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A Study of Retention in Thermal Field-Flow Fractionation 

MARCUS N. MYERS, KARIN D. CALDWELL, and 
J. CALVIN GIDDINGS 
DEPARTMENT OF CHEMISTRY 
UNIVERSITY OF UTAH 
SALT LAKE CITY, UTAH 841 12 

Abstract 

A broad theoretical and experimental investigation of retention in thermal 
field-flow fractionation is reported here. Equations connecting retention 
parameters with underlying thermal diffusion constants are reviewed, and new 
equations are developed to account for the distortion of the flow profile caused 
by a variable viscosity. Parameters investigated experimentally include channel 
width, solute molecular weight, channel temperature drop, cold-wall tempera- 
ture, sample size, and solvent effects. All but the last two of these experimental 
studies showed good conformity with theoretical predictions. No theory exists 
for the prediction of sample-size or solvent effects. With regard to the latter, 
experimental results show that a variety of organic solvents are very effective, 
at roughly equal levels, in providing retention, while aqueous solvents are 
generally ineffective. 

INTRODUCTION 

Thermal field-flow fractionation -(TFFF) is a method in which a tem- 
perature difference, superimposed across the parabolic or near-parabolic 
velocity profile of a fluid flowing between parallel plates, is used for 
separating macromolecules. The method has been tested successfully using 
polystyrene solutes of different molecular weights in toluene ( I ) .  

Despite the fact that some major theoretical and experimental aspects of 
column performance have been investigated for TFFF (2),  virtually none 
of the factors controlling retention have been systematically studied. 
Separation in TFFF, as in chromatography, is achieved by differential 
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48 MYERS, CALDWELL, AND GlDDlNGS 

retention, so that it is imperative to characterize retention factors as a 
prelude to the task of designing effective TFFF systems. One might expect 
some help in this task from the literature on thermal diffusion, since the 
thermal diffusion phenomenon is the root-cause of retention. However, the 
aid from this source is minimal. No satisfactory theory for thermal diffu- 
sion in the liquid state has evolved (3). Experimental work with polymers is 
extremely limited, and tends to exhibit inconsistencies (4). We are left with 
only a few useful generalizations from the literature-generalizations, for 
instance, that state that most solutes diffuse toward the cold wall (3), or 
that the coefficient of thermal diffusion, D', tends to remain constant with 
changes in the molecular weight of polymer solutes (5, 6). 

The paucity of reliable data from conventional studies of thermal diffu- 
sion has led us to suggest that TFFF might be an effective tool for mea- 
suring thermal diffusion parameters (4). Indeed, the data collected in these 
studies have confirmed the value of TFFF in this role. These results will be 
reported subsequently (7). 

The following expression describes the molar thermal and diffusive 
fluxes of a particular chemical species exposed to temperature and con- 
centration gradients along axis x (8, 2): 

dT [z z] dx J =  - D  - +  CY - - D ' C -  

Here D is the diffusion coefficient, c is molar concentration, y is the 
coefficient of thermal expansion, and D' is the coefficient of thermal diffu- 
sion. Introduction of the thermal diffusion factor, c( = D'T/D, transforms 
the above expression into 

J =  - D E + k + Y ) . $ ]  

Under steady-state conditions in which the flux, J,  is zero, Eq. (2) reduces 
to the simple differential equation 

d l n c  1 
dx dx e (3) 

The solution to this equation provides the steady-state concentration 
distribution in the x-direction. When 4 is assumed constant, the solution 
acquires a simple exponential form 

c* = c,, exp(-x/t?) (4) 

where c* denotes a steady-state concentration. 
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THERMAL FIELD-FLOW FRACTIONATION 49 

Parameter 4 is the mean height of the exponential solute cloud. This 
parameter is of paramount importance in characterizing any field-flow 
fractionation system (9, 10). All the variations in retention observed in 
this study ultimately reflect variation in parameter e. This parameter, in 
turn, hinges on thermal diffusion factor u and on thermal diffusion coeffi- 
cient D' in accordance with the above equations. 

