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Holographic Grating Study of Mass and Thermal 
Diffusion of Polystyrene/Toluene Solutions 

W. KiJhler, 2"~ C. Rosenauer, 2 and P. Rossmanith 2 

The transient grating technique of thermal diffusion forced Rayleigh scattering 
(TDFRS) has been employed to study translational and thermal diffusion of 
polystyrene in toluene. Different molar masses and concentrations below or 
slightly above the overlap concentration c* have been investigated. The trans- 
lational diflusion coefficients agree well with results obtained from photon 
correlation spectroscopy. Small remaining differences can be attributed to 
sample polydispersity. The molar mass independence of the thermal difl'usion 
coefficient is confimled, and thermal diffusion and Sorer coellicients are com- 
pared with data obtained from thermal field flow fractionation and diffusion cell 
experiments. 

KEY WORDS: diffusion: Ibrced Rayleigh scattering; holography; polymer 
solution; thermal dill'usion. 

I. I N T R O D U C T I O N  

The  L u d w i g - S o r e t  effect, also te rmed the rmal  diffusion,  of  po lymers  in 
so lu t ion  has a t t rac ted  the interest  of  researchers  for a long  t ime [ 1 - 3 ] .  
Never theless ,  the u n d e r s t a n d i n g  of the effect is still very incomple te ,  a n d  
f requent ly  there is a serious d i sag reement  in the expe r imen ta l  da ta  repor ted  
by different au thors .  

Besides the f u n d a m e n t a l  p ro b l e m of re la t ing  macroscop ica l ly  observed 
t r an spo r t  coefficients to microscopic  mo lecu l a r  proper t ies ,  there is g rowing  
interest  in the rmal  diffusion because  of  the m o l a r  mass  dependence  of  the 
Soret  coefficient,  S.,., which can be uti l ized for po lym er  f r ac t iona t ion  [ 4 ] .  
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While abundant data on the translational diffusion coefficient, D, are 
available, reliable data on S. r and the thermal diffusion coefficient, D.,., are 
scarce. Apparently, D. r is molar mass independent [5, 6], and a reliable 
technique for its determination from polydisperse samples is desirable, 
since well-characterized monodisperse samples are not available for most 
polymers. 

Recently, thermal diffusion forced Rayleigh scattering (TDFRS) has 
been employed in our laboratory for the study of thermal diffusion of 
polymer solutions. A holographic grating is written into a slightly absorb- 
ing sample, giving rise to a thermal grating. Then, driven by thermal diffu- 
sion, a concentration grating starts to build up superimposed upon the 
thermal one. The combined phase grating is read by Bragg diffraction of a 
readotlt laser beam. From the time-dependent diffraction efficiency, the 
translational diffusion coefficient, the thermal diffusion coefficient, and the 
Soret coefficient are obtained in a very direct way [7, 8]. 

Compared to other techniques, a properly conducted heterodyne 
TDFRS experiment has several advantages, such as the high sensitivity of 
holographic detection, the minute perturbations of the sample, and the 
convenient subsecond lifetime of the concentration grating. Contrary to 
"conventional" forced Rayleigh scattering, no chemical chain labeling is 
required and no sample degradation is observed, which allows signal 
averaging over arbitrary times. Furthermore, the periodicity of the holo- 
graphic grating leads to very simple solutions of the diffusion equations 
used for a phenomenological description. 

2. T H E O R Y  

The starting point for a phenomenological description of the Ludwig- 
Sorer effect m a binary solution is an extension of Fick's second law of 
diffusion [9, 10]: 

&'(~, t) 

~t 
- -  - -  D V 2 c ( r ,  t }  + D-re(F, t)[ 1 - c(F, t)] VZT(7, t) (1) 

where c is the concentration in weight fi'actions, and D and Dv are the 
translational and the thermal diffusion coefficient, respectively, which can 
be related to the Onsager transport coefficients L ..... and Lmq [10]. The 
coupling between heat flow and concentration gradient due to the Dufour 
effect is neglected in Eq. ( 1 ), since it is extremely weak in solutions. Hence, 
the temperature distribution, 7"(7, t), can be determined independently fiom 
the concentration by solving the heat equation with the appropriate 
boundary conditions. Once T(7, t) is known, c(r , t)  is obtained from 
Eq. (11. 
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Since the changes in both concentration and temperature are only very 
subtle, all system parameters, like the diffusion coefficients D and D v,  the 
thermal diffusivity, D,h, the density, p, and the spccific heat, c:, are treated 
as constants for a given experiment. 

