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Differential scanning calorimetry~DSC! has been used to evaluate the average enthalpy of desorption of the
water of primary hydration bound to wet-spun films of potassium hyaluronate~KHA ! and CsDNA. The
enthalpies were measured to be 0.2460.08 eV/H2O molecule for KHA and 0.3260.10 eV/H2O molecule for
CsDNA. A Kissinger analysis was used to extract the net activation energy (0.6160.04 eV! for the desorption
of this water from KHA by analyzing DSC data acquired at different heating rates. The average effective force
constants at 295 K of this water bound to KHA (6363 mdyn/Å! and NaDNA (1764 mdyn/Å! are determined
from Rayleigh scattering of Mossbauer radiation data@G. Albanese, A. Deriu, F. Cavatorta, and A. Rupprecht,
Hyperfine Interact.95, 97 ~1995!# via a harmonic approximation.@S1063-651X~98!12008-1#

PACS number~s!: 87.15.By, 87.10.1e, 07.20.Fw
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I. INTRODUCTION

Water of hydration is an integral part of the biological
active form of many biomolecules. Water is essential for
stabilization of the secondary and tertiary structures
nucleic acids, proteins, and glycosaminoglycans@1–5#. Hy-
drophobic interactions are important for proteins, since
linear polypeptide chain will fold so that most of the hydr
phobic amino acids are on the interior of the protein, avo
ing contact with the water molecules of solution. Hydroph
bic effects also contribute to the stability of the base pairs
DNA: the hydrophobic purine and pyrimidine rings a
forced to the center of the double helix@4,5#. The high di-
electric function of water is responsible for significa
screening of Coulombic interactions between charged s
of biomolecules. The water of hydration is usually divid
into two broad categories: the strongly bound primary hyd
tion, and the more loosely bound secondary hydration.

Given the important role that water plays in biomolecul
it is important to develop a complete understanding of
interactions between water and biomolecules. The interac
between a typical water molecule and a biomolecule
sketched in Fig. 1. The enthalpyDH is a measure of the
energy difference between the bound and unbound state
the water molecule. The activation energyEA is a measure of
the height of the energy barrier which the water molec
must overcome for desorption. The effective force constak
is the curvature of the potential near the equilibrium sepa
tion between the water and the biopolymer. In this paper
report the measurement of the average values of these
physical parameters for water of primary hydration bound
two different biopolymers: DNA~a nucleic acid! and hyalu-
ronic acid~HA, a glycosaminoglycan!.

This paper is organized in the following manner. The
mainder of Sec. I describes the essential features of the w
of hydration, its effects on DNA and HA, and the Rayleig
scattering of Mossbauer radiation~RSMR! experiments of
Refs. @6,7# on potassium hyaluronate~KHA ! and NaDNA.
PRE 581063-651X/98/58~2!/2370~8!/$15.00
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The sample preparation and differential scanning calorime
~DSC! procedures are described in Sec. II. Section III is
vided into two main parts:~A! the results and analysis of th
DSC experiments, and~B! the effective force constants o
the bound water of primary hydration derived from th
RSMR data of Refs.@6,7#. Section III A is subdivided into
~1! the evaluation of the enthalpy for desorption of the wa
of primary hydration from HA and DNA, and~2! the evalu-
ation of the activation energy for desorption of the water
primary hydration from HA and DNA. Section III B is sub
divided into ~1! the calculations of the average effectiv
force constants using Einstein and Debye models for b
HA and DNA, ~2! a discussion about the structural aspects
the hydration shells in the two biopolymers, and~3! the con-
tributions of dynamic coupling to the effective force co
stants. Finally, Sec. IV discusses the significance of all of
new results.

Franklin and Gosling showed that the water of hydrati
was important for stabilizing the DNA double helix into th
A and B conformations@8#. For DNA, primary hydration
extends up to a relative humidity~RH! of about 75%, corre-
sponding to about 20 water molecules per base pair@9–11#.