THEORY O F  RETENTION 

Retention in field-flow fractionation is characterized by the retention 
parameter, R (=zone velocity/average fluid velocity). Parabolic flow of a 
uniform fluid between two flat plates, parallel in orientation, and a distance 
w apart, leads to the following expression for R (2): 

R = 6A[coth(1/2A) - 2A) ( 5 )  

where A is the dimensionless parameter, dlw. This expression provides an 
excellent approximation for most forms of field-flow fractionation, but is 
less accurate for TFFF, for reasons elaborated below. 

Retention in TFFF is complicated by the distortion of the flow profile 
resulting from the variable viscosity-a variability induced by the tem- 
perature gradient. This effect was illustrated earlier by some computer 
calculations (2), showing that the error of the isoviscous model, Eq. (5),  
was of the order of 10%. (Unfortunately, the labels for the top and bottom 
curves of Fig. 1 in Ref. 2 were transposed-suggesting an effect opposite in 
direction to that actually calculated.) We now present the theoretical basis 
needed for retention calculations in TFFF. 

The velocity profile for laminar flow occurring in a channel consisting of 
the flow space between two parallel plates is determined by the equation 
(1 1) 

where v is the fluid velocity, x is the distance from the bottom surface of 
the channel, AP is the pressure drop used to  make flow occur over distance 
L, and q is the fluid viscosity. When a temperature difference exists between 
the top and bottom plates, q varies with altitude x. Integration of Eq. (6) 
under this condition yields the general expression 
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50 MYERS, CALDWELL, AND GlDDlNGS 

where integration constants k ,  and k,  are fixed by the condition that v 
must vanish at the two walls, x = 0 and x = w. 

The exact form of the dependence of viscosity, q, upon distance x is not 
known. In order to achieve an integrable form for Eq. (7), we make the 
following assumptions. First, we assume for convenience that the thermal 
conductivity is constant over the working temperature range of TFFF. 
(The variation, in fact, is sometimes as high as 10 %-not entirely negligible. 
We shall return later to this topic.) This assumption leads to a linear 
temperature profile. Second, while no exact formula is known for the 
dependence of viscosity on temperature, the exponential expression 

r = r o  exp(B/T) ( 8 )  

is commonly assumed and is moderately consistent with both experimental 
data and approximate liquid theories. This expression, when used in Eq. 
(7), requires numerical integration. Since it is not exact anyway, we seek a 
modification that is integrable in closed form. 

If T is written as Tc + z, then Eq. (8) takes the form 

The quantity 1/(1 + z/Tc) can then be expanded in the following series: 

1/(1 + z /TJ  = I - (z/T,) + (z/T,)' - . . * (10) 

If the temperature increment, z, above the cold-wall temperature, T,, is 
small compared to T, itself, a good approximation results if only two terms 
are retained. Equation (9) then becomes 

q = qo exp(3/Tc) exp( - BZ/T;) = qc exp( - B.rlTCz) (1 1) 

where qc is the viscosity at the cold wall. If z is replaced by xAT/w-where 
A T  is the total temperature drop across the channel width w-then q 
acquires the necessary distance (x)-dependent form 

r = r c  exp(-Bx/w) (12) 

where fl = BATIT:. The variation of q by this approximation is compared 
to its variation according to Eq. (8) or (9) in Fig. 1. Although the assumed 
AT is a rather large lOO"C, the curves diverge significantly only near the 
hot wall, (x/w) = 1. 

The substitution of Eq. (12) into Eq. (7) provides an integrable form 
which, together with the stated boundary conditions, yields the velocity 
profile 
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THERMAL FIELD-FLOW FRACTIONATION 51 

Equation 8 or 9 

Equati 
(present approximatid 

I I I I I I 

0.2 0.4 0.6 0.8 I .o 1.2 I 
X Fractional distance across channel, 

FIG. 1. The variation of viscosity across a channel of ethylbenzene solvent 
(B = lO9S0C) with T, = 16°C and AT = 100°C. The approximation of Eq. 

