gold dipoles with a dipole gap of 5 lm
deposited on LT-GaAs substrate. To avoid water vapour absorption,
all the measurements were carried out in dry nitrogen atmosphere
with a controlled humidity of <10% at 293 K. The measurements
were done in a liquid cell (Bruker, model A 145) using z-cut quartz
windows and Teflon spacer of 100 lm thickness. Samples were re-
loaded for four times in the sample cell and 9 full scans were aver-
aged together to minimize the error in the results. By varying the
time delay between the probe and the pump beam the amplitude
and phase of the THz electric field are measured as a function of
time. The frequency dependent power and phase of the transmit-
ted pulse is obtained using Fourier analysis of the measured elec-
tric field amplitude ETHz (t). Subsequently, the frequency-
dependent absorption coefficient a(m) (power attenuation), index
of refraction n(m) (delay of the THz pulse) as well as complex
dielectric constant ~�ðmÞ ¼ �0ðmÞ � �00ðmÞ were deduced [31]. The data
has been analyzed using a commercial software TeraLyzer. The er-
rors have been calculated following a least square method analysis.
3. Result and discussions

Figure 1a depicts the spectral amplitude derived by Fourier
transforming the transmitted THz pulse (shown in the inset). Good
signal to noise (S/N) ratio up to 3 THz with the highest S/N ratio of
50 dB at 0.4 THz is obtained. The absence of water lines in the
spectral amplitude in the transmitted THz spectrum ensures good
humidity control inside the experimental environment. The
absorption of THz radiation in the presence of water indicates that
the optical parameters of the solutions can be extracted effectively
from 0.3 to 2.1 THz with good S/N ratio. The derived index of
refraction (n) and absorption coefficient (a) for water and aqueous
solution of both the DNAs are shown as a function of frequency in
Figure 1b and c. The observed frequency dependent increase in a
and decrease in n in water are much consistent with the results ob-
tained in earlier studies [21,31]. A relative decrease in both a and n
values is observed in DNA solutions [21]. It can be argued that as
the highly absorbing water molecules are replaced with less
absorbing biomolecules [32] such decrease in the THz absorption
is much intuited. It has recently been reported that the dynamics
of water in the hydration shell of biomolecules gets modified com-
pared to that in bulk owing to their interaction with the biomolec-
ular surface with an overall blue shift of the water THz modes [33].
These two coupled effects eventually result in the observed de-
crease in the optical parameters of the DNA solutions.

The relaxation dynamics of water can be obtained from the fre-
quency dependent complex dielectric constant, ~�ðmÞ ¼ �0ðmÞ � �00ðmÞ
of the solutions. The frequency dependent real (e0) and imaginary



(e00) dielectric constants of the samples can be calculated as,
�0 ¼ n2ðmÞ � k2ðmÞ and �00ðmÞ ¼ 2nðmÞkðmÞ where the complex refrac-
tive index is given as, enðmÞ ¼ nðmÞ � ikðmÞ. The frequency dependent
changes in e0 and e00 can be fitted in various models to extract the
relaxation dynamics. One of the most successfully used models
to describe the dielectric relaxation behaviour of polar liquids
is the Debye model which describes the dynamics in terms of
collective, diffusive, re-orientational motions of the solvent
molecules and has extensively been used for pure liquids as well
as in liquid mixtures [31,34–40]. According to the Debye model,
the complex frequency dependent dielectric response can be
described as:

~eðmÞ ¼ e1 þ
Xm

j¼1

ej � ejþ1

1þ i2pmsj
ð1Þ

where, sj is the relaxation time for the j-th relaxation mode, m is the
frequency, e1 is the static dielectric constant, ej are the dielectric
constants for different relaxation processes, e1 is the extrapolated
value of dielectric constant at high frequency, and m describes the
number of relaxation processes which have been taken into ac-
count. The magnitude of induced polarization is given by the dis-
persion amplitude, Sj = ej � ej+1 The Debye model with m = 1 is the
simplest case assuming that a single relaxation time provides an
adequate description. In general the total dielectric function of a po-
lar liquid in the low frequency regime is determined by the dielec-
tric relaxation processes and by intermolecular and intra-molecular
vibrational modes at higher frequencies [40]. It can be noted here
that water exhibits a strong IR active mode at �200 cm�1 which
is due to the hydrogen bond stretching [6,37,41] and another very
weak band at �60 cm�1 which emanates from hydrogen bond
bending [6,41,42]. These two bands are expected not to contribute
to the diffusive and re-orientatial relaxation process. In the present
contribution we have limited the analysis up to a frequency of
2.1 THz in order to avoid the contributions of the �200 cm�1 mode,
however, the low frequency mode at �60 cm�1 does contribute to
the relaxation process as has been discussed in the following
sections.

The relaxation process of water in the high frequency regime is
a well studied and yet a debated issue. The relaxation dynamics of
water has so far been well-approximated using the conventional
double Debye relaxation model in microwave to THz frequency re-
gion [31]. The typical time constants are in the order of �8 ps and
�200 fs, respectively [28,31,38]. The slower mode has been as-
signed to the cooperative rearrangement of the hydrogen bonded
network whereas the faster mode emanates from the rotational
modes of individual polar water molecules, however, a proper
understanding of the origin of this mode is not yet well understood
[31,39]. In an earlier study [43] the data (upto 0.4 THz) had been
fitted into two Debye components of 8.4 and 1.1 ps. Also data upto
0.3 THz had been fitted with a single Debye model with time con-
stant of 8.2 ps [44]. Many of these earlier studies have been re-
stricted in the 0.1–1.5 THz region in order to ensure that the data
does not include any contribution from the vibrational modes.
We have also tried to fit our data for water in the frequency regime
of 0.3–1.5 THz using a double Debye model; we obtain good fit and
the observed time constants are 8.25 ps and 128 fs, which are in
good compatibility with those obtained in the previous studies.
The double Debye model, however, fails to provide with a good fit-
ting when extended upto 2.1 THz. Thus we need to introduce a
third component which offers a better fitting result (Figure 2).
The fitting parameters are presented in Table 1. It can be observed
that the derived dielectric parameters and time constants (s1 and
s2) for water are in excellent agreement with those obtained in ear-
lier studies [31,37,38,40]. In a previous study the dielectric spectra
of water had been expressed in terms of a three relaxation
processes [45]. The authors concluded that the first process in
essentially a hydrogen bond breaking and reforming process,
which in fact involves change in direction of the dipole moment.
The second process corresponds to the orientation motion of single
water molecules. It can be argued here that the orientational
motion of single water molecules takes place in �ps time scale
[46], however, it should be taken into account that due to the
various higher order interactions it partially corresponds to the
obtained s2 time scale which is of the sub-ps timescale. The third
process (s3) emanates from the 60 cm�1 vibrational band due to
the hydrogen-bond bending and the related transverse acoustic
phonons which propagate in a direction normal to the hydrogen
bonds in between the two neighbouring water molecules [47].
There can also be dipole-quadrupole and the higher order interac-
tion between stretched O–H modes which give rise to this mode. In
the present study, we obtain a timescale of �80 fs, which is in good
agreement with that obtained by Vij et al. [45] confirming the
origin of the observed third timescale. Moreover the magnitudes
of s1 and s2 do not get affected upon the incorporation of the third
component, which suggests that this third relaxation mode is
independent of the other two modes as discussed.