2.1. Writing the Grating 

The two intersecting laser beams of wavelength 2.. form an optical 
interference grating with an intensity distribution 

l(x, t)  = I~ + l , ( t )  e iq" {2) 

Here, polarization switching of one of the beams is assumed, which keeps 
the average thermal load on the sample constant. For ideal square pulse 
switching, I, goes fi'om zero to 10. 

4 x .  0 
q = v - s i n  - (3) 

A u  ' '3 

is the absolute value of the grating vector, 0 the angle of intersection, and 
x the coordinate perpendicular to the optical axis within the plane spanned 
by the two writing beams. The intensity along the optical axis is essentially 
constant, due to the low absorbance of the sample. 

Since the fringe spacing of the grating is much smaller than the sample 
thickness, boundary effects are of no concern, and a one-dimensional form 
of the heat equation is adopted with the absorbed energy as the source 
term: 

O T( .x, t)  c:-4 " 
O ~  - D,,, ~ 7"(x, t) + s(x, t) 

(4) 
z(l( x ,  t ) 

s( x, t ) s.  + s,( t ) e ''r' 
p ('p 

where 0c is the absorption coefficient, p the density, and ,,'~, the specific heat 
of the solution. 

Equation (4) is solved by 

7"(x, t ) = To + T,( t ) e ~u' 
(5) ,t 

j t ., t ' ) 'rlh T,( t )=  dt .~,(t )~ ~' 

where r,h = (D,hq 2) ~ is the lifetime and T , ( t )  the amplitude of the thermal 
grating, and T~ the average sample temperature. 

g40 16 I-2 
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Now Eq. ( 1 ) can be solved to obtain the concentrat ion grating caused 
by the Ludwig-Sore t  effect: 

c(x, t) = c,(t) e i'r" + co 

, !  

c,(t) = --q2DTCo(I - - q ) ) J  dt' T,(t')e -('-'')'~ 
- : r  

6) 

c,(t) is the ampli tude and r = ( D q 2 )  - I  the lifetime of the concentrat ion 
grating. Since c , / c o <  10 -~ for a typical experiment,  the approx imat ion  
c( I - c) ~ c()( I - Co) holds. 

For  an excitation pulse s , ( t ) = s o [ h [ t -  t ) ) - h ( t -  t._)] lasting from t~ 
to t2, where h(t) is the Heaviside step function, the ampli tudes  of  the ther- 
mal and the concentrat ion grating are [ 7, 8 ] 

T, ( t )=r ,hSo[h( t - t ) ) (1 -e  -q' " ' " " ) - h ( t - t z ) ( 1 - e - "  ':)~'")] (7) 

c,(t) = - STco( I -- co)(Sor,h)(r -- r , , )  -) 

x { h ( t - t ) ) [ r ( l - e  - ' ' - ' ' ) ' ~ ) - r , h ( l - e  (' .,)m.)] 

_h(t_t2)[r( l_e-( ' - ,~-) /~)_r,h( l_e-(  , ,-'),',,,, ) ] } (8) 

and 

2.2. Reading the Grating 

By Bragg diffraction of a readout  beam at a wavelength where the 
sample is t ransparent ,  the resulting refractive index grating, with contr ibu-  
tions from both tempera ture  and concentrat ion,  is read: 

I t ( X ,  [)--I t  o : lXt( l  ) e iq' I all (")IX • . ]  = ~ - ~ v , ( t ) + ~ , , , ( t ) j  ,,",' (9) 

where ~n/OT and @n/0c are the respective contrast  factors. Finally. the dif- 
fraction efficiencies E l l ]  for heterodyne,  qh~,, and homodyne  detection, 
ql ....... are obta ined after normal izat ion to the thermal  signal: 

O./Oc . .] 
,m,(t) = (q,,.,o)-' T, lt) + O.~-g-~ c,lt) ] 110) 

q) ...... ( t )  = ' l~,~,(t)  

Data from monodisperse solutes, characterized by a single relaxation 
time, are analyzed but a fit of Eq. (10) to the measured heterodyne signal, 
yielding D, DT (or ST = DT/D), and D,h as fit parameters. 
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For practical purposes, some approximations and asymptotic cases are 
useful. D is typically 3 to 4 orders of magnitude smaller than Dth, and the 
memory terms due to rth can safely be neglected, hence ( 1 - e  -'/r) ~ h(t). 

With this approximation, Da- can be obtained from the initial slope of 
the normalized concentration signal, assuming t~ = 0: 

Ilh~t(t ~ 0) = 1 -- tq2Drco(l --c o ) -  
anlac 

(11) 
&fro T 

The saturation value for long pulses is 

= 1 - STCo( 1 -- c'.) - -  
an/at 

(12) 
an~aT 

ST = Dr /D is the Soret coefficient. 

3. E X P E R I M E N T  

The experimental setup has been described in detail elsewhere [8, 12], 
so only the main features are discussed briefly. 

The apparatus comprises a standard holographic grating setup with an 
argon ion laser (488 nm) for writing and a helium-neon laser (633 nm) for 
reading. Switching of the grating is accomplished by rotating the polariza- 
tion of one of the writing beams by 90 °. In the off-state, corresponding to 
orthogonal polarization, the sample is evenly illuminated. 

The phase of the grating is controlled by a mirror mounted on a piezo 
crystal. The application of 180 ° phase jumps allows the separation of 
homodyne and heterodyne signal components. The local oscillator for the 
reference wave is simply provided by scratches on the sample cell windows. 
Phase drifts are compensated periodically by an active phase-tracking 
mechanism. Since the heterodyne signal is of a superior signal-to-noise 
ratio and robust against phase perturbations, whereas the homodyne is 
not, the heterodyne signal is used lbr data evaluation. 

The diffracted signal is detected by means of a photomultiplier tube in 
photon-counting operation with a minimum sampling time of 21ts. The 
optical path length of the sample cells is 0.2 mm. 

Measurements have been pertbrmed on polystyrene of narrow molar 
mass distribution (M,,./M, = 1.03-1.05) dissolved in freshly distilled toluene. 
The molar masses span approximately two decades (M, .=  6.1, 48.8, and 
410 kg. mol - j) ,  and from every sample a concentration series within the 
dilute regime was prepared. For the 48.8- and the 410-kg. mol ~ samples 
the highest concentrations are already within the semidilute regime, if 
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Fi~. I. Tr:mslat ional dill~lsion coell]cienls measured 
with T D F R S  (lilled symbols ) and PCS ( open symbols ) 
of polystyrene m toluene. The PCS dala are tempera- 
lure corrected. Concentrat ion as weight fraclion. 
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Fig. 2. Sorel coellicienc.s (li l led symbols) and Ihernlal di l lu- 
sion coelficienls (open symbols) o f  polystyrene m toluene. 
Concemrat ion as weight fraction. The overlap concemrat ions 
are nlarked with arrows. 
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the overlap concentrat ion,  c*, is taken as the reciprocal of  the intrinsic 
viscosity: c * =  [q ]  i. The c* values are marked  with arrows in Figs. 1 
and 2. 

Quinizarin ( l ,4 -d ihydroxyan thraqu inone)  was added to adjust the 
optical density to 0.02 at a 488-nm wavelength. Typical writing intensities 
were 50 m W - c m  e All experiments  were conducted at room temperature  
(22-24"C).  The contrast  factors c3n/~T and c')n/i~c were measured with a 
scanning Michelson interferometer at a readout  wavelength of 633 nm. 
The values found for &~/Oc are 0.0882 ( 0 . 1 0 3 m L - g  ~, 6 . 1 k g . m o l  ~), 
0.0924 ( 0 . 1 0 8 m L . g  i 4 8 . 8 k g . m o l  f), and 0.0933 ( 0 . 1 0 9 m L . g  t 
410 k g . m o l  ~), if the concentra t ion is measured as weight fractions. The 
numbers  in parentheses give the respective values if the concentrat ion is 
measured as grams per milliliter and the molar  mass of  the sample. 
c')n/OT= - 5 . 6 2  x 10 4 K ~ for all samples. 

For  the PCS experiments,  a krypton  ion laser ( 647 nm, 400 m W  I and 
a commercia l  digital correlator  (ALV 3000) were employed.  

4. R E S U L T S  A N D  D I S C U S S I O N  

It was the aim of the experiments  to test the new expe,-imental technique 
with well-characterized systems. Therefore most  measurements  were carried 
out below c*, where the theoretical picture, as l:ar as the translational diffu- 
sion coefficient is concerned,  is relatively clear. There is, however,  no 
experimental  reason not to use T D F R S  for semidilute or concentrated solu- 
tions, as the signal gets s t ronger  with increasing po lymer  concentrations.  

4.1. Translational Diffusion Coefficient 

A fit of  Eq. (10) to tile heterodyne signals shows very little systematic 
deviation, which can be reduced to below the detection limit by replacing 
the single-exponential  decay (and rise) of the concentrat ion signal by a 
cumulant  expansion: 

qh~,(t>t z) -~ e r,, ,:~J2/,_,,, ,:: (13) 

l"= Oq 2 = ( r  " i ) and tt2 = ( r 2 ) _ ( l- J ) 2. The averages a,'e taken over 
the rate distribution function. Typical  values obtained for / I2/F are 0.02, 
and D increases by less than 1% compared  to the single-exponential lit. S-r 
does not change noticeably. The diffusion coefficients shown in Fig. 1 are 
determined by a cumulant  fit, and they are the correct values in the sense 
that they can be expressed as well-defined averages over  the rate distribu- 
tion functions. The polydispersity problem is revisited briefly at the end of 
this section. 
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D shows the pronounced increase with concentration--especially for 
the higher molar mass polymers--characteristic for the mutual diffusion of 
polymer and solvent within a concentration gradient of the two com- 
ponents. In the semidilute regime above c*, the concentration dependence 
of D is eventually expected to become independent of molar mass, due to 
the transition of the relaxation mechanism from overall chain motion in the 
dilute solution to motions of strands the size of the screening length in the 
semidilute regime [13]. This merging of the diffusion coefficients is 
sketched in Fig. I with dotted lines. 

The translational diffusion coefficients are shown together with data 
obtained from PCS, today's most widely employed experimental technique 
for diffusion coefficient meastlrements. In the hydrodynamic limit, charac- 
terized by qRg ~ !, where Rg is the single-chain radius of gyration, both 
techniques are expected to measure the same mutual diffusion coefficient 
[ 14]. Similar to the TDFRS diffusion coefficients, the PCS results are 
obtained as the first cumulants of the electric field autocorrelation function. 

Before the data can be compared they need to be corrected for the 
different temperatures at which the experiments have been conducted 
(22°C for PCS and 24~C for TDFRS). 

In the dilute regime, the mutual diffusion coefficient can be expressed 
in a virial expansion [ 15 ]: 

kT  
D = 7 - ( I - ~ b J - ' ( I + A ~ M c +  ... (14) 

4~ is the polymer volume fi'action, A, the second virial coefficient, and f t h e  
fi'iction coefficient of the polymer chain. For infinite dilution, f is given by 
the Stokes-Einstein relation, 

f = 6 n q o R  h (15) 

with q. being the solvent viscosity and R h the single-chain hydrodynamic 
radius, For small temperature differences and low concentrations, the tem- 
perature dependence of A, is neglected, and the temperature dependence of 
f can be approximated by the Arrhenius-like thermal activation for the 
pure solvent viscosity: q. ,-z exp( - E,, /kT),  EI~ '~ ...... = 8820 J • mol-~ [5].  
The temperature-corrected D values obtained from PCS agree nearly per- 
fectly with the TDFRS data (Fig. 1). 

4.2. Polydispersity 

After closer examination,  there is still a systematic  deviation of the 
PCS diffusion coefficients toward smaller values. While this was not 
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understood at first [ 12], it is explained quantitatively by the not negligible 
- - though small--polydispersity of the polystyrene calibration standards, 
together with the different statistical weights for different molar masses 
encountered in both experiments. The latter property can advantageously 
be exploited to obtain polydispersity information [ 16]. A detailed discus- 
sion is, however, beyond the scope of this paper. 

Attention should be paid to the differences in the diffusion coefficients 
measured by TDFRS, as discussed in this paper, and the widely employed 
technique of "conventional" forced Rayleigh scattering [17] on polymer 
solutions and melts. There, photochemical labels are covalently attached to 
the polymer chains. Photobleaching of these labels creates an optical 
contrast, but the labeled and unlabeled chains are assumed to behave 
otherwise identical. After a grating has been written, it is blurred by the 
motion of the labels, reflecting the motion of the polymer chains. Since, 
from the viewpoint of the diffusing polymers, no concentration gradient 
with respect to the solvent is built up, the self-diffusion coefficient is 
measured by this technique [ 18]. 

4.3. Thermal Diffusion Coefficient and Soret Coefficient 

The Soret coefficients as shown in Fig. 2 are determined from the fit of 
Eq.(10), and the thermal diffusion coefficients are computed from 
DT = STD.  This procedure is adequate for monodisperse systems that can 
be described by a single relaxation time. For polydisperse samples with a 
nonexponential time dependence, S-r is obtained from the saturation value 
and Dr from the initial slope of the concentration signal, according to 
Eq. (11). In either case the weight average of the respective quantity is 
measured. It can be shown that the determination of D T from the initial 
slope of the heterodyne signal is very robust against perturbations, such as 
jitter of the grating or imperfect 180 ° phase jumps. Even in the presence of 
strong convective currents the correct thermal diffusion coefficient can be 
measured (but not the correct translational diffusion coefficient). For the 
weak polydispersities discussed here, either method yields the correct result. 

As already known fi'om the literature, D x is, within experimental 
resolution, almost independent of molecular weight, and there is only a 
very weak concentration dependence. In the limit of infinite dilution, 
D-r ~ ( 1.05 +0.05) x 10 -7 c m  2- S - I  • K t is found. This value is very close 
to the zero-concentration result reported by Meyershoff and Nachtigall 
from measurements with a macroscopic thermal diffusion cell at 20°C [6].  
They found, however, a decrease in DT with increasing concentration, and 
at c = 40 g/1 their value is only 0.86 × 10  7 cm 2 "s - i . K - ', compared to 
1 . 1 5 x 1 0  7 c m 2 . s  ~ . K  - I  found in this work. Giddings et al. [19] 
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employed thermal field flow fractionation (TFFF)  and found values 
between 1.13 and 1.31×10 7cm2.s  t . K  ~ at temperatures between 23 
and 29.5°C. T F F F  results correspond effectively to zero concentration. The 
reasonable agreement among the three experimental methods suggests, at 
least fox" infinite dilution, a D-r slightly above 1.0 × 10-7 c m - ' .  s t - K ~. Up 
to now, polystyrene in toluene is the polymer/solvent system for which 
most experimental data are available. Whereas there is an acceptable agree- 
ment between the above authors, there are also diverging results m the 
literature, with deviations up to 400 %. A more detailed discussion of these 
diverging results is given in Refs. 6 and 19. 

Since DT is nearly constant, the concentration and temperature 
dependence of S~. is governed mainly by the inverse translational diffusion 
coefficient (Fig. 2). Correspondingly, the Soret coefficient decreases with 
concentration--faster for higher molar masses. In the semidilute and 
concentrated regime, S.r is expected to become eventually molar mass inde- 
pendent, but the respective measurements still need to be done. 

5. C O N C L U S I O N S  

The translational and thermal diffusion coefficients and the Sorer 
coefficients have been measured for polystyrene in toluene as a function 
of molar mass and concentration with the transient grating technique of 
TDFRS. While most measurements were conducted within the dilute regime, 
the technique is not limited to low concentrations. Excellent agreement 
with diffusion coefficients measured by photon-correlation spectroscopy 
has been found. Small differences, of the order of 1-2%, are due to the 
polydispersity of the samples. The molar mass independence of the thermal 
diffusion coefficient is confirmed within experinaental resolution. In the 
limit of infinite dilution there is a reasonable agreement between the results 
from this work and those reported by Giddings et al. [ 19] and by Meyerhoff 
et al. [6] ,  whereas results obtained by other authors deviate substantially. 
For higher concentrations, fewer data are available and the differences are 
more pronounced. 
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