(12), lower curve, is excellent except near the hot wall at (x /w)  = 1 .  

This velocity profile is slightly asymmetric, having a peak flow velocity at 
the point 

The asymmetry is illustrated in Fig. 2. 
The average fluid velocity in the channel is calculated from the above as 

With this, retention parameter R can be obtained by the equation (2) 

R = (c*u) /<c* ) (u)  (16) 
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52 MYERS. CALDWELL, AND GlDDlNGS 

Flow profile 

\ 
Isothermal 

(parabolic) 

FIG. 2. Asymmetry of the flow profile for ethylbenzene at T, = 16°C and 
AT 100°C (B = 1.31).  Peak flow occurs at ( x / w )  = 0.554. The symmetrical, 

parabolic profile with the same average velocity is shown for comparison. 

This expression, in conjuction with Eqs. (4), (1 3), and (1 5),  yields the key 
retention formula 

[@A + P - 1) exp(p - l / ~ )  + 1 - pn 

(17) 
PA - P - 11 + 2AP[exp( - l /A)  + exp PI R =  

[1 - exP(- 1/4" - 2) exp P + P + 21 
Figure 3 shows the dependence of R on A predicted by Eq. (17) for 

various values of the parameter /j = BAT/Tcz. The curve for f l  = 0 is also 
obtainable from Eq. (5) .  From these curves it is clear that the distortion of 
the velocity profile by the variable viscosity does not have a profound effect 
on retention under ordinary experimental conditions. However, the 
departure from the isoviscous curve, /I = 0, is measurable, and the 
necessary correction should be applied in careful work. 

Figure 4 makes these points more specific. This graph shows the in- 
fluence of parameter B on retention for various A values under specific 
(but typical) temperature conditons. The range of B is considerably 
extended in this plot to show the extreme effects of viscosity variations. 
For most solvents, B is near 1000"K, but for a few it goes considerably 
higher (e.g., B = 5150°K for formamide). 
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THERMAL FIELD-FLOW FRACTIONATION 53 

0 0.2 0.4 0.6 0.8 1.0 1.2 
A = -  t? 

W 

FIG. 3. The dependence of retention parameter R on L for /3 values in the 
typical range from 0 to 1.5. Results calculated from Eq. (17). 

The greatest analytical potential of field-flow fractionation occurs at 
high retention (12), in which case I and R both approach zero. This 
condition also produces simplified equations. Equation (17), for instance, 
goes to the limiting form 

as I. approaches zero. If exp P is expanded and terms of high order are 
neglected, the result is 

R = 6I(1 - @/6)  (19) 
This is an excellent approximation to Eq. (1 8) even for P values as large as 
unity (2% error in R). It shows in simple fashion how the existence of 
variable viscosity, reflected in p, alters the normal limiting expression, 
R = 62, obtainable from Eq. (5). 
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A = 0.30 

- 
A =0.20 

X=0.15 - 
A =0.10 

1.0 1 I I I I I I 1 

c 
0 

A=0.50 
-4 

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 

B, O K  

FIG. 4. The variation of R with B at a cold-wall temperature, T,, of 16°C and 
at AT = 60°C. 

The validity of the approximate approach used to obtain Eq. (17) 
requires further scrutiny. It is necessary, first, to ascertain whether the 
substitution of Eq. (1 1) for Eq. (8) in integral expression (7) causes signifi- 
cant error. In order to determine this, Eq. (8) was expanded in a power 
series, substituted into Eq. (7), and integrated term by term. This con- 
vergent series was summed by computer, using sufficient terms to give five 
significant figures. The R vs i curves calculated in this way were nearly 
identical with those obtained from Eq. (16) and shown in Fig. 3. The slight 
difference in these results is illustrated in Fig. 5. For the most part the two 
approaches generate a divergence that remains considerably under 0.01 R 
units. 