Relaxation behaviour of DNA solutions are obtained by fitting
the dielectric response into a triple Debye model. We do not arbi-
trarily fix any fitting parameters and allow a free fit. Some repre-
sentative fits are shown in Figure 2 and all the fitting parameters
are presented in Table 1. The fitting parameters are observed not
to be markedly deviated from that obtained in water and also do
not follow any comprehensive trend within the error limit as a
function of DNA concentration [26] (Figure 3). It is extensively
known that in aqueous solutions biomolecules are associated with
a hydration sheathe, wherein the reorientation dynamics of water
molecules are retarded owing to the strong interaction with the
biomolecular surfaces [34]. However, these water molecules are
invisible in the THz spectroscopy as they cannot reorient within
the timescale of the THz window [12]. THz region is rather sensi-
tive towards the subtle re-orientational motion of water molecules
within a collective framework. It could also be noted here that the
nucleotides do not contribute to the relaxation process in this fre-
quency domain affirming the dielectric response to solely be con-
tributed from the associated water molecules only. The results
obtained in the present study could be discussed in the light of a
similar dielectric relaxation study on hydrated nucleotides [28].
It was shown that the purines and the pyrimidines offer two oppo-
site relaxation trends; the pyrimidines reach local minima in s1 as
a function of nucleotide concentration with deoxygualylic acid
showing enhanced effect compared to its adelynic counterpart,
whereas the purines pass through a local maximum with deoxy-
cytidylic acids showing enhanced effect compared to its thymidylic
counterpart. It was argued that the purines offer several hydrogen
bonding sites to water while the pyrimidines form a weaker hydro-
gen bonded network compared to that in water conferring the ob-
served contrasting behaviour [48]. In DNA, however, the
nucleotides are paired up along with the phosphate backbone
and sugar ring, making the dielectric relaxation behaviour a collec-
tive contribution from all the nucleotides constituting the DNA.
This associates a certain possibility of some exposed nucleotide
forming hydrogen bonded network with water while its neigh-
bouring nucleotide disfavouring it. As observed from Figure 3
and Table 1, the time constants do not deviate much from that of
pure water which is indicative of the possibility of such a dual
interaction of the nucleotides with water resulting in a negligible
change. Moreover the base-pair content of CT DNA and SS DNA
are comparable (with �42% GC and �58% AT content), which
strongly supports the averaging out behaviour and offers the com-
parable fitting parameters. It should be noted here that our study
does not disregard the formation of the biological water sheathe



Figure 2. Measured complex dielectric function of water, 1000 lM CTDNA and 1000 lM SSDNA. The solid lines are Debye fittings.

Table 1
Fitting parameters of Debye relaxation model of DNA solutions.

[DNA] (lM) e1 e1 e2 e3 s1

(ps)
s2

(fs)
s3

(fs)

CT DNA
0 2.12 ± 0.003 76.83 ± 0.60 4.16 ± 0.02 3.90 ± 0.028 8.04 ± 0.08 259 ± 20 79 ± 1

250 2.06 ± 0.004 74.77 ± 0.53 3.76 ± 0.02 3.49 ± 0.075 8.39 ± 0.07 181 ± 20 79 ± 1
500 2.03 ± 0.003 75.67 ± 0.53 3.95 ± 0.02 3.63 ± 0.034 8.43 ± 0.07 288 ± 12 76 ± 1
750 2.04 ± 0.003 73.19 ± 0.59 3.83 ± 0.02 3.67 ± 0.036 8.03 ± 0.08 238 ± 32 78 ± 1

1000 2.03 ± 0.004 74.81 ± 0.53 3.80 ± 0.02 3.55 ± 0.046 8.17 ± 0.07 207 ± 20 77 ± 1
1300 1.91 ± 0.003 73.96 ± 0.50 3.68 ± 0.02 3.53 ± 0.056 8.10 ± 0.07 200 ± 17 81 ± 2
1600 2.06 ± 0.004 74.27 ± 0.49 3.92 ± 0.02 3.48 ± 0.043 8.40 ± 0.07 202 ± 09 74 ± 1
2000 2.17 ± 0.004 72.74 ± 0.52 3.89 ± 0.02 3.55 ± 0.078 8.33 ± 0.07 181 ± 16 79 ± 2

SS DNA
250 2.19 ± 0.003 76.24 ± 0.61 3.96 ± 0.02 3.67 ± 0.045 8.27 ± 0.08 225 ± 20 83 ± 1
500 2.26 ± 0.003 73.99 ± 0.60 3.93 ± 0.02 3.67 ± 0.052 8.28 ± 0.08 214 ± 23 88 ± 1
750 2.18 ± 0.003 76.53 ± 0.56 3.78 ± 0.02 3.63 ± 0.054 8.49 ± 0.08 214 ± 39 85 ± 1

1000 2.09 ± 0.003 75.34 ± 0.62 3.73 ± 0.02 3.60 ± 0.072 8.42 ± 0.08 202 ± 50 86 ± 1
1300 2.35 ± 0.003 75.02 ± 0.71 4.06 ± 0.03 3.95 ± 0.037 8.28 ± 0.10 263 ± 36 89 ± 1
1600 2.14 ± 0.003 75.97 ± 0.68 3.83 ± 0.03 3.59 ± 0.038 8.35 ± 0.09 246 ± 25 84 ± 1
2000 2.21 ± 0.002 68.96 ± 0.37 4.32 ± 0.01 3.92 ± 0.047 8.05 ± 0.05 214 ± 11 94 ± 1
around DNA molecules, which retards the re-orientational dynam-
ics of water molecules and could successfully be anticipated in the
low frequency modes [26,30]. It also does not include the vibra-
tional modes of the DNA molecules in this frequency range which
have earlier been identified in highly concentrated/gel like DNA
solutions [15–18]. Earlier studies carried out on biomolecules
using a strong THz laser source, which can directly calculate the
absorption coefficient of solvents, have clearly established the fact
the hydration shell around biomolecules differs substantially com-
pared to bulk water [8–10]. Even the hydration layer of a small
molecule like lactose has been found to get perturbed compared
to bulk water [8]; such an altered hydration should also be antici-
pated for the individual nucleotides as has already been observed
in a recent study [28]. The present investigation complements to
understanding the behaviour of the hydration dynamics in the
THz frequency range when these nucleotides tie up in a random
fashion to form a DNA. Our study shows that the difference in
the hydrogen bonding behaviour and so also in the hydration
relaxation dynamics of the nucleotides balances off in a cumulative
manner in order to produce a relaxation behaviour which is not far



Figure 3. Relaxation time contents of aqueous DNA solutions at different DNA
concentrations.
different than that of bulk water. It has been observed that the
dielectric relaxation study of a hydrated lipid DMPC (1,2-ditetra-
decanoyl-sn-glycero-3-phosphocholine) in the THz frequency
exhibits retarded [49] as well as accelerated [50] relaxation behav-
iour depending upon the extent of hydration of the lipid. This
strongly suggests that hydrogen bond network plays the key role
in determining the relaxation process in this frequency range.
The observed marginal concentration independency on the relaxa-
tion behaviour of DNA molecules in the THz region thus presum-
ably suggests a minimum perturbation of the extended hydration
shell of DNA. Our investigation is a preliminary step towards
understanding the relaxation of extended DNA hydration network
and it will be interesting to investigate how the behaviour changes
as one goes to a more concentrated regime in which the hydration
layers interfere. Such a study is under progress in our lab.

4. Conclusions

Our study has been intended to understand the possible modi-
fication of the re-orientational dynamics of hydrogen bonded net-
work structure of the extended hydration layer of DNA molecules
which can be probed in the THz frequency region. It has been found
that both absorption coefficient (a) and refractive index (n) of the
DNA solutions decreases with increasing DNA which can be de-
scribed as the effect of replacing highly absorbing water molecules
with opaque biomolecules. The frequency dependent complex
dielectric response has been fitted according a Debye relaxation
model and good fitting can be obtained only assuming three relax-
ation modes having the time scales of the order of 8 ps, 200 fs and
80 fs. The time components have their origin from reorientation as
well as vibrational modes of water molecules in collective network.
The observed relaxation time constants do not deviate much from
those of bulk water and do not follow any particular trend with
increasing DNA concentration indicating a feeble alteration of the
hydrogen bonded network in the studied dilute range.