FIG. 1. Schematic representation of the interaction potential
tween a water molecule of primary hydration and a biomolecule
a function of their separation.
2370 © 1998 The American Physical Society
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X-ray-diffraction experiments do not yield ordered patter
for DNA samples below about 50% RH~or about ten water
molecules per base pair! @12#, suggesting that the periodicit
of the DNA molecule is disrupted as the water of prima
hydration is removed. Further support for this is found
ultraviolet ~UV! absorption experiments on films of DNA
which show a marked increase in the absorption at 260
(A260) as the RH is decreased from about 65% to about 5
@13#. This absorption at 260 nm is due to electronic tran
tions in the four bases@14#. The dipole moments associate
with these transitions are partially canceled when the ba
are stacked, lowering the observed absorption. The obse
increase inA260 as the DNA is dehydrated indicates that t
bases destack as the water of primary hydration is remo
These x-ray and UV results show that double-helical str
ture of DNA does not exist without about ten water mo
ecules per base pair~that is, about half of the primary hydra
tion!.

Water of hydration has also been shown to affect the c
formation of HA @15,16#, a polydisaccharide with a repea
unit consisting of glucuronic acid and N-acetylglucosami
HA must have arisen very early in evolution since it is fou
in streptococci. This important biopolymer is the central o
ganizing component of cartilage in mammals. It is also fou
in the intercellular matrix of connective tissues and the v
reous humor.

KHA molecules in oriented fibers or films generally ado
a fourfold single helical structure@17–20#, though HA is
highly polymorphic and different conformations can be
duced by adjusting parameters such as water content,
perature, and applied tension@16#. X-ray-diffraction experi-
ments on KHA have shown that either two@17,18# or four
@19# water molecules per disaccharide mediate intermole
lar and intramolecular interactions which stabilize the str
ture. The hydration of HA~the number of water molecule
per disaccharide unit! has been determined by gravimetr
measurements@21,22#, in which the mass of HA films is
measured as a function of RH. The mass of these films
creases as the RH increases, since additional water mole
occupy hydration sites. These experiments have shown
the number of water molecules per HA disaccharide u
increases very rapidly as a function of RH above about 7
RH. Water content experiments on DNA reveal the sa
basic feature: hydration over all values of RH with a mu
higher number of water molecules per disaccharide ab
about 75% RH@9,10#. At each humidity level the number o
water molecules per repeat unit~base pair for DNA and
disaccharide for HA! is about twice as large for DNA as it i
for HA, since each base pair of DNA has a net charge
22e while each disaccharide of HA has a net charge
21e. The net charge of the biopolymers is the primary re
son for their strong interaction with water, which has a ve
large permanent dipole moment.

The hydration process has been well studied in DN
Falk, Poole, and Goymour@23# measured the width of an
infrared ~IR! absorption peak of water bound to solid DN
as a function of temperature. At room temperature this p
has a width characteristic of liquid water.~Solid ice with its
long-range crystalline order has a much narrower peak.! The
width of this IR peak for DNA hydrated at 76% RH re
mained broad down to2150 °C, indicating that the wate
s
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molecules could not form an ice lattice since they a
strongly bound to the DNA. These water molecules are id
tified as the water of primary hydration. Similar experimen
on DNA hydrated at 86.5% RH revealed that a narrow co
ponent of this IR peak is observed at232 °C. This narrow
component was attributed to loosely bound water wh
froze into ice; these water molecules are considered to be
water of secondary hydration. The broad component of
feature was still observed for the 86.5% RH sample, indic
ing that the primary hydration shell is still intact under co
ditions of secondary hydration. Temperature-dependent
man experiments by Tominagaet al. @24# and Brillouin
experiments by Tao, Lindsay, and Rupprecht@25,26# verified
the existence of the primary and secondary hydration sh
and measured the coupling of the water of primary hydrat
to the phonons of the DNA lattice. The hydration of DNA
considered to be composed of two regimes: primary hyd
tion involving strongly bound water molecules~which is
completed by about 75% RH!, and secondary hydration
shells involving more loosely bound water molecules~which
occurs at RH’s above 75%!. Each of the water molecule
binds to DNA with its own particular strength. It is an ove
simplification to consider this hydration to involve two di
ferent binding shells, but this has proved useful in the stu
of DNA. X-ray diffractometry also reveals information abo
the binding of water to DNA. Some, but not all, of the wat
molecules can be located by diffractometry@27–30#; the
most strongly bound water molecules~with their smaller
Debye-Waller factors! are easiest to locate.