A second question revolves around the error incurred in assuming a 
linear temperature profile when, in fact, the thermal conductivity may vary 
by amounts up to 10% across the channel. This variation will cause an 
additional distortion in the flow profile. We note, however, that the major 
profile distortion examined above-resulting from viscosity variations over 
a linear temperature profile-does not greatly alter the R vs 1 curves of 
Fig. 3. The additional distortion caused by nonconstant thermal con- 
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THERMAL FIELD-FLOW FRACTIONATION 55 

AT = 60" 
T, = 289' 0.008 

x 
FIG. 5. Divergence of theoretical R values, representing the difference in 
results between taking m. (8) and Eq. (11) for the fundamental temperature 
dependence of viscosity. This particular curve applies to ethylbenzene solvent 

with T, = 16°C and AT = 60°C. 

ductivity is expected to have only a second-order effect on the R vs A 
curves. 

The variable thermal conductivity has another effect, however. The 
temperature gradient, dT/dx, will vary across the channel in inverse 
proportion to thermal conductivity. The value of dT/dx required for use in 
Eq. (3) must therefore be selected carefully. The function of Eq. (3) is to 
provide the link between the thermal diffusion factor, a, and the TFFF 
parameter, 8 (or A). Since a is not well understood, the purposes of this 
paper can be served by ignoring the rather small variations in dT/dx. The 
detailed effect of the variability of dT/dx on measuring a values using 
TFFF will be discussed in another place (7). 

E X  PER1 M E NTAL 

The principal TFFF column used in this work consisted of two copper 
bars with highly polished faces clamped together over a 0.01-in. (0.254-mm) 
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56 MYERS, CALDWELL, AND GlDDlNGS 

Mylar spacer. A flow channel of the desired dimensions was cut out of the 
spacer. The channel dimensions were 2.54 cm in breadth by 35.6 cm long, 
with tapered ends. The hot bar was heated by two 500-W electrical 
cartridge heaters controlled by variable transformers. The cold bar had 
three holes drilled the entire length, allowing coolant to enter by the center 
hole and exit by the two outer holes. Both the top and bottom bars had 
small holes drilled to within 0.76 mm of the surface for temperature 
measurement by either iron-constantan thermocouples or Yellow Springs 
Instruments No. 44201 thermistors. Measurements across the breadth of 
the channel showed a variation of less than 1 O CeIsius. The temperature 
measurements along the length of the channel indicated a maximum varia- 
tion of 1.5”C. 

Two l-mm holes at the apex of the channel’s taper formed the inlet and 
exit for the column. Samples were injected into the flowing solvent at the 
inlet of the column with a 10-pl syringe. Most of the data was obtained 
with ultranarrow polystyrene fractions (M,,,/M, < 1.009) supplied by 
Waters Associates. Some of the data for the solvent effects and sample size 
studies also used polystyrene fractions (MJM,, = 1.06) supplied by Pres- 
sure Chemical Co. 

Several “stop-flow” experiments were done to check the results of the 
continuous-flow data. With the stop-flow method, injection was made 
under static conditions. Flow was commenced approximately 10 min later, 
well after the steady-state concentration was established. 

A Chromatronix CMP IV pump supplied carrier flow. Mean fluid 
velocities in the column, ( u ) ,  were generally in the range 0.023 to 0.026 
cm/sec for the wide channel and roughly half of this for the narrow 
channel. Peak detection was obtained with a Waters Associates R401 
Refractive Index Monitor. The retention ratio, R, was measured by com- 
paring the polystyrene elution time or volume to that of the void peak 
obtained from the toluene or dioxane present in (or deliberately introduced 
into) the polystyrene samples. Reagent grade solvents were used in all 
studies. 