Acknowledgements

The authors acknowledge the support of the Unit for Nano Sci-
ence and Technology and Thematic Unit of Excellence on Nanode-
vices at the SNBNCBS.

References

[1] P. Ball, Chem. Rev. 108 (2008) 74.
[2] S.K. Pal, A.H. Zewail, Chem. Rev. 104 (2004) 2099.
[3] P.W. Fenimore, H. Frauenfelder, B.H. McMahon, F.G. Parak, Proc. Natl. Acad. Sci.

USA 99 (2002) 16047.
[4] M. Tarek, D.J. Tobias, Biophys. J. 79 (2000) 3244.
[5] M. Grossman, B. Born, M. Heyden, D. Tworowski, G.B. Fields, I. Sagi, M.

Havenith, Nat. Struct. Mol. Biol. 18 (2011) 1102.
[6] M. Heyden, J. Sun, S. Funkner, G. Mathias, H. Forbert, M. Havenith, D. Marx,

Proc. Natl. Acad. Sci. USA 107 (2010) 12068.
[7] D.F. Plusquellic, K. Siegrist, E.J. Heilweil, O. Esenturk, ChemPhysChem 8 (2007)

2412.
[8] U. Heugen, G. Schwaab, E. Bründermann, M. Heyden, X. Yu, D.M. Leitner, M.

Havenith, Proc. Natl. Acad. Sci. USA 103 (2006) 12301.
[9] T.Q. Luong, P.K. Verma, R.K. Mitra, H. Havenith, Biophys. J. 101 (2011) 925.

[10] S. Ebbinghaus et al., Proc. Natl. Acad. Sci. USA 104 (2007) 20749.
[11] S.J. Kim, B. Born, M. Havenith, Angew. Chem. Int. Ed. 47 (2008) 6486.
[12] K.J. Tielrooij, D. Paparo, L. Piatkowski, H.J. Bakker, M. Bonn, Biophys. J. 97

(2009) 2484.
[13] J. Knab, J.-Y. Chen, A. Markelz, Biophys. J. 90 (2006) 2576.
[14] Y. He, P.I. Ku, J.R. Knab, J.Y. Chen, A.G. Markelz, Phys. Rev. Lett. 101 (2008)

178103.
[15] A.G. Markelz, A. Roitberg, E.J. Heilweil, Chem. Phys. Lett. 320 (2000) 42.
[16] A. Markelz, S. Whitmire, J. Hillebrecht, R. Birge, Phys. Med. Biol. 47 (2002)

3797.
[17] M. Walther, P. Plochocka, B. Fischer, H. Helm, P.U. Jepsen, Biopolymers 67

(2002) 310.
[18] T. Globus, D. Woolard, T.W. Crowe, T. Khromova, B. Gelmont, J. Hesler, J. Phys.

D: Appl. Phys. 39 (2006) 3405.
[19] J. Nishizawa, T. Sasaki, K. Suto, T. Tanabe, K. Saito, T. Yamada, T. Kimura, Opt.

Commun. 246 (2005) 229.
[20] B.M. Fischer, M. Walther, P.U. Jepsen, Phys. Med. Biol. 47 (2002) 3807.
[21] A. Arora, T.Q. Luong, M. Kruger, Y.J. Kim, C.-H. Nam, A. Manz, M. Havenith,

Analyst 137 (2012) 575.
[22] S.K. Pal, L. Zhao, A.H. Zewail, Proc. Natl. Acad. Sci. USA 100 (2003) 8113.
[23] S.K. Pal, L. Zhao, T. Xia, A.H. Zewail, Proc. Natl. Acad. Sci. USA 100 (2003) 13746.
[24] D. Banerjee, S.K. Pal, J. Phys. Chem. B. 111 (2007) 10833.
[25] D. Andreatta et al., J. Am. Chem. Soc. 128 (2006) 6885.
[26] S. Mashimo, T. Umehara, S. Kuwabara, S. Yagihara, J. Phys. Chem. 93 (1989)

4963.
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