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ABSTRACT: We presents experimental results of the tempesatlependence of the Ludwig-
Soret dfect for pullulan solutions. The Soret dheients of 5.0 gt! pullulan in water and in
dimethyl sulfoxide (DMSO) were determined in the experitaénemperature range between
20.0C and 50.0C by means of thermal flusion Forced Rayleigh scattering (TDFRS). The sign
of the Soret cofficient of pullulan in water is negative at room temperatureicv indicates that
the pullulan molecules migrate to the warm side of the fluide Boret coficient of pullulan in-
creases steeply with increase of the solution temperatutsl@gows a sign change from negative to
positive at 41.7C. The positive sign of the Soret diieient means the pullulan molecules move to
the cold side. In contrast to the aqueous solution, theisolatf pullulan in DMSO shows a very
weak temperature dependence of the Soreffictent and has always a positive sign. In addition
to the TDFRS experiments we performed also light scattgiii®) experiments for the pullulan
solutions under homogeneous temperature condition in pdeature range between 200and
55.0C. The thermodynamic properties of pullulan solutions wigd by LS show no pronounced
correlation with the thermal @usion behavior of pullulan. These results indicate theterise

of a special role of interactions due to solvation on the terajure dependence of the thermal

diffusion behavior of polysaccharide solutions.
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I. INTRODUCTION

Ludwig-Soret &ect, also known as thermalftiision or thermophoresis in the case of colloidal
particles, describes the transport of mass which is indbgexitemperature gradiefit For poly-
mer solutions, under a stationary temperature gradieatnthicromolecules migrates to the cold
or the warm side of the fluid and form a stable concentratiadignt. The magnitude of the Soret
codficient of polymers is much larger than that of the mixtures posed of small molecules.
This fact provides a practical application of polymer sagian, e.g., thermal field-flow fraction-
ation (thFFF) which has been applied for characterizatiopotymer solutions=® Although the
Ludwig-Soret &ect of fluid mixtures has been studied for a long time sincestporing works
of Ludwig and Soret, the understanding of the molecular raeigdms of the phenomena is still
lacking. For complex systems such as polymer solutions aflididal suspensions, there is no
complete theory to predict the direction of the solute maleg in a temperature gradietritOnly
specific aspects as the interaction contribution or chaifgets in highly diluted solutions of col-
loidal dispersions have been considered sdf4r.

The Ludwig-Soret ffect for a binary fluid mixture is described by the flixof component 1

contains contributions of the concentration and the teatpes gradient as follows

J1 = —pDVw — pw(1 — w)DVT. (1)

Here,p is the density of solutionD the translational massftlision codicient, D the thermal
diffusion codicient,w the mass fraction of component 1, ahdhe temperature. In a steady state

where the mass flow vanishek & 0), the concentration gradient is given by
Vw = —=Stw(1 — w)VT, (2)

whereSt = D1/D is the Soret caicient. The sign of the Soret cfiieient indicates the direction
of the flux of component 1. The positive sign $f means that the component 1 migrates to the
cold side. In general for organic polymer solutions, theypwrs due to their heavier mass and
larger size compared to the solvent molecules move to thieside1°

Some aqueous solutions of polymers show negative Sordiicests, which correspond to
a migration of the polymers to the warm sitfe?® It has been revealed that a sign ®f of
the polymer in solution can occur as function of the solutemperature as well as of the sol-

vent compositiort®=3° For liquid mixtures composed of small molecules thermailguiced sign
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change ofSt have been studied by several researchiets sometime those sign changes could
be correlated with structural changes in the liquid mixsuror polymer solutions and colloidal
suspensions sometimes sign changes occur und bad solvelitices?2’, Recently Stadelmaier
and Kohler performed a systematic experimental investigaf the thermal dfusion in diluted
polystyrene solution$. They scrutinized the crossover from small molecules to migiecular
weight polymers in seven fierent solvents and found for two solvents a sign change viiginc
length.