The study of channel-width effects was carried out by using another 
spacer, having 0.005 in. (0.127 mm) of thickness, between the same copper 
bars. The other channel dimensions remained identical. 

Three other TFFF columns, virtually identical to the one described at 
the beginning of this section, were used at various times to check the 
validity of the results from the primary experimental system, 

The studies using aqueous solutions were conducted in a system in which 
a 0.25-mm (nominal) layer of gold was bonded to the copper bats. The 
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THERMAL FIELD-FLOW FRACTIONATION 57 

channel, now between two gold surfaces, was fixed in dimensions by a 
0.254-mm Mylar spacer with a cutout 86.5 cm long by 1.72 cm in breadth. 
A 1500-W strip heater was clamped to the top bar for heating, while the 
bottom bar was cooled through direct exposure to coolant. Temperature 
measurements were made in narrow holes extending entirely through the 
copper bar and terminating a t  the gold surface. 

Four or five repetitious runs were made and averaged to establish most 
of the experimental points reported in this work. 

RESULTS AND CONCLUSIONS 

Repetitious runs under identical conditions generally yielded results 
with a range of 0.01 to 0.02 R units. The typical averaging of four of five 
such runs should therefore provide results reproducible to something less 
than 0.01 R units. 

The alternate columns, used to check the results of the principal column 
of this work, produced results in close accord under several experimental 
conditions. The divergence was ordinarily about 0.01 R units, with no trend 
apparent. In view of the above, this divergence cannot be ascribed sta- 
tistical significance. 

It was noted in an earlier paper that peak retention can be affected by 
the relaxation phenomenon (2). Relaxation is the processes in which solute 
entering the temperature gradient of the column alters its concentration 
from uniform to exponential. The R value is momentarily unity at  the 
beginning of this process, but rather quickly relaxes to the steady-state 
value under discussion. The short duration in which R is abnormally high 
shifts the measured R values to levels slightly above the true steady-state 
values. The degree of this shift depends on flow velocity, channel width, 
molecular weight, temperature, and temperature drop. It becomes negli- 
gible at  extremely low flow rates. However, experimental operation at  very 
low flow velocities is unduly time consuming. The velocity range noted 
earlier, 0.023 to 0.026 cm/sec, is a compromise level, slow enough to 
ensure us that relaxation effects are not of major importance, but fast 
enough for practical experimental work. 

The stop-flow experiments help us determine the role of relaxation, if 
any, on the present experimental results. The 10 min interval following 
injection, in which no flow occurs, is more than adequate to achieve 
relaxation with the present range of experimental parameters. Relaxation 
under static conditions does not perturb R values. Table 1 shows a com- 
parison of stop-flow and continuous-flow results for several experimental 
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TABLE 1 

Comparison of Retention Parameter R measured under Continuous-Flow Condi- 
tions (R,,) and Stop-Flow Conditions (&). Polystyrene Solutes of the Stated 
Molecular Weight Are Used in Ethylbenzene Solvent in the 0.254-mm Channel at 

T, = 16°C. AR = R,, - R,, 

MW AT("C)  R C f  RS, AR 

20,000 
51,000 
97,000 
97,000 
160,000 

60 0.69 0.67 0.02 
60 0.47 0.43 0.04 
33 0.53 0.52 0.01 
60 0.33 0.32 0.01 
20 0.64 0.65 -0.01 

conditions. The stop-flow results yield R values slightly below (0.014 R 
units average) the continuous-flow levels. Oddly enough, the polymer of 
the highest molecular weight, which is retained with the lowest AT, showed 
the opposite effect, even though relaxation effects should theoretically be 
greatest in this case. 

All things considered, we regard relaxation as having only a minor 
influence on the present results, probably no larger than 0.01 to 0.02 R 
units. 

We present the results of our studies on the variation of different 
parameters in TFFF below. 