The similarity between the hydration curves of HA an
DNA suggests that the hydration processes are similar in
two biopolymers. Further support for this similarity wa
found in the Brillouin experiments of Leeet al. @31#. Using a
coupled-mode model to analyze their data, they found a s
stantial coupling between LA phonons propagating eit
parallel or perpendicular to the helical axis in HA films an
a relaxation mode of the water of primary hydration. Bo
the microscopic coupling constant and the relaxation time
the water of hydration were found to be constant betwee
and 93 % RH. Earlier studies on DNA revealed similar r
sults@25,26#. The values of the coupling constant and rela
ation time for water of primary hydration bound to HA an
DNA are nearly equal, suggesting that the primary hydrat
shells are very similar for these two biomolecules. Some
the water molecules attached to HA must be very stron
bound, since they can be located by x-ray diffractometry
oriented fibers@17–19#.

Increasing the water content lowers the speed of soun
both DNA @32# and HA @31,33#, though the effect is particu
larly dramatic for HA. Brillouin scattering experiments o
oriented wet-spun films of HA have shown that the sou
speed decreases discontinuously by about 40% with incr
ing RH between 84 and 88 %. X-ray diffractometry has a
shown that these films undergo an order-to-disorder tra
tion with increasing RH between 90% and 92%@33#. The
fact that the drop in the sound speed and the order
disorder transition occurs at different water contents in
cates that the phase transition occurs in two steps. The o
cal polarizabilities of HA also undergo significant chang
above about 80% RH@22,34#. The water content of thes
films has also been shown to affect their UV absorption n
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2372 PRE 58K. B. WHITSON et al.
280 nm. As the water content is increased, the strength o
UV absorption increases. These changes are irreversib
samples which have been exposed to RH’s above that co
sponding to the order-to-disorder transition.

HA and DNA films have very different elastic propertie
at low water contents. Brillouin scattering experiments ha
found that the speed of sound below about 84% RH is ab
40% higher in HA@31,33# than in DNA @32#. This indicates
that the elastic constants of the HA films are about twice
large as in the DNA films.

Rayleigh scattering of Mossbauer radiation~RSMR! was
previously performed by Albanese and co-workers@6,7# on
wet-spun films of KHA and NaDNA at 75% RH. The elast
scattering intensity shows a sharp peak at about 2 Å21 for
samples oriented with scattering vectorQ parallel to the he-
lical direction; no peak is detected whenQ is perpendicular
to the helical direction. This peak is observed only when
samples are hydrated. This peak is very close in positio
the first maximum of the structure factor of bulk water but
much narrower. This peak is attributed to an excitation of
ordered water molecules along the helical axis. The m
square displacement~MSD! of the water molecules in the
helical direction is determined from the temperature dep
dence of the elastic scattering intensity of this peak. For b
samples the MSD in the helical direction is found to increa
approximately linearly with temperature between about 2
and 310 K. The water molecules attached to KHA are fou
to have a much smaller MSD than those in NaDNA, sugge
ing that the water molecules in the primary hydration shel
HA experience a much stiffer force than those in DNA.

In order to explore the interactions between the wate
primary hydration and these biopolymers further, we ha
performed DSC experiments to determine the thermo
namic properties of hydrated films of KHA and CsDNA. W
also performed a harmonic analysis of the RSMR data
Refs.@6,7# in order to determine the effective force consta
experienced by the water of primary of hydration.

II. EXPERIMENT

NaHA was provided as a gift from Kabi-Pharmacia A
In order to produce KHA films, the NaHA was first dialyze
three times against 1.5-M KCl. Highly crystalline thin film
~about 30mm thick! were produced by the wet-spinnin
technique@20,35–37#, in which a solution of HA is injected
via a spinneret with many small holes~about 70mm in di-
ameter! into a 75% ethanol solution containing 0.1-M KC
The high concentration of ethanol causes the HA to prec
tate in the form of fibrils, which are fed onto a rotatin
Teflon-coated drum. This drum is rotated at a speed such
the HA is pulled onto the drum at roughly 30 times the ra
that the HA is extruding from the spinneret. The resulti
stress produces fibers of highly oriented HA.

A Perkin-Elmer DSC-7 power-compensated different
scanning calorimeter was used to record the thermogra
This technique employs two electrically heated microf
naces which are maintained at the same temperature in i
tical thermal environments. One of the furnaces is load
with the sample of interest, while the other is left empty a
reference~control!. In a typical DSC scan, the temperatur
of the sample and reference furnaces are ramped from
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initial to a final temperature at some specified scanning
~usually constant!, while maintaining the two furnaces at th
same temperature~null balance!. This is accomplished by
independently controlling the Joule heat supplied to the f
naces by generally unequal electrical power, since one of
furnaces is loaded with the sample. Since the thermal e
ronments of the furnaces are otherwise identical, the a
braic difference of these powers reflects the power requ
to heat the sample alone.

The wet-spun films of KHA were cut into pieces a fe
millimeters on a side, and sample masses of about 3 mg w
loaded into aluminum pans of known mass. The open p
and sample were hydrated at 59% RH for at least two d
by placing them over a saturated solution of sodium brom
in the bottom of a sealed glass container@38#. Each pan was
covered with an aluminum lid and immediately loaded in
the sample furnace of the DSC. An empty aluminum pan a
lid were loaded into the reference furnace. The sample
reference furnaces were continuously purged with hi
purity argon gas during all runs. Because the pans are
sealed perfectly, some water of hydration might be lost to
argon gas as the experiment begins. However, this los
believed to be very small, since the experiment is begun s
after placing the pans in the furnaces. Runs were begu
20 °C with temperature scanning rates of 1, 2, 5, 10, or
K/min. For each scanning rate, calibration runs were fi
performed with indium and zinc standards of known ma
and purity, and their melting points were used to calibr
both the temperature and heat flow axes.

III. RESULTS AND DISCUSSION

A. DSC experiments

1. Enthalpy

Figure 2 shows two DSC thermograms for KHA obtain
at scan rates of 5 and 20 K/min. A broad endothermic ma
mum is observed at roughly 80 °C. This broad maximu
will reappear in the thermogram only if the HA sample
rehydrated, showing that this maximum is due to the deso
tion of the water of primary hydration. Note that the bro
maximum shifts to higher temperature with increasing sc

FIG. 2. Thermograms of wet-spun films of KHA, initially hy
drated at 59% RH, obtained between 25 and 175 °C at scan rat
5 and 20 K/min.
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PRE 58 2373BINDING OF THE WATER OF PRIMARY HYDRATION . . .
rate.~Since the temperature axis of the instrument was c
brated at each scan rate, this is a genuine effect.! This tem-
perature dependence of the peak position indicates tha
transition is thermally activated~kinetics limited!. This acti-
vation energy barrier can be determined by a Kissin
analysis@39,40# whereas the enthalpy of desorption can
determined by integrating the area under the peak. The
vation barriers and enthalpies of desorption are different
each of the six water molecules attached to each HA u
However, the DSC experiments cannot resolve the individ
desorptions of these six water molecules; only a net act
tion energy and total enthalpy of desorption is obtainable

The large width of the endothermic maximum introduc
significant uncertainties in the enthalpy of desorption sinc
is difficult to determine the correct baseline. Our experime
yield an enthalpy of desorption of 0.2460.08 eV/H2O mol-
ecule, as given in Table I. The relatively large error~33%! is
primarily due to this difficulty with the background subtra
tion.

In our earlier report of a DSC study of wet-spun films
CsDNA @41#, we only used a Kissinger analysis to determi
the average activation energy for desorption. We have n
evaluated the enthalpy of desorption and its uncertain
from that data. The enthalpy of desorption for DNA~at the
same relative humidity! is 0.3260.10 eV/H2O molecule
@41#. The enthalpies for HA and DNA are the same to with
the accuracy of the experiments, indicating that the ove
binding of the water of primary hydration is very similar
these two biopolymers.

2. Activation energy

Figure 3 shows the peak temperature of the desorptio
a function of scan rate. The relevant equation for determ
ing the activation energy from the Kissinger analysis@39,40#
is

d~ ln@f/Tm
2 # !

d~1/Tm!
52

EA

kB
~1!

wheref is the scan rate,Tm is the peak temperature of th
desorption,EA is the activation energy, andkB is Boltz-
mann’s constant. Figure 4 is the plot of ln(f/Tm

2 ) as a func-
tion of 1/Tm . The activation energy was obtained from t
slope of a linear fit to the data and is equal to 0.6160.04 eV.
A Kissinger analysis on DSC data from CsDNA gave
activation energy of 0.6360.04 eV @41#. The activation en-
ergies for these two biopolymers are very similar as w
their enthalpies of desorption.

TABLE I. Average enthalpies and activation energy barriers
desorption of the water molecules bound to KHA and CsDNA
59% RH; and average effective force constants of the water m
ecules bound to KHA and NaDNA at 295 K and 75% RH.

Enthalpy (eV/H2O molecule! EA ~eV! k (mdyn/Å!

HA 0.2460.08 0.6160.04 6363
DNA 0.3260.10 0.6360.04 1764
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B. Effective force constants

1. Calculations

Biopolymers such as DNA and HA contain several diffe
ent kinds of bonding: covalent bonds, hydrogen bonds,
hydrophobic and nonbonded interactions, including van
Waals and Coulomb interactions. The weak hydrogen bo
ing and van der Waals and hydrophobic interactions are
sential for the stability of the double helix itself. These i
teractions are particularly difficult to describe near t
‘‘melting’’ temperature of DNA ~the temperature at which
the double helix denatures into two single strands!. The ap-
plication of the self-consistent phonon approximati
~SCPA! to DNA by Prohofsky@42# represents a significan
advance in the understanding of the dynamical propertie
DNA, including its melting properties. In the SCPA, th
definition of the simple harmonic force constant~the value of
the second derivative of the potential at its minimum! is
replaced by the quantum expectation value of the sec
derivative of the potential, calculated using the Morse pot
tial for the hydrogen bond along with crystallographic da
on the atoms’ positions. As the temperature is increased,
atoms vibrate over larger distances, increasing their ave
separation. This weakens the interaction between these
oms and, thereby, lowers the expectation value of the sec
derivative of the potential. This formalism is an intuitive wa

FIG. 3. Temperature of the desorption as a function of scan
f for KHA.

FIG. 4. Plot of ln(f/Tm
2 ) as a function of 1/Tm for KHA. The

solid line is a linear least-squares fit to the data.
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2374 PRE 58K. B. WHITSON et al.
to describe this system in which the second derivative va
with position. It permits the description of nonlinear pro
lems within the harmonic approximation by allowing the e
fective force constants to depend on position. Normal m
calculations can be used with these effective force const
to compare them to the vibrational frequencies observed
ing Raman scattering and infrared absorption@43,44#. For
DNA melting, such calculations show that a mode at ab
85 cm21 involves the stretching of the hydrogen bonds co
necting the bases within a base pair. Furthermore, the
quency of this hydrogen bond stretching mode decrease
the melting temperature is approached. This softening of
mode is a consequence of the decrease of the effective f
constants of these hydrogen bonds@42#. The double helix
will be completely denatured when these effective force c
stants are zero, since there would no longer be any bon
between the two strands. Temperature-dependent Ra
scattering measurements of DNA in solution by Urabe a
Tominaga@45# showed that the frequency of the 85-cm21

mode disappears when the DNA melts. This interpretatio
supported by the calculations of Chen and Prohofsky@46#.

In the spirit of the SCPA, the current system of intere
~water bound to either HA or DNA! will be described by a
harmonic potential in which the second derivative of the p
tential is a function of position~or temperature, since th
MSD is temperature dependent!. The effective force con-
stants will be evaluated as a function of temperature by a
lyzing the ^uuu

2& vs T data of Refs.@6,7#, where uuu is the
displacement of the water molecule in the direction para
to the helical axis and̂uuu

2& is the mean square displaceme
in this direction. As shown in Fig. 5, the MSD is rough

FIG. 5. Mean square displacement~MSD! of the water mol-
ecules in the direction of the helical axis for~a! KHA and ~b!
NaDNA as a function of temperature. The samples were hydrate
75% RH at room temperature. The data are from Fig. 5 of Ref.@6#.
s
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four times smaller for KHA than for NaDNA, indicating tha
the average effective force constant for KHA is larger th
for NaDNA. These data can be used to evaluate the effec
force constant experienced by the water molecules of
mary hydration when they are bound to the correspond
biopolymer. Though the individual water molecules in t
primary hydration shell each experience somewhat differ
interactions with the biopolymer, we approximate the phy
cal situation by assuming that all water molecules experie
the same average interaction. As discussed in Ref.@47#, the
MSD for this one-dimensional case is given by

^uuu
2&5

\

3Nm(
q,l

3N nq,l1 1
2

vq,l
, ~2!

where^uuu
2& is the MSD of the water in the direction of th

helical axis,N is the number of unit cells in the system,m is
the mass of a water molecule,q andl are the wave vectors
and polarizations in the first Brillouin zone,vq,l are the
associated frequencies,n5@exp(\vq,l /kBT)21#21, andkB
is Boltzmann’s constant. The unit cell is a single diss
charide unit for KHA and a base pair for NaDNA, includin
the counterions and all of the water of hydration. At 75
RH, these unit cells contain about 11 water molecules
KHA @22# and about 20 water molecules for NaDNA@10#.
The summation overq and l can be transformed into a
integral with respect tov, weighted by the density of state
g(v). No experimental data currently exists for g(v) for
water bound to either biopolymer and therefore an Einst
density of states is used:

^uuu
2&5

\

3NmE dv 3Nd~v2vE!
~n1 1

2 !

v
, ~3!

wherevE is the Einstein frequency. Equation~3! reduces to

^uuu
2&5

\

2mkBuE
cothS uE

2TD , ~4!

whereuE is the Einstein temperature. TheseuE are related to
the effective force constantsk by

uE[
\

kB
vE5

\

kB
S k

mD 1/2

. ~5!

Equations~4! and ~5! were used to evaluate the Einste
temperature and average effective force constant at each
perature for both KHA and NaDNA from the value of^uuu

2&
measured in Refs.@6,7#, and the results are displayed in Fi
6. The force constantk is larger for HA than for DNA over
the entire temperature range;k decreases from about 11
mdyn/Å at 274 K to about 50mdyn/Å at 308 K for KHA,
and from about 32mdyn/Å at 275 K to about 12mdyn/Å at
311 K for NaDNA. This indicates that the potential ener
function for water bound to the biopolymer has a stee
curvature near its equilibrium position for HA than for DNA
The relative softening over the temperature range of the d
is about 52% for KHA and about 62% for NaDNA, indica
ing that the ‘‘stiffer’’ force constant has the smaller softeni
~as expected!. At 295 K ~nominal room temperature!, kHA
56363mdyn/Å andkDNA51764 mdyn/Å. The uncertain-

to
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PRE 58 2375BINDING OF THE WATER OF PRIMARY HYDRATION . . .
ties are estimated from the scatter in the values of Fig. 6.
average effective force constant experienced by water m
ecules in the primary hydration shells of either biomolec
is weaker than the effective force constant of a typical
drogen bond in a base pair of DNA, which is about 2
mdyn/Å @42#. However, there is a substantial difference b
tween the two biomolecules: the average effective force c
stant is about 3.7 times larger for water in HA than in DN

We also fit the MSD data of Refs.@6,7# to a Debye model;
the resulting Debye temperatures were uniformly grea
than the corresponding Einstein temperatures by a facto
1.7360.01. Of the two models~Einstein and Debye!, we
expect the Einstein picture to be the more appropriate on
we view the bound water molecules as being coupled pri
rily to the ~comparatively rigid! biopolymer backbone and
~relatively! weakly coupled to neighboring water molecule

2. Structural aspects of hydration shells

Water molecules bind to DNA and HA via hydroge
bonding and other electrostatic interactions. In order to
derstand the microscopic origin for the observed differen
in the effective force constants for HA and DNA, it is ne
essary to understand the binding geometry in each case.
nificant progress has been made in understanding the ge
etry of the water tightly bound to DNA@27–29#. By
examining the locations of the water molecules as de
mined by x-ray experiments on single crystals of 40 differ
oligomers, Schneideret al. showed that significant hydratio
exists in both the major and minor grooves of many types

FIG. 6. Average effective force constantk for water bound to
~a! KHA and ~b! NaDNA as a function of temperature, as calculat
by the Einstein model. The insets show the corresponding Eins
temperaturesuE as a function of temperature. The samples w
hydrated to 75% RH at room temperature.
e
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e
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f

double-helical DNA@30#. The spine of hydration in the mi
nor groove is composed of two types of water molecules
set of water molecules which are bound at the bottom of
groove to the nitrogen and oxygen atoms of the bases
hydrogen bonding~primary hydration!, and a second set o
water molecules~secondary hydration! bound to the first set
of water molecules. X-ray diffractometry on HA has show
that two water molecules per repeat unit are involved in
drogen bonding within one HA polymer and between neig
boring HA polymers~via the potassium counterion! @17,18#.
These bonds must be very strong since the speed of sou
HA is significantly greater than what it is observed in DN
~for directions both parallel and perpendicular to the heli
axis! @33,48#. The existence of such strong bonds involvin
water molecules is consistent with the observation that
effective force constant is about 3.7 times greater for wa
bound to HA than to DNA.

3. Role of dynamic coupling

It should be noted that the two experimental techniqu
~calorimetry and RSMR! probe phenomena which occur o
very different time scales. The DSC experiments probe lo
time phenomena on time scales of tens of seconds, whe
thermally excited motions of the atoms probed by the RSM
experiments involve frequencies up to about 10 THz~on the
order of the Debye frequency!. As described earlier, Bril-
louin experiments on both DNA@25,26# and HA @31,33#
have shown that LA phonons propagating in wet-spun fil
of these materials are coupled to a relaxational mode of
water of primary hydration. Standard coupled-mode the
@24–26,49–51# shows that such coupling can cause mod
cations to the frequency of the phonon depending on
relationship between that frequency and the reciprocal of
time constantt of the relaxational mode. In the high fre
quency limit (v@1/t) the coupled system is stiffened, bu
there is no stiffening in the low frequency limit (v!1/t).
For acoustic phonons, this stiffening results in a higher p
non velocity for the same wave vector.

There are two mechanisms by which dynamic coupl
could contribute to an increase in the effective force cons
of water bound to HA compared to that of water bound
DNA. First, such an enhancement would be present if
time constant of the water relaxation mode in HA is sign
cantly larger than that in DNA. For such a case and for fix
frequencyv, dynamic coupling would stiffen the HA system
if vtHA@1 for the thermally excited motions, but not con
tribute any additional stiffening to the DNA system
vtDNA!1. The second possibility is that both systems are
the high frequency limit, but the amount of stiffening in th
HA system is much greater than that in the DNA system

With regard to the first mechanism, the experiments
Refs.@25,26# and@31,33# found that the relaxation times ar
very similar for the two systems; about 39 ps for DNA, a
about 50 ps for HA. This implies that both systems are in
high frequency regime for almost all thermally excited vibr
tions. Consequently, we conclude that the effective fo
constants of water bound to each biopolymer are both s
ened by dynamic coupling, and that the first mechanism
not relevant.

The possible importance of the second mechanism ca
determined by evaluating all the parameters describing
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coupling between LA phonons with frequencies of about
GHz and this relaxational mode of water from the Brillou
data of Refs.@25,26# and @31,33#. For DNA, the authors of
Refs.@25,26# showed that dynamic coupling makes the hi
frequency limit of the phonon velocity about 30% high
than the low frequency limit. The results for HA published
Refs. @31,33# can be used to determine the amount of st
ening~in the same 10-GHz frequency range! in HA by using
the equation connecting the high frequency and low f
quency sound speeds for the coupled-mode model@24–
26,49–51#:

vB
25vo

21S d2

Q2D vB
2t2

11vB
2t2

, ~6!

wherevB is the observed velocity of the phonon with fr
quencyvB and wave vectorQ, vo is the velocity the phonon
would have in the zero frequency~uncoupled! limit, and d is
proportional to the coupling constant between the LA ph
non and the relaxational mode of water. Such an anal
shows that dynamic coupling also stiffens these phonons
about 30%. The elastic constant in the helical direction
each sample (C335rv2, wherer is the density! is, therefore,
stiffened by about 70%. A similar stiffening should b
present in the effective force constants of both samp
Since both effective force constants are stiffened by the s
amount by dynamic coupling, the second mechanism
which dynamic coupling could stiffen the effective forc
constants is not relevant either.

These arguments show that dynamic coupling does
play a role in explaining the observed differences betw
the effective force constants of water bound to HA a
DNA. It is likely that the stiffness of the effective forc
constant of water bound to HA is related to the stiffness
ordered HA films as observed by Brillouin spectrosco
@31,33#. The fact that these films soften dramatically near
order-to-disorder transition argues that the stiffness of
system is related to the specific bonds present in the cry
line samples. The reason that these bonds are so stro
unclear at the present time.
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IV. SUMMARY

The average enthalpy of desorption of the water of p
mary hydration is 0.2460.08 eV/H2O molecule for KHA
and 0.3260.10 eV/H2O molecule for CsDNA. The net ac
tivation energy barrier for desorption is 0.6160.04 eV for
KHA. For comparison, Marloweet al. measured this net ac
tivation energy barrier to be 0.6360.04 eV for CsDNA@41#.
Both these parameters are very similar in the two biopo
mers. These similarities are not surprising, since th
biopolymers are very similar in their constituent atom
However, there are significant differences in the structure
their respective primary hydration shells. Spines of hydrat
are present in both grooves of DNA. No such structures h
been observed in HA. However, water molecules are
volved in both intramolecular and intermolecular binding
HA.

The effective force constants of the water bound to
biopolymer, evaluated from the measured MSD of the wa
molecules, are substantially different for HA and DNA: 6
63 and 1764 mdyn/Å, respectively, at 295 K. The larg
effective force constant for HA is consistent with the fa
that some of the water molecules of primary hydration
involved in the bonds between the neighboring HA po
mers. The fact that the speed of sound in directions b
parallel and perpendicular to the helical axis is greater in
than in DNA indicates that the effective force constants
these intermolecular bonds in HA films are greater than
corresponding ones in DNA films. Dynamic coupling b
tween the phonons of these biopolymers and their relaxa
modes cannot account for the observed difference in th
effective force constants.
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