The temperature dependence of the Soreffimsent and thermal diusion codicient for poly-
mer solution is system dependent. Theoretically it has ppeedicted that the temperature depen-
dence of the thermal fiusion codficient is proportional to AT2.353" however the experimental
data show a more complicated temperature dependence. Iy(stprene) [PS] solutions, the tem-
perature dependence 8f has been studied by Brimhall et. lwith thFFF experiment. They
showed that the thermalftiision codicient is proportional to the temperature. Mes et al. dis-
cussed the temperature dependence of of therrffalstbn codicient of PS solutions taking into
account the thermodynamic interaction paramgtef Flory-Huggins equatiod’ They found a
slight increase of the Soret déieient as a function of temperature. Under poor solvent ¢eord
close to a critical temperature the Soret fti@eent diverges due to the critical slowing down, but
D+ remains constartf=#? For aqueous solutions of polymers the Soretfiicient shows often a
complicated temperature and concentration dependenesSdiet cofficientSt of poly(ethylene
oxide) [PEQ] in the solvent mixture ethapohter increases with temperature, whereas the slope
is positive and decreases with increasing water coRteat®?’The Soret coficientS; changes
sign from negative to positive with increasing temperafareethanolwater mixtures with a high
ethanol content, whil& is always positive for PEO in pure water. A similar temperatdepen-
dence ofSt has been observed for dextran in water. It shows a negative garoom temperature
while it is positive at higher temperatures. The additioru#a to the aqueous solution of dex-
tran increaseSt and sign changes occurs at lower temperatures. The reapovbably that the
addition of urea destroys the hydrogen bonding netwbrkhermally induced sign changes of
the Soret cofficient can also be found in biological polymers, proteins ADaid polysaccharide.
Piazza and coworkers found the sign change of lysozymeiso#it and Braun and coworkers
revealed the sign change aqueous solutions of BNA.

Poly(N-isopropylacrylamide) [PNiPAM] is one of the water solupl@ymers, which has been

studied systematically in water and in mono-alcolt®&f8:**PNiPAM in water has ®-temperature



of 30.6°C where the second virial cieeient is zero. At the lower temperatures water is a good
solvent, while it becomes a poor solvent above @temperature. The temperature dependence
of St shows a strong enhancement at @emperature but the sign & is always positivé?
While for PNiPAM in ethanol solutionSt of PNiPAM decreases with temperature and changes
the sign at 34C from positive to negativé® Here, it should be noted that PNiPAM in ethanol is
so far the only system, with a negative slope for the tempegatependence &. All aqueous
solutions of PEO, dextran, lysozyme, and DNA show a pos#iepe. This behavior indicates that
the interactions among the polymer molecules and solvexws & key role for thermal fiusion.
Recently it has been shown that biopolymers, DNA, proteith polysaccharide show a sign
change of the Soret cfitzient as function of temperature. Duhr et al. studied DNAaluson and
found a sign change &; around 2C .2° lacopini et al. reported the Sorefect for lysozyme so-
lutions which show a sign change $f from negative to positive with increasing temperattiré.
Sugaya et. al. reported a sign change for dextran in teis interesting to study the relation-
ships between physiological functions and therm&udion for biological polymers, because the
biopolymers play their functions under complex conditisabjected to various fields. However
the number of studies of the Ludwig-Soréteet for biological polymer are limited. In this study,
we will report the experimental study of the Ludwig-Sorgeet for solutions of pullulan, which is
one of the standard samples of polysaccharide composedefl— 6)-linked maltotriose. In or-
der to study the contribution of the hydrogen bonding on Ligd®oret éfect, water and dimethyl
sulfoxide [DMSO] were used as solvents. DMSO is a polar apsatlvent which does not form
hydrogen bonds. Pullulan and dextran are composed of gua®basic constituent, therefore it
might give insight into the chemical contribution to thertimal diffusion. Additionally, we studied
the solution properties of pullulan under homogeneous &atpre condition by light scattering
(LS) which yields fundamental properties such as the madsie of the polymers and the ther-

modynamic parameters of the solutions.

I1. EXPERIMENTAL SECTION

Materials. Pullulan (Hayashibara Co., PF20) was purified three times lmyethanol pre-
cipitation from the aqueous solutions. The molar mass difar was measured by static light
scattering and we obtaindd,, = 440 kgmol. Distilled and deionized water was prepared by a

Milli-Q system. DMSO of an analytical grade was used as sulvéor the Thermal dliusion



forced Rayleigh scattering (TDFRS) measurements A .@gllulan in water and in DMSO were
prepared. To accieve affigient absorption of the laser light we added a small amoutiteotlye,
Basantol Yellow (BASF) or quinizarin(Sigma-Aldrich).

Methods.

The experimental setup of TDFRS has been described in eéttaivherd?4¢(?2?2?)In brief,the
optical grating is written by the interference of two bearhtheargon ion laserti(= 488 nm). The
interference grating is rea out by a He-Ne laser(632.8 nm). The intensity of the difracted
beam was measured by a photomultiplier. A mirror mounted piezocrystal was used for phase
shifting and stabilzation to obtain the heterodyne sigiiéle TDFRS measurements were crried
out in the temperature range from 20 t660The temperture of the sample cell was controlled by
circulating water from athermostat bath with an uncertaait0.01°C. The sample solutions were
filtered directly into the optical quartz cell with 0.2 mm pdéngth through 0.22m membrane
filter.

Light scattering (LS) experiments were carried out in anudargrange of 25< 6 < 150. A
He-Ne laser with a wavelength @f= 632.8 nm was used as light source. The intensity correlation
function g®@(t) was destected with a ALV-6000E correlator. The measurésneare carried out
in a temperature range from 20 to°&5 The temperature of the sample cell was controlled by a
circulating water bath with an uncertainty of 0:@2 All samples were kept at the measurement
temperature for at least one hour to ensure thermal equilibloefore starting the data acquisition.

The refractive index increments with respect to the masgifna (9n/ow) and to the temper-
ature Pn/dT) need to be determined for evaluation®f and Dt in the TDFRS experiment as
described in Eq. 3. Heray indicates the mass fraction of the polymer in solvents. Talees
of (dn/ac) is also required for the analysis of the static LS data. HEfiactive index increments
(0n/aT), (dn/ow) and @n/ac) of pullulan in water and in DMSO were measured with a scagnin
Michelson interferometer operating at a wavelength of 832n*’ All experiments for the deter-
mination of the increments were carried out at the room teatpee. The value ofoh/oT) for
pullulan solutions withw = 5.0 g L™! was obtained from interference signals in the temperature
range of+0.5°C around the desired temperatusethis correct=0.5°C or is it £0.25°C??? The

temperature was controlled by circulating water bath witluacertainty of 0.0ZC.



1. WORKING EQUATION

The normalized heterodyne signal intensity of TDFRS expenits /he(t) is related to the Soret

codficientSt and translational dliusion codficientD as follows:

-1
G =1+ (51) (5] Sw(a- w1~ exp(-ou) @

Here,t is the timen the index of refractiong the scattering vector.

For dilute polymer solutions the Rayleigh rai@) of LS experiments is expressed by

Kc 1 1

— = + 2A.c||1+ ZR,? 4

0 (MW+ 2)( +3qu) @
whereK is the optical constan] = 472n?(dn/dc)?/Na1%], A, the second virial cdécient and
c the concentration of the polymer. The autocorrelation fiamcof the scattered lighg®(t) is

related to the electric field autocorrelation functgh(t) by the Siegert relation

g?) = B[L+819Y (1) 7] (5)
whereB andg are the baseline and a machine constant, respectivelynkraegd(t) is expressed

with the distribution function QA7) of the decay rat€& as

g®(t) = f G(Iexp(-Tt)dr. (6)
Here,fG(F) dr = 1. That is,g®(t) is the Laplace transform of G). The cummulant expansion

is used to obtain average decay rBte

— 1 1
In | g(t) |= Tt + Eﬂztz - 5#3'[3 +oo (7)

wherel= [ TG (I)dl" andy; is thei-th cummulant defined aszf(l“ - ﬂi G(I') dI'. The normal-
ized normalized variance is expressequa¥ % = [ [(F - ﬂz /fz] G(I)dI. The average decay

rate has the relation

T/ = Do(L+kgC+ - --). (8)

Here Dy is the translational diiusion codicient at infinite dilution andky is the second hydro-
dynamic virial codicient. The hydrodynamic radiug, of the polymer is related t®q by the

Stokes-Einstein equation,
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FIG. 1: Typical results of LS experiments. Berry plot for lptdn in water (a) and pullulan in DMSO (b)

measured at 25°C.

Ry = ke T/ (6771D0) , ©)

wherekg is the Boltzmann’s constant amdhe solvent viscosity.

IV. RESULTSAND DISCUSSION

Laser Light Scattering.

In order to characterize the solution properties of puliula water and in DMSO, we per-
formed static and dynamic LS measurements in a temperatoge rof 20< T¢/°C < 55 (pullulan
in water) and 26< T¢/°C < 40 (pullulan in DMSO). The refractive index increments wigispect
to the concentration for pullulan in water and in DMSO wer&agoted asdn/dc) = 0.131+ 0.004
and @n/dc) = 0.059+ 0.001 ml gt, [***These are temporal values. **WE ARE DOING EX-
PERIMENTS FOR CHECKING THE VALUES], respectively. Hereetbncertainty denotes one
standard deviation. Figure 1 shows a typical result of arggpit (Berry plot) for the pullulan in
water and in DMSQive a reference here for the berry pl@he filled circles represent the extrap-
olated values to the zero concentrations and to the zertesogtangles. Molecular parameters
were obtained by a least squares-fit to Eq. 4 and are listedbieT. Figure 2 shows the typical
results of a dynamis LS (DLS) experiment for pullulan in watad in DMSO. The distribution
functionsG(r) of relaxation timer is obtained by the CONTIN methgd/e a reference here for

CONTIN. The results indicate that the pullulan has a monoexpoalemass distribution with
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FIG. 2: Typical correlation function of scattered light®)(t) and the distribution functios(r) obtained by
dynamic light scattering for 5.0/ pullulan in water ¢) and in DMSO ¢) at T¢ = 25.0°C andéd = 30°.

The inset shows the average decay fases a function of scattering vectqf.

polydispersity index 0)f¢2/1:2 ~ 0.3 as shown in Table Il. The inset of Figure 2 shows the aeerag
decay ratd” as a function of the scattering vectr The obtained parameters such as translational
diffusion codicientDy, hydrodynamic radiuR,, and others in Egs. 8 and 9 are shown in Table I1.

The LS experiments revealed that the molecular parametgrsliolan in water and DMSO
show no significant temperature dependence. In the inastigemperature range the averaged
expansion factoRy/R, of the polymer chain ify/R, = 1.7 and 1.6 for water and DMSO solu-
tions, respectivelhat is the accuracy?his result is typical for flexible coils in a good solvent
with a broad molecular weight distribution. Our results aliso in good agreement with previous
reports?®49 In the investigated temperature range the averaged sedoalcoefficient isA, =
1.6 x 10°* cm?® mol g2 for pullulan in water andd, = 4.1x 10°* cm?® mol g2 for pullulan in
DMSO. Therefore, both solvent can be regarded as good dslv€he chain dimensions and the
interactions are constant in the investigated temperatunge.

With the DLS measurements we determined the translatioffalstbn codficient Dy as func-
tion of the temperature. As shown in Fig. 3 the logarithrbgflecreases linearly as function of the
inverse temperature. The magnitude of thi&ugion codficient of pullulan in water is larger than
that of pullulan in DMSO due to the filerence in the solvent viscosityuger = 0.89 andypmso =
2.00 mPas at 28C). The slope is the same for both solutions and the temperdependenc can

be described by a Arrhenius type equation as

E
Do = Do,cexp(—R—?I_) (10)
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FIG. 3: Plots of log{Do) as a function of the inverse of the temperatuy@, for 5.0 gL™! pullulan in water

(o) and 5.0 gl pullulan in DMSO ¢) observed by DLS experiment.

whereDg, is a constantR the gas constant, arfeh the activation energy for @fusion. The ac-
tivation energyEp was obtained by a least squares-fit to Eq. 1Egas= 18.1+ 0.4 kJ mot? for
pullulan in water andEp = 16.6 + 1.3 kJ mot?! for pullulan in DMSO. The uncertainty corre-
sponds to one standard deviation. The activation energysho significant dterence for both
solutions. The observed temperature dependence is in ltitedliconcentration range and is in
good agreement with previous studfés®

Thermal diffusion of pullulan.

The normalized heterodyne signdig, of the TDFRS experiment of 5.0 gt pullulan in
water and in DMSO as function of the temperature are showingnd= Open and filled symbols
refer to solutions of pullulan in water and in DMSO, respedliy, and diferent shapes of the
symbols designate fiierent temperatures. The rapid increase of the normalizeddudyne signal
{net(t) corresponds to the establishment of the temperatureegriidi a time scale of microseconds
after the intensity grating has been switched at ttrae0. At later times, the slower increasing
or decreasing part of the signal indicates the establishofeiie concentration gradient within
a time scale of seconds. For pullulan in water, the signalature changes its direction from
downward to upward with increasing temperature. The tuunad of the signal corresponds to
the sign change of the Soret and the thermfilidion codficient. Whereas the signafs.(t) of
pullulanin DMSO show an increase and the curves for all teatpees overlap. This indicates that
the there is no significant temperature dependence for theatton of a concentration gradient.

Figure 5 shows the temperature dependences of the Sofétimre Sy, translational diusion
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FIG. 4: Normalized heterodyne signajg: of TDFRS experiment for 5.0/g pullulan in water (filled
symbols) and in DMSO (open symbols) atfdrent temperatures. The temperatures are 25(0,e), 35.0
°C (a,a), 45.0°C (o,m) and 50.0°C (4). The solid lines on the part of concentration signal refethie

fitting function according to Eq. 3.

codficient D, and thermal dfusion codicient Dy of 5.0 gL pullulan in water and in DMSO.
Here,St and D were obtained by a nonlinear least-square fit of the conatoitr part of,e (t)
signal to Eq. 3 with the contrast factorén{dT) and @gn/ow). The contrast factors of pullulan
solutions were obtained by a Michelson interferometer as

(On/dT)/K™t = 9.5759x 1073 — 8.2729x 10°5T + 2.3863x 107/T2

(11)
—2.3491x 10113
for 5.0 gL™* pullulan in water (20< T/°C < 50) and
(On/0T)/K™* = —8.1970x 10°° + 7.3633x 10°T — 2.3300x 107 'T? w2

+2.4579x 10710713

for 5.0 gL™! pullulan in DMSO (20< T¢/°C < 40). The refractive index increments with respect to
the mass fraction were obtained ds/(dw) = 0.131+ 0.002 for pullulan in water andlf/dw) =
0.056+ 0.000 ml g* for pullulan in DMSO[***These are temporal values. **WE ARE DOING
EXPERIMENTS FOR CHECKING THE VALUESmeasured at 25.0C. The thermal dfusion

codficient Dt was calculated using the relati@y = St - D.
At low temperatures we observe negative Soretfaents for pullulan in water. The negative

sign of St implys that the pullulan molecules move to the warm side. $heet coéficient St
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FIG. 5: Temperature dependence of Sorefiicient Sy, translational diusion codicient D, and thermal

diffusion codicient Dy of 5.0 gL pullulan in water ¢) and in DMSO ¢) obtained by TDFRS.

increases with increasing temperature and the thermaldiyced sign change occurs at 41C.
Contrary, the solution of pullulan in DMSO shows a positiignsof St for all temperatures and
no significant temperature dependence. The translatidastn codicient D and the thermal
diffusion codicientsD+ of pullulan increase with increasing temperature for aggseand DMSO
solutions. The dtusion codicientsD of 5.0 gL pullulan at 25.0°C obtained by TDFRS experi-
ment isD = 1.92x 10’ cm?s ™! for water solution and = 0.92x 10’ cn?s™! for DMSO solution.
These values agree within 12% with those obtained from DLS&smement a = 1.71x 10’
cm?st for 5.0 gLt pullulan in water solution an® = 0.81x 10’ cn?s™? for 5.0 g L™ pullulan
in DMSO, respectively. The sign changeSxf of pullulan in water occurs around 40. Although
both LS studies of pullulan in water and in DMSO do not show sigyificant temperature de-

pendence of their thermodynamic properties, the temperdependence &y of pullulan difers
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substantially in water and DMSO.

The thermodynamic properties of pullulan solutions olgdiby LS experiments such &g
andRy/R, are constant in the investigated temperature range foulpalin water and in DMSO.
A similar behavior has also observed for solutions of PNiP&Mthanol, where the Soret coef-
ficient also changes its sign, while the solvent quality iedytor all investigated temperaturés.
These results indicate that the temperature dependenice Sbret cofficient has no direct corre-
lation with the solubility properties determined by LS undemogeneous temperature conditions.
This oberservations are in contrast with the results foygtblylenoxide (PEO) in ethan@later
mixtures. For this system a negative Soretfioent in mixtures with a low water content cor-
relates with bad solvent conditions. While a positive Scaatficient in pure water corresponds
with good solvent condition&.

In general, an increase of solution temperature weaken®thmtion of hydrogen bondings,
thus the negative sign @1 might be correlated with the solvation of water. This hy@sik is
supported by the observations for pullulan in DMSO, which molar aprotic solvent not forming
hydrogen bonds with the polymer. Here we do not observe afisignt temperature dependence
of St. A similar behavior ofSt was reported in another polysaccharide solution, dextramar-
ter, which was the first reported polysaccharide system fachvthe thermal diusion has been
studied and which shows a sign change with tempefatDextran is mainly composed of-
(1—6)-linked glucose with some shatt(1—3)-linked glucose branch units. It should be noted
that pullulan and dextran that the same smallest constitgércose, is the same, but they have
different glycosidic bonds to their chains. Both of them are {ghggically inactive biopolymers
and water soluble. Their fundamental solution propertasibeen studied wel?:>° In Fig. 6 St
of different dextran solutions is plotted in comparison with tiseilts of pullulan in water. Dextran
in water @) shows a sign change at45from negative to positive with increasing temperature.
The results are comparable with the results of the pullutamater ¢). Only the slope is slightly
steeper compared to the dextran system. The agreement tdrntiperature dependence $f
could be originated from chemical contributions of glucasetheir basic constituent of pullulan
and dextran. For dextran solutions the addition of ureadeadn increase dbr and the sign
change temperature shifts to lower temperatures. It magfenaed that urea destroys the hydro-
gen bonding ability, thus the addition of urea shifts theeSoodficient of pullulan towards more
positive values which implies that the tendency of pullulargo to the warm side is enhanced.

The dfect has the same tendency as an increase of the solutionregomee which also destroys
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FIG. 6: The Soret cdicient St of pullulan in water ¢) and pullulan in DMSO ), dextran in waters),
dextran in 2 M ureavater ) and dextran in 5 M urgaater @). The results of dextran solutions are
obtained by Ref. [24] and the molecular mass of the dextraepsrted asVl,, = 86.7 kg mot!. The

concentration of polysaccharides is 5/Q pr all solutions. The solid curves are fitted functionsa@rcing

to Eq. 13.

the solvation structure. In other words, a negative sig8-oimplys the formation of a solvation
structure via hydrogen bondings. Our preliminary expentrfer the aqueous solutions of glu-
cose and maltotriose show that the solutions have a positiweof St and do not show any sign
inversion in the same experimental temperature range.€eTit@ssilts indicate that the sign change
of St is not only associated with the chemical contribut@rihe smallest constituent (? - What
do you mean? )but also with the solution properties of polymeric naturepofysaccharides.
The sign change temperatures of the aqueous solutions lolgpubnd dextran are at 41.7 and
45.0°C, which is much higher than the temperatufes 4°C, with the largest density of water.
For aqueous polysaccharide solutions we do not find a ctioelaetween the thermal expansion
codficient of the solvent and the sign change temperature as stegijey Brennet*

The curves describing the temperature dependen&s af Fig. 6 were obtained by a least

squares-fit to the empirical equation proposed by lacopidiRiazza &3

ST(T) = S?
0

1- exp( T"“fl__ T )] . (13)

Here,ST represents a saturation valueSafat high temperatures;,, is the temperature whe&
changes the sign, al@ indicates to the strength of temperatufieets. The obtained parameters

of the pullulan and the dextran solutions are tabulated bieTa. Furthermore, the parameters of
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ST, Tiv, @and T, obtained for several polymers, which show a sign changgrafiere collected
from literatures and are listed in Table Il. As shown in tis¢, la sign change &+ with temperature
has been found for some proteins, lysozymgdactoglobuline [BLGA] and poly(L-lysyne), as
well as DNA and synthetic polymers, sodium ploy(styrendasndte), PEO, and PNiPAM. The
solvents, experimental temperature range, and the otperiexental conditions are listed together
with the references in Table II.

The systems can be divided by the temperature dependerg sfor into two groups.
In the first group with a positive slope includes Pm@teyEtOH, PNiPAMtert-BuOH,
NaPS$@NaClwatey, pullulanfwater, dextrafwater, dextrafuregwatey, lysozymesaltgbuffer so-
lution/, BLGA/NaClbuffer solution, and DNAbuffer solution. The second group with a nega-
tive slope ofSt as a function of temperature consists of PNiPMéOH, PNiIiPAMEtOH, PNi-
PAM/propanols, and PNiPAM-BuOH. Rigolousely speaking, some of them do not show a sign
change in the experimentally investigated temperaturga@g but the extrapolated values of sign
change temperature could be obtained by a least-squar&ft t8 as listed in Table II. In the case
of pullulayDMSO it is hardly to say, whether there it has a sign inversemperature, because
the system will freeze before it is reached. An overview bsgstems is shown in Fig. 7, which
showsS+ as function of temperature for the various diluted or selmied polymer solutions. For
clarity the figure as been splitted in Fig. 7(a) and Fig. 7(gre, numbers in the figure refer to the

systems as shown in Table II.

Theoretically the temperature dependence of the Sordficieat is proportional to /A2 for
binary mixture3”>! For aqueous solution a sign changeSgfis related to the thermal expansion
of water?*>2 Systematic experiments for low molecular mixtures showtia Soret coficient is
proportional to the temperatu?g3**** All of these earlier investigations of temperature depe
dence of the Ludwig-Soretiect for non-polymer solutions do not show analogous behaviib
the sign change behavior of the aqueous polymers as showg.ii@.FFor PNiPAM in alcohols
the increase of hydrophobic strength such as methanoh@thaopanol, and butanol, the mag-
nitude of the Soret cdicient decreased with increasing temperature. PNiPAM iohadts which
obey a weak hydrogen bondings show negative slopes and widliciate the existence aftiérent
mechanisms of sign inversion behavior.

If one can focus on biopolymers such as polysaccharidegiprand DNA, all three polymers

have a positive slope with showing sign inversion. The beinas well described with the em-
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FIG. 7. Soret cofficient of St for various solutions as a function of temperature. Curvesdaawn using
Eq. 13 with the fitting parameter§?, Tin, and Ty listed in Table Il. The numbers refer to the systems
which are mentioned in Table dlescription of the systems in part (a) and (b) is missingetiame not clear
in which way you divided the systems. Another problem is fisébility of the different lines in a black and

white copy.

pirical equation proposed by lacopini and PiaZ%#.is interesting to carry out further studies of
Ludwig-Soret &ect on biological polymers whether there is a correlatiotwben the dissipa-
tive phenomena of biopolymers and the function or strustofdiopolymers under a temperature
gradient. It should be mentioned that the saturation vaByeand the slope 0%+ of the polysac-
charides are apparently large in comparison with the otysems of showing the positive slopes
such as proteins, NaPSS and PEO as can be seen in Fig. 7, ®xdepA. The magnitude of the
Soret cofficients of proteins are very sm@k < 0.03 K. The studied systems of the aqueous
solutions of pullulan and dextran are binary system, thatglother systems are ternary or mul-
ticomponent systems contain salts andfé@ucomponents or alcohol. It indicates that the charges
or the additional ingredients to the solution may lead to dification or disturbance of the local
structure of water and which may induce the decrease thegstref magnitude o8t as well as

the slope ofSt against temperature. In fact, the pullulan in DMSO and therda in ureavater
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show weaker slope of the Soret ¢idgent than that of the slope of the binary solutions of paitul
in water and dextran in water. Probably the positive sloptheftemperature dependence of the
Soret coéficient is associated with the interactions between segraedtsvater, i.e., the solvation
is necessary to have a positive slopé&egfand which leads to a sign inversion behavior.
Recently, Stadelmaier and Kohler reported thiea of hydrodynamic interactions with respect
to the molecular weight dependence, where the sign inversdithe Soret ca@cient is revealed
to correlate with the nature of the persistence length oftilgmer chaire® This result is com-
parable with the simulation study of Zhang and Muller-Régf>* These studies are important
to understand the mechanism of the sign inversion of therthkediffusion. Similar studies are

desired on biopolymer solutions.

V. CONCLUSIONS

The Ludwig-Soret ffect of pullulan in water and in DMSO is studied in the tempam@atange
of 20 < T¢/°C < 50 for the aqueous solution and 20T./°C < 40 for DMSO solution. The
thermally induced sign change of the Soretfoent was found at the temperature 41C7 for
agueous solutions of pullulan. The temperature above4l pullulan molecules migrate toward
the cold side of the fluidgr > 0), whereas below 41.°C pullulan molecules migrate toward the
hot side 61 < 0). Contrary, for pullulanin DMSO, where DMSO is a polar aprgolvent, the sign
of St is always positive and shows no significant temperature riigece. These results imply
that the thermal diusion of polysaccharide is associated with the strengthydfdgen bonding
of polysaccharide solutions. For biopolymers involvindysaccharide, protein, and DNA, which
show the positive slope of the Soret @d@ent with increase of temperature with a saturation
value of ST. Thus, it is expected that the universal behavior of the Smreficient as a function
of temperature; that is the negative Soretfiorent at lower temperature side is the result of the
positive slope against temperature with the saturationevaf the Soret cdicient at the higher
temperature side. This behavior is well expressed by anrerapiunction proposed by lacopini
and Piazza. Binary solution of polysaccharide in water hsisang temperature dependence and
large saturation values of the Soret ffm@ent in comparison with protein solutions. It may be

arose from the solvation characteristics of the systems.
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TABLE I: Molecular parameters of pullulan in water and in DM$letermined by static and dynamic light

scattering.
Solvents T 1075 My 10* A (Ry) 107 (Do) (Rn) (Rg)/(Rn) K ks nall'?
/°C /g moft Jem3mol g2 /nm Jem?sL /nm Jemig1 Jemig1
Water 20.3 4.67 1.75 32.0 1.21 17.9 1.79 30.5 28.3 0.30
25.0 4.40 1.43 33.0 1.36 18.2 1.82 46.7 41.7 0.31
29.7 4.29 1.07 32.9 1.52 18.3 1.80 48.2 42.7 0.36
35.0 4.37 1.51 33.6 1.69 18.7 1.79 60.5 51.6 0.32
40.0 4.15 1.62 335 191 18.5 1.81 59.7 52.2 0.33
45.0 4.23 1.76 32.8 2.16 18.1 1.81 51.1 45.8 0.25
50.1 4.72 1.96 32.6 241 17.9 1.82 47.8 41.4 0.24
55.0 4.52 1.71 325 2.64 17.9 1.82 42.8 38.2 0.39
DMSO 20.0 3.36 4.24 34.0 0.46 21.4 1.59 96.7 455 0.36
25.0 3.45 4.19 36.2 0.51 21.8 1.66 96.1 44.8 0.32
30.0 3.57 4.17 33.4 0.59 20.7 1.62 88.8 44.2 0.34
35.0 3.65 4.04 34.7 0.63 21.7 1.60 102.3 47.2 0.29
40.0 3.49 4.03 34.0 0.71 215 1.58 96.7 46.3 0.34
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TABLE II: The values ofS%, Tin, andTp obtained from Eq. 13 for various synthetic polymer and bigpo
mer solutions.l would kick out those systems, which are not discussed iffithge. The table ned to be
reduced so that it fits on a page of the journal. Maybe you careleut the experimental temperature range
and the molecular weight. For the solvent you could use apagé command. | put an example in the

solvent column of lysozyme.

Solute Mw Solvent Concentration  S¢ Tinv To Experimental temperature Numbers refer to Ref.
/kg molt /g mort KL /K /K range/°C the curve in Fig. 7
pullulan 440 water 5.0 0.23 314.8 84.9 207e <50 1 This work
DMSO - - - 20<Te<45 2
dextran 86.7 water 1.0 0.04 314.2 21.2 45e <55 - [18]
water 5.0 0.13 3182 714 15Te <55 3
water 10.0 0.08 3186 53.1 15Te <55 -
2 M uregwater 5 0.10 3029 635 15Te <55 4
5 M uregwater 5 0.05 2825 111 15Te <55 5
7.5 mM NaClwater
lysozyme 14 7 0.0203 2887 26 §Te<45 - [17]
20 o E:C?\?v)ater
(pH=4.65) 7 0.0212 293.8 28 & Te <45 -
100 mM NaClwater
(pH = 4.65) 7 0.0190 298.0 26 & Te <45 -
400 mM NaClwater
(pH = 4.65) 7 0.0143 296.0 21 & Te <45 6
lysozymex1 14 100 mM NaGWwater (pH= 3) 10 0.0128 299.2 22 6Te<35 - [46]
100 mM NaClwater (pH= 4.55) 10 0.0129 297.3 22 6Te <35 -
100 mM NaCjwater (pH= 7.1) 10 0.0125 2960 18 8Te<35 -
100 mM NaClwater (pH= 9.3) 10 0.0182 297.9 25 6Te<35 -
100 mM NaClwater (pH= 4.65) 10 0.0110 297.6 20 6Te <35 -
100 mM KClwater (pH= 4.65) 10 0.0105 2947 17 6Te<35 -
100 mM LiClwater (pH= 4.65) 10 0.0159 291.9 20 6Te <37 -
100 mM KBrwater (pH= 4.65) 10 0.0102 2944 19 6Te <37 -
100 mM KNOg/water (pH= 4.65) 10 0.0105 296.0 19 6Te <37 -
B -lactoglobuline 36 50mM Nag@bater (pH= 7.0) 13 0.0275 293.9 26 10Te <35 7 [35]
poly(l-lysyne) 50 100 mM NaQWater (pH= 7.0) 5.4 0.0340 2946 26 10T < 34 - [35]
pMD31 plasmid DNA - 7.5 mM phosphate fier (pH= 7.0) 0.6 0.3701  288.3 26 10Te <45 8 [35]
NaPSS 15.2 100 mM Na@Vater 2 0.0470 276.2 20 6Te <36 - [35]
329 100 mM NaGlvater 2 0.0550 276.9 19 6Te<37 -
74 100 mM NaGiwater 2 0.0720 277.0 22 6Te <36 -
PEO 265 EtOWwvater (v=1.0) 5 0.1623  286.2 2 18 Te < 38 9 [21]
EtOHwater (v = 0.90) 5 0.1166 275.8 20 18Te <38 -
EtOHwater (v = 0.85) 5 0.0625 2914 17 18Te <38 -
EtOHwater (v = 0.82) 5 0.0889 301.3 35 18Te <38 -
EtOHwater (v = 0.80) 5 0.1813 3104 76 18Te <40 10
PNiPAM 3000 water 1.0 - - - 26 Te<38 11 [34]
PNiPAM 3000 EtOH 0.2 -0.4966  307.6 69 4Te < 40 - [22]
EtOH 1.0 -0.3066  305.4 50 14Te <40 -
EtOH 2.0 -0.6004  305.6 82 14Te <40 -
EtOH 5.0 -0.2005 305.6 43 14Te <40 -
PNiPAM 1200 MeOH 10.0 0.1642 333.6 -26 20Te < 45 12 [19]
EtOH 10.0 -0.0882  307.0 34 20Te <45 13
1-PrOH 10.0 -0.1096  285.8 40 20Te <45 -
2-PrOH 10.0 0.2139 259.6 -211 20Te <45 -
1-BuOH 10.0 -0.7646  284.9 345 20Te <45 14
tert-BuOH 10.0 0.0092 445.8 55 20Te <45 -

« 1 The fitting parameters are obtained by a scanning andzimgtfigure of photocopied articles, thus the values mighkehaslight deviation from the original data of respectivthats.
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