Channel Width 

Equation (17) has no explicit dependence on channel width, w. Para- 
meter p = BATIT,', contained therein, will not vary with w under fixed 
conditions of temperature, temperature drop, and solvent. Parameter 
Iz  = l / w ,  also contained in Eq. (17), may be written as follows using 
Eq. (3): 

A . =  (;+ Y) g w  

If dT/dx is equal to ATJw, 

1 

an expression independent of w. Even if dT/dx is assumed proportional- 
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THERMAL FIELD-FLOW FRACTIONATION 59 

TABLE 2 

The Variation of Retention Parameter R with Channel Width w for Various Poly- 
styrene Molecular Weights in Toluene at T, = 20°C and AT = 32°C 

R 
MW w = 0.254 mrn w = 0.127 mrn 

19,800 
51,000 
97,000 

160,Ooo 

0.87 
0.72 
0.56 
0.44 

0.88 
0.73 
0.60 
0.47 

not equal-to AT/w, the same conclusion is reached. (Proportionality, 
only, would be applicable if variation in thermal conductivity was con- 
sidered.) 

Because Eq. (17) and the parameters it contains show no variation of a 
solute’s retention with w under specified thermal and solvent conditions, it 
is predicted that retention parameter R will remain constant with changes 
in w at fixed AT, T,, and B. Table 2 provides a test for this conclusion. It 
shows the results of an experimental study in which channels of widths 
0.254 and 0.127 mm are compared. It is seen that, for each solute, the R 
value measured in the wider channel is slightly lower than its value in the 
narrow channel. (The opposite result would have occurred if relaxation 
had any significant role.) However, the difference averages just over 0.02 R 
units, which is not very significant experimentally. We therefore conclude 
that the prediction of theory is essentially valid, and that for practical 
purposes retention parameters do not vary with channel width w. 

Molecular Weight 

Increases in solute molecular weight (MW) lead to increasing retention 
(decreasing R) in TFFF, other things being constant. Thus in polymer 
mixtures, low molecular weight polymers are eluted first (I). The general 
trend of R vs MW curves is shown in Fig. 6 where experimental results are 
presented for four polystyrenes of different molecular weight at four 
different AT values. 

A simple rule governs, to a reasonably good approximation, the molec- 
ular-weight dependence of retention. If the y term of Eq. 20 is dropped by 
virtue of its small relative magnitude, 

T 
u w(dT/dx) A =  
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AT = 20' 

AT = 40' 

1- AT=6Oo 

i aT=aoo 
A 

I I I I 
40,000 80,000 120,000 160,000 

M.W 

Fig. 6. Retention parameter R vs MW of polystyrene solute in ethylbenzene 
solvent. T, = 16°C. 

It was noted just prior to Eq. (2) that a is defined in terms of the thermal 
diffusion coefficient D' and the ordinary diffusion coefficient D by c1 = 
D'T/D. The substitution of this into Eq. (22) gives 

D 
D'w(dT/dx) A =  (23) 

Diffusion coefficient D for dilute polymer solutions varies approximately 
as l/(MW)% (13). It was noted earlier that D' is essentially independent of 
molecular weight. When these conclusions regarding D and D' are sub- 
stituted into Eq. (23), the molecular-weight dependence of 1 is predicted 
to  be 

constant 
= (MW)?h 

This conclusion is tested by converting the experimental R values of Fig. 6 
to R values through Eq. (17), then plotting the Iz values so obtained against 
I/(MW)". The results are shown in Fig. 7. It is seen that the forecast 
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0.6 I I I I I I I 1 

Fig. 7. Plots of 1 vs l/(MW)l/z for several AT'S at T, = 16OC, showing an 
approximate straight-line dependence. 

provided by Eq. (24) is generally successful in describing the trend of 
molecular-weight effects. It is interesting, however, that the slopes do not 
pass exactly through the origin as predicted, but intercept the l/(MW)% 
axis at a value corresponding roughly to a molