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ABSTRACT: We have investigated the influence of the chain length and the size of theKuhn segment on the
thermal diffusion coefficientDT of dilute solutions of polymers in organic solvents. For oligomers and short
polymer chains, DT increases with molar mass M and reaches a molar mass independent constant plateau
value. A similar increase and plateau is observed for high polymers with increasing chain stiffness. For chains
with Kuhn segments above 1 kg/mol, the plateau value is independent of the polymer and inversely
proportional to the solvent viscosity. The thermal diffusion coefficient of such a polymer can be estimated
to beDT≈ 0.6� 10-14 Pam2K-1� η-1. No simple relation holds for short chains and flexible high polymers.

1. Introduction

Within the framework of linear nonequilibrium thermo-
dynamics, diffusion processes inmulticomponent liquidmixtures
are considered to be driven by generalized thermodynamic forces.
These forces are related to the gradient of the chemical potential
(Fickian diffusion), the gradient of the temperature (thermal
diffusion, thermodiffusion, or Soret effect), and the pressure
gradient (barodiffusion). The latter is usually negligible in typical
laboratory experiments sufficiently away from a critical point.1

By restricting ourselves to binary mixtures and introducing
suitable diffusion coefficients D and DT for Fickian and thermal
diffusion, respectively, the total diffusion current can be ex-
pressed as2

jB¼ jD
fþ jT

f ¼ - FDr c- Fc ð1- cÞ DTrT ð1Þ
Because of mass conservation, there is only one independent
component of weight fraction, c. F is the density of the mixture.

In dilute polymer solutions, the Fickian or mass diffusion
coefficient, D, of a single polymer chain can be expressed by the
well-known Stokes-Einstein relation D = kBT(6πηRh)

-1. Rh is
the hydrodynamic radius of the polymer chain, η is the viscosity
of the solvent, and kBT is the thermal energy. Mass diffusion and
sedimentation of a particle in a viscous fluid are characterized by
stick boundary conditions for the fluid at the particle surface and
flow fields that decay inversely proportional to the distance, r,
from the particle. These long-ranged flow fields lead to hydro-
dynamic coupling between the beads of a polymer chain. The
effective hydrodynamic radius,Rh, of the polymer scales with the
molarmass,M, according toRh�Mν, where ν=0.5 to 0.6 in the
case of theta and good solvents, respectively.

Thermal diffusion is a phoretic motion, where no net force and
torque act on a volume element containing a particle and some
surrounding fluid. A treatment based on slip instead of stick
boundary conditions yields short-ranged hydrodynamic flow
fields that decay like r-3.3 As first recognized by Brochard and
deGennes,4 there is no hydrodynamic coupling, and long-ranged
interactions between the individual beads of a polymer chain are
absent. As a consequence, the thermal diffusion coefficient, DT,

of long chains does not dependon themolarmass of the polymer.
Chains of a certain polymer in a given solvent all move with the
same thermophoretic velocity, νBT = -DTrT, irrespective of
their degree of polymerization. This initially surprising molar
mass independence of DT for high polymers has been observed
in a number of experiments5-10 and could also be confirmed
in reverse nonequilibrium molecular dynamics simulations
(RNEMD).11

A comparison between theoretical models of Brenner (ref 12
and refs 38 and 39 therein), Khazanovich and Bender,13,14

Semenov and Schimpf,15 and experimental data for polystyrene
(PS) in seven different solvents revealed that the viscosity is the
predominant solvent property that determines DT.

12 Such a
simple correlation is quite different from solutions of small
molecules, where Soret and thermal diffusion coefficients are
hardly predictable.

Systematic studies of themolarmass dependence ofDT of PS in
various solvents showed thatDT becomes chain-length-dependent
for oligomers and shorter polymer chains.16,17 Although it is
molar-mass-independent in the long chain limit, the thermal
diffusion coefficient is not a monomer property. The relevant
entities for the Soret effect are more likely segments or beads of a
size comparable to the Kuhn segment. Monomers are correlated
within these segments but not over significantly longer distances.11

Starting with the effective monomer ethylbenzene, which is of
the same size as a typical solvent molecule, a plot of the product
ηDT versus molar mass for PS in various solvents revealed two
distinct features.16 First, the data show the typical broad varia-
tion without any systematic dependence on the solvent for very
short chains, where even different signs of DT can be observed.
Increasing chain length consistently makes the polymer more
thermophobic, corresponding to an increase in DT. Second, DT

levels off and reaches a molar-mass-independent plateau for
polymer molar masses somewhere between 1 and 10 kg/mol,
corresponding to a few Kuhn segments. When plotted as ηDT,
this plateau value is not only independent of the molar mass but
also independent of the type of solvent.

The increase in DT with the degree of polymerization of the
short chains has been rationalized in terms of an increasing
thermophobicity due to the growing size and mass of the
thermodiffusing entities. In the case of PS, the mass of a Kuhn
segment is approximately one order of magnitude larger than the*Corresponding author. E-mail: werner.koehler@uni-bayreuth.de.
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mass of a typical solvent molecule. In this case, details of the
polymer-solvent interaction seem to become less important, and
only the solvent viscosity remains as dominating factor.

The above results have been obtained for PS, and it has not
been clear whether experiments with other polymers would yield
similar results. In particular, questions concerning the behavior
of polymers with shorter and larger Kuhn segments remained
unanswered. There was only a hint based on a few literature data
in ref 12 that more chain flexibility might result in lower plateau
values of DT.

In the present work, we extend previous studies in a systematic
way to polymers other than PS to investigate the influence of the
chain stiffness and hence the size of the correlated segments on
the plateau value of the thermal diffusion coefficient. For this
purpose, we have performedmeasurements on dilute solutions of
poly(methyl methacrylate) (PMMA), poly(t-butyl methacrylate)
(PtBMA), and poly(dimethyl siloxane) (PDMS) in the high
polymer limit. Additionally, we have studied the influence of
increasing chain length for a series of n-alkanes, which can be
considered to be oligomers of the very flexible polymer poly-
ethylene (PE).

2. Experimental Section

Measurements have been performed by means of the transient
holographic grating techniqueof thermal diffusion forcedRayleigh
scattering (TDFRS), as described indetail inpreviousworks.16,18,19

With this technique, periodic temperature gradients are created on
a micrometer length scale by optical heating. Diffusion processes
aremonitoredbyoptical readoutof the resultingphasegrating.For
aquantitative analysis, the contrast factors (∂n/∂T)p,cand (∂n/∂c)p,T
must be known and have beenmeasured separately as described in
ref 18. n = n(p,c,T) is the refractive index of the solution. Such
experiments directly yieldD,DT, the Soret coefficient ST=DT/D,
and the thermal diffusivity Dth.

The polymers PtBMA and PMMA have been obtained from
Polymer Standard Service GmbH (Mainz), and PDMS has been
obtained from ABCR GmbH (Karlsruhe). The molar mass
distribution of PDMS has been determined by size exclusion
chromatography at the Max Planck Institute for Polymer Re-
search in Mainz. The characteristic polymer properties are sum-
marized in Table 1. The polydispersities of PMMA, PtBMA, and
the here referenced PS are not >1.03 and can be neglected. The
polydispersity of PDMSofMw/Mn=2.7 has been accounted for
by a cumulant expansion, as described in ref 20.

Alkane solutions have been prepared using n-eicosane
(>99.8%, Fluka), n-hexadecane (>98%, Fluka), n-pentadecane

(>99%, Aldrich), n-dodecane (>99%, Aldrich), n-decane
(>98%, Fluka), n-octane (>99%, Merck), and n-hexane
(>95%, Fluka). As solvents, we used cyclohexane (p.a.,
>99.5%, Acros), cyclohexanone (>99%, Fluka) cyclooctane
(>99%, Aldrich), ethyl acetate (>99%, Merck), ethylbenzene
(>99%, Fluka), methyl ethyl ketone (MEK, >99.5%, Merck),
tetrahydrofuran (THF,>99%, Aldrich), and toluene (>99.9%,
Merck). The solvent viscosities can be found in Table 2. All
coefficients discussed in the following sectionsweremeasured at a
number of finite concentrations and have been extrapolated back
to a concentration c=0.The temperature for all experimentswas
T = 295 K.

3. Results and Discussion

The measured thermal diffusion coefficients, DT, and mass
diffusion coefficients,D, extrapolated to zero concentration from
a number of measurements at finite concentrations, are summar-
ized in Tables 4 (PS), 5 (alkanes), and 6 (PDMS, PMMA,
PtBMA). Soret coefficients can be obtained as ST = DT/D.

3.1. Chain Length Dependence. The existence of a molar-
mass-independent plateau value of DT in the high polymer
limit has been observed in many experiments,5,6,9 but data
for the transition from the polymer to small molecules exist
only for polystyrene.17,16. Because in ref 12 it has been
observed that the plateau value ofDT is significantly smaller
in the case of flexible polymers, our first aim was to inves-
tigate the molar mass dependence of DT for a highly flexible
polymer. As we intended to go down to very short chain
lengths with well-defined oligomers and narrow molar mass
distributions, the availability of suitable polymers turned out
to be rather limited.We choose polyethylene (PE) because of
its flexibility in combination with a very light repeat unit and
the availability of well-defined oligomers, the n-alkanes. The

Table 1. Weight-Average Molar Mass (Mw) and Polydispersity
Mw/Mn of Polymer Samples

polymer Mw (kg/mol) Mw/Mn

PDMS 23.2 2.7
PMMA 23.2 1.03
PtBMA 42 1.02

Table 2. Molecular Formulae, Viscosities and Molar Masses of
Solvents Investigated at T = 295 K

a

solvent formula η (10-3 Pas) M (kg/mol)

chloroform CHCl3 0.552 0.118
cyclohexane C6H12 0.947 0.084
cyclohexanone C6H10O 2.127 0.098
cyclooctane C8H16 2.418 0.112
ethyl acetate C6H8O2 0.440 0.088
ethylbenzene C8H10 0.661 0.106
MEK C4H8O 0.391 0.072
toluene C7H8 0.573 0.092
THF C4H8O 0.477 0.072

aData from ref 16 and references therein and from ref 38
(cyclohexanone, chloroform).

Table 3. Polymer Parameters: Characteristic Ratio C¥ = ÆR2æ/(Nl2)
according to refs 12, 25 and 39 (PE) and 26 and 27 (PtBMA),

monomer mass (Mm), and Kuhn Mass (C¥Mm.)
a

polymer C¥ Mm (kg/mol) C¥Mm (kg/mol)

PE 8.3 0.028 0.23
PI 5.8 0.068 0.39
PDMS 5.7 0.074 0.42
PMMA 8.8 0.100 0.88
PS 9.9 0.104 1.03
PRMS 10.5 0.118 1.24
PtBMA 12.1 0.142 3.38

aAll values for approximately room temperature.

Table 4. Thermal and Mass Diffusion Coefficients of PS in Various
Solvents in the Dilute Limit (cPS f 0)a

system DT/[10
-12 m2/(sK)] D/[10-10 m2/s]

PS23800/chloroform 5.59( 0.40 1.20( 0.06
ethylbenzene/cyclooctane -4.48( 1.08 7.53( 1.78
PS162/cyclooctane -1.32( 0.98 4.20( 1.09
PS266/cyclooctane 0.46( 0.14 3.54( 1.06
PS370/cyclooctane 1.24( 0.16 2.63( 0.23
PS725/cyclooctane 1.70( 0.17 1.80( 0.13
PS1560/cyclooctane 2.14( 0.18 1.04( 0.02
PS10300/cyclooctane 2.66( 0.24 0.40( 0.01
ethylbenzene/THF -3.08( 0.63 20.97( 4.00
PS162/THF -1.33( 0.68 13.25( 5.70
PS266/THF 6.50( 0.39 11.97( 0.91
PS370/THF 7.07( 0.74 12.32( 0.78
PS1560/THF 9.98( 1.46 5.23( 0.62
ethylbenzene/ethyl acetate 4.38( 1.11 35.40( 14.00
PS162/ethyl acetate 1.17( 0.99 17.52( 10.06
PS266/ethyl acetate 8.15( 0.38 13.02( 0.78
PS370/ethyl acetate 9.40( 0.67 10.11( 0.76

aNumbers indicate the molar mass of the polymer (e.g., PS23800
refers to PS with Mw = 23800 g/mol).
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approximate mass of the Kuhn segment, C¥Mm, of PE is
only 230 g/mol (Table 3). On the downside, the solubility for
longer chain length is poor, and the polymer is completely
insoluble at room temperature in all common solvents.
Therefore, the high molar mass limit was set by n-eicosane
(C20H42, M = 282 g/mol), which is just slightly more than
theKuhn segment. The shortest chainwe have investigated is
n-hexane.

Figure 1 shows the results for the linear alkanes plotted in
comparison with a subset of the PS values from ref 16 that
were measured in the same solvents as the alkanes. The most
striking feature is the thermophilic behavior of the alkanes in
all solvents as expressed by the negative thermal diffusion
coefficients. With increasing chain length, a similar trend as
in case of PS is observed: DT monotonously increases, and
longer alkane chains become less thermophilic (more ther-
mophobic). A similar trend of increasing thermophobicity
with increasing molar mass has been observed by Blanco et
al. for equimolar mixtures of n-alkanes.21 Leahy-Dios and
Firoozabadi investigated mixtures containing equal mass
fractions of different alkanes and n-decane.22

In refs 16 and 17, we studied themolarmass dependence of
the thermal diffusion coefficient of PS in various solvents.
The data measured in the same solvents as the alkanes are
shown in the upper part of Figure 1. The main result of these
investigations was the proportionality of the high polymer
plateau value ofDT to the inverse solvent viscosity, η, and the

pronounced decrease in DT for short chains. For certain
solvents even a sign reversal could be observed. A reasonable
phenomenological parametrization of all PS data could be
obtained by an equation of the form

DT ¼ ΔT

η
-

a

MR ð2Þ

where ΔT is a constant that is characteristic for the polymer
but, interestingly, independent of the solvent. The second
term in eq 2 describes the decrease in DT for short chains.
Contrary to ΔT, the amplitude factor, a, of the chain-length-
dependent part varies for different solvents. In THF, cyclo-
hexane, and cyclooctane, this second term is sufficient to
revert themigration direction in the case of the two “effective
monomers” ethylbenzene and 3,30-dimethyl-butylbenzene.
Whereas long PS chains are always thermophobic and
migrate toward the cold side, the monomer in, for example,
cyclooctane behaves thermophilic. The exponent R is on the
order of unity, andR=1yields a good parametrization. The
comparison with the Soret coefficient, ST,

16 and a recent
theoretical model byW€urger23 suggest to identify R with the
exponent for the hydrodynamic radius, Rh. The latter scales
in the limit of long polymer chains such as Rh ≈Mν with the
Flory exponent ν ≈ 0.6 under good solvent conditions and
ν=0.5 under theta solvent conditions. For short chains and
oligomers, the asymptotic scaling law is not reached, and the
molar mass dependence of Rh is more complicated. A fit of
eq 2 to the PS data, where R is treated as a free parameter,
yields values of R≈ 1. A fit with R=0.5 to 0.6 shows only a
poor agreement with the data. Therefore, R=1 will be kept
fixed in the following.

Although the asymptotic molar mass independent plateau
value is not fully reached in the case of the alkanes, the data
are reasonably well described by eq 2 with R = 1. Never-
theless, the extrapolated plateau remains somewhat specu-
lative and, other than in the case of PS, it appears to depend
on the solvent.

The fit parameters obtained from the fits of eq 2 to the
PS and alkane data are summarized in Table 7. In Figure 2,
all molar-mass-dependent data from Figure 1 and the
remaining PS data from ref 16 have been included in a
common master plot after rescaling the measured values

Table 5. Thermal and Mass Diffusion Coefficients of Alkanes (1st
Component) in Various Solvents in the Dilute Limit

system DT/[10
-12 m2/(sK)] D/[10-10 m2/s]

hexane/cyclooctane -12.59( 1.18 8.55( 0.34
octane/cyclooctane -9.38( 3.73 7.15( 0.18
decane/cyclooctane -9.99( 1.23 6.82( 0.37
dodecane/cyclooctane -6.93 ( 0.33 5.13( 0.38
pentadecane/cyclooctane -6.34( 0.43 4.66( 0.12
hexadecane/cyclooctane -7.42( 6.68 5.19( 0.37
eicosane/cyclooctane -4.03 ( 6.42 3.66( 0.21
hexadecane/cyclohexanone -10.11( 1.34 5.69( 0.55
hexadecane/ethyl acetate -3.39( 0.60 13.49 ( 1.59
hexane/ethylbenzene -14.06( 0.51 22.23( 0.54
hexadecane/ethylbenzene -5.52( 0.47 12.82( 1.04
hexane/THF -24.02( 4.01 26.60( 3.50
hexadecane/THF -4.72( 1.28 10.71( 2.76
hexane/toluene -19.57( 1.51 24.92( 1.77
octane/toluene -14.16( 1.65 23.56( 1.73
decane/toluene -8.44( 0.61 18.01( 1.04
dodecane/toluene -7.01( 0.58 15.45( 1.04
pentadecane/toluene -7.37( 0.82 13.52( 1.43
hexadecane/toluene -7.56( 1.72 15.96( 2.80
eicosane/toluene -5.14( 3.37 12.91( 6.09

Table 6. Thermal and Mass Diffusion Coefficients of PDMS,
PMMA, and PtBMA in Various Solvents in the Dilute Limita

System DT/[10
-12 m2/(sK)] D/[10-10 m2/s]

PDMS23153/cyclooctane -1.22( 0.26 0.43( 0.01
PDMS23153/ethylbenzene 2.28( 0.31 1.07( 0.22
PDMS23153/toluene 2.39( 0.40 1.44( 0.20
PDMS23153/ethyl acetate 2.57( 1.32 1.69( 0.92
PMMA23200/cyclohexanone 3.58( 0.77 0.32( 0.02
PMMA23200/toluene 12.00( 4.97 1.24( 0.14
PMMA23200/THF 12.27( 1.05 1.45( 0.06
PMMA23200/ethyl acetate 11.57( 1.87 1.63( 0.04
PMMA23200/MEK 22.86( 1.87 1.80( 0.05
PtBMA42000/cyclohexanone 3.24( 1.15 0.28( 0.02
PtBMA42000/THF 10.74( 1.00 1.25( 0.07
PtBMA42000/ethyl acetate 13.76( 1.14 1.36( 0.04
PtBMA42000/MEK 18.14( 1.75 1.52( 0.03

aNumbers indicate the molar mass of the polymer (e.g., PDMS23153
refers to PDMS with Mw = 23153 g/mol).

Figure 1. Product ηDT for PS (top) taken from ref 16 and references
therein and linear alkanes (bottom) in different solvents. The dashed
lines are fits of eq 2withR=1.A commonplateau is not reached for the
alkanes. The question mark indicates the somewhat speculative extra-
polation to the plateau values. The arrowsmark the approximatemolar
masses of the Kuhn segments.
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according to eq 2 with the two fit parameters ΔT and a in
the form

y ¼ 1

a
DT -

ΔT

η

� �
ð3Þ

The results for PS in MEK, which is a poor solvent where
the polymer is sometimes difficult to dissolve completely,
scatter considerably, but all other data nicely collapse onto a
single master curve that corresponds to anM-1 dependence
of the deviation from the asymptotic plateau value of DT.

3.2. Chain Stiffness. Besides the chain length dependence,
we have investigated the influence of chain stiffness on the
plateau value of DT in the high polymer limit. It has already
been observed in ref 12 that DT can tentatively be expressed
by the first term of eq 2 for highmolarmasses. Except for PS,
there were only few literature data available, and the con-
clusion was still rather speculative for polymers other than
PS. There was, however, a clear tendency toward smaller
values of ΔT and hence DT for highly flexible polymers like
polyisoprene (PI) and PDMS, although only a single data
point, measured in toluene, was available for the latter.

For our new systematic investigations, we have chosen
three polymers with different degrees of stiffness: PMMA,
PDMS, and PtBMA. The relevant parameters are summar-
ized in Tables 1 and 3. PMMA has a Kuhn segment
comparable to the one of PS. There are a few literature data
on PMMA in benzene, toluene, THF, andMEK. These were
already included in the discussion in ref 12, but they showed a
strong scatter. PDMS is an example of a very flexible
polymer with a Kuhn segment of only half the mass of the
one of PS and PMMA. Polymers with large Kuhn segments
are represented by PtBMA.

The length lKand themolarmassMKof theKuhn segment
are given by lK=C¥l/cos(θ/2)≈C¥l andMK≈C¥Mm if the
effect of the fixed bond angle, θ≈ 68�, on the contour length
is neglected.12 Mm and l are molar mass and length of a
monomer, respectively. The characteristic ratio in the limit of
infinite degree of polymerization, N

C¥ ¼ lim
N f ¥

ÆR2æ
Nl2

ð4Þ

with ÆR2æ being the mean square end-to-end vector, serves as
a measure for chain stiffness. There are different values for
the characteristic ratio of PtBMA in the literature. In ref 24, a
value of 23.8 is assumed. Newer publications, however,
report a value between 11.825,26 and 12.227. In ref 27, the
author corrects his previous value of 23.828 down to the
newly measured value of 12.2. We therefore take C¥ = 12.1
to be the average for the characteristic ratio of PtBMA.

Figure 3 shows the high molar mass plateau values ΔT =
limMf¥(ηDT) (eq 2) of ηDT plotted as a function of themolar
mass of the Kuhn segment C¥Mm. The Figure contains the
new data for the polymers with increasing stiffness, PDMS,
PMMA, and PtBMA. Also included are data for PS12,16 in a
large number of solvents and data for PRMS and PI mea-
sured by Schimpf and Giddings with the thermal field flow
fractionation technique.5 The values for PE have been
extrapolated to infinite molar mass by means of the fits to
the n-alkanes in Figure 1.

The general shapes of the data in Figures 1 and 3 look
surprisingly similar. There is a horizontal plateau value of
ηDT at high and a bending down toward low masses. In
either Figure, the bending down at low masses is accompa-
nied by a fanning-out of the data. Note, however, the
different “masses” along the x axis. Whereas the data have
been plotted as a function of the overall molar mass in
Figure 1, Figure 3 shows the data for long chains as a
function of the mass of the Kuhn segment.

Fromour experiments and the literature data cited, we can
develop the following picture: Singlemonomers or very short
oligomers behave essentially like small molecules, for which
no simple rule exists and a prediction ofDT is hardly feasible.
Depending on the solvent, positive and negative values ofDT

can be observed. When more monomers are added together,
the size and mass of the molecules, which may now be called

Table 7. Fit Parameters As Obtained from Fits of Equation 2 to the
PS and Alkane Data

system ΔT/[10
-15 N/K] a/[10-13 kg m2/s K mol]

PS/cyclooctane 6.87 7.37
PS/cyclohexane 6.93 12.70
PS/ethyl acetate 5.52 11.75
PS/MEK 6.38 13.27
PS/THF 5.38 16.55
PS/toluene 6.35 7.02
alkane/cyclooctane -5.03 9.15
alkane/toluene 0.87 17.35

Figure 2. DT of PS and n-alkanes in different solvents plotted after
rescaling according to eq 3. For the n-alkanes, only solvents with
sufficient data points (toluene, cyclooctane) have been included.

Figure 3. Plateau value ΔT = limMf¥(ηDT) in the high polymer
plotted versus the mass of the Kuhn segment C¥Mm. Data for PI and
PRMS labeled with “Schimpf” are from ref 5. Data for PS12,16 have
previously been measured in our group. PE refers to the extrapolated
plateau values of n-alkanes from Figure 1.
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oligomers, grow. The thermal diffusion coefficient of these
larger entities increases, and they become more thermopho-
bic. Such an increase in thermophobicity with increasing
molecular mass has also been observed for other situations,
such as the isotope effect of cyclohexane and benzene29,30

and the nonequilibrium molecular dynamics simulations of
simple Lennard-Jones liquids31 and, most noticeably, of
polymer chains of varying length.11 Once the chains have
reached a certain length, DT does not increase any longer,
and it assumes a stationarymolar-mass-independent plateau
value. At least in the case of PS, where data for the entire
molar mass range exist, the transition occurs at a chain
length that is on the order of a Kuhn statistical segment.
These effective segments define the entities that are relevant
for thermodiffusion. Because of the short-ranged hydrody-
namic flow fields, which decay like r-3 in the case of phoretic
motion as compared with r-1 in the case of Fickian diffusion
or sedimentation, there is no hydrodynamic coupling be-
tween the segments.3,4 As a consequence,DT becomesmolar-
mass-independent once the chain length exceeds a few Kuhn
or persistence lengths, a behavior that has also been observed
in RNEMD simulations.11 Approximately at the same chain
lengthwhere the plateau value is reached, the product ηDT of
PS also becomes independent of the solvent (Figure 1 and ref
16). In case of the alkanes, the polymer plateau is not
reached, and longer chains cannot be investigated because
of solubility problems. As in case of polystyrene, different
ηDT values are measured for short chains in different sol-
vents. Whether an extrapolation to infinite chain length
would result in a common molar-mass-independent plateau
value cannot be decided without ambiguity, but an extra-
polation based on eq 2 results in molar-mass-dependent
plateaus.

As can be seen in Figure 3, an approximately solvent-
independent plateau value of ηDT is also reached for the
other polymers (PMMA, PRMS, PtBMA) provided that the
correlated units (the Kuhn segments) are sufficiently large.
For more flexible chains (PDMS, PI, PE), the plateau
remains solvent-dependent and, as in case of the short
oligomers, smaller correlated units result in smaller values
of ηDT. For the stiffer polymers, the plateau is not only
solvent-independent but, surprisingly, also independent of
the type of polymer. To observe this both solvent- and
polymer-independent asymptotic value of ηDT ≈ 0.6 �
10-14 Pa m 2K-1, the requirement seems to be that the
thermodiffusing entities are at least one order of magnitude
larger than the solvent molecules. Note that in all three plots
(Figures 1, 2, and 3) the transition occurs at a molar mass of
∼1 kg/mol, no matter whether the units are short chains,
which are single molecules, or Kuhn segments within very
long chains. The molar masses of the solvents are on the
order of 0.1 kg/mol and summarized in Table 2. Increasing
the Kuhn mass above roughly 1 kg/mol does not lead to a
further increase in the thermal diffusion coefficient.

Before coming to the conclusion, a few critical remarks
shall be addedwith respect to difficulties encounteredwhen
defining the crossover chain length. When talking about
the size of the Kuhn segment, we have not always distin-
guished between the mass and the length. For our pur-
poses, either quantity can be used to characterize the Kuhn
segment, and comparable results are obtained because
mass and length are strongly correlated; a light Kuhn
segment is also short. From a theoretical point of view, it
is not quite clear whether length or mass is more relevant.
Experiments on isotopic systems30,29 and molecular dy-
namics simulations32,33,31, however, support the notion of
heavier molecules being more thermophobic.

There are some fundamental problems related to the
determination of the crossover of DT from the short chains
to the molar-mass-independent plateau characteristic for
high polymers. Although it appears to be clear from a visual
inspection of Figure 1 that the plateau is reached for a molar
mass approximately corresponding to the Kuhn segment, it
is difficult to define this transition in a mathematically clean
way. The reason is that the parametrization of the data
according to eq 2 with a power law �M-1 for the deviation
from the plateau does not contain an intrinsic length scale.
Therefore, a crossover molar mass (or chain length) can be
defined only by comparing the absolute value of the devia-
tion with some characteristic value of DT, which can be the
plateau value ΔT/η or the maximum deviation observed for
the shortest chains investigated. Then, the crossover can be
defined for amolarmasswhere only say 10%of the deviation
is left over. Such a procedure roughly corresponds to what is
done when judging with the eye. On the basis of this reason-
ing and considering the broad logarithmic M axis, the
transition can be located around M ≈ 1 kg/mol in the case
of PS. For the alkanes, the crossover seems to be shifted
toward lower M, but the data are not sufficient to make a
clear distinction and unambiguously determine a crossover
molar mass. It should be emphasized, however, that this
problem affects the determination of only the transitions in
Figures 1 and 2 but not the plateau values plotted in Figure 3.

4. Conclusions

On the basis of the results presented here, which have been
derived from measurements on seven different polymers and
eight different nonpolar or only weakly polar solvents, the
following hypothesis can be derived:

For sufficiently large cooperative units undergoing thermo-
diffusion,which can either be rigid singlemolecules (oligomers) or
correlated segmentswithin a polymer chain, the thermal diffusion
coefficient, DT, becomes independent of the chemical nature of
the molecule or polymer. The solvent dependence is only via the
solvent viscosity, and the quantityΔT= limMf¥(ηDT) assumes a
universal value ofΔT≈ 0.6� 10-14 Pam2K-1. Inparticular, high
polymerswith aKuhn segment of at least 1 kg/mol have a thermal
diffusion coefficient of

DT ≈ 0:6� 10-14 Pa m2 K-1 � η-1 ð5Þ
in a solvent of viscosity η.

The above hypothesis is surprising, and currently, we do not
have a theoretical model that could explain it. Nevertheless,
qualitative aspects of our experimental findings, such as the
increase in DT with increasing degree of polymerization and
the well-known constant molar mass independence in the high
polymer limit, have already been predicted or reproduced by
theoretical models or RNEMD simulations.23,3,11,4 The visc-
osity dependence in eq 5 is easily understood and may be
regarded to be a trivial factor because any motion that is
unavoidably associated with a displacement of solvent is
expected to depend inversely on η in the linear regime. This
holds for the thermal diffusion coefficient in polymer solu-
tions, even close to a glass transition, where the viscosity
increases by many orders of magnitude.10,34

For the sake of simplicity, we have identified the cooperative
units that are relevant for thermal diffusion with the Kuhn
segments, which might be an oversimplification. In reality, the
Kuhn segment is, like the persistence length, a static correlation
length determined by the local chain stiffness. Dynamic correla-
tion lengths may be different,35,36 but until now, the available
data do not allow for such a distinction.



9152 Macromolecules, Vol. 42, No. 22, 2009 Stadelmaier and K€ohler

More experiments are needed with possibly more “exotic”
systems to discover the limits where the rule breaks down. First
hints may possibly be obtained from a single measurement that
has been performed onPS in chloroform, where the plateau value
ofDT is only slightly more than half of the universal value of eq 5
(Figure 1). There is also the need for further theoretical develop-
ments. Schimpf and Semenov have predicted an increase in DT

with increasing segment size37 but no leveling off. Although the
theoretical model of W€urger23 nicely predicts an increase in DT

with increasing chain length and a molar mass independent
contribution for long chains, the molar-mass-dependent part in
this model should scale like Rh

-1 ≈ M-0.5 to0.6, whereas the
experiments are better describe by an exponent of R = 1.0, as
shown by the dashed line in Figure 2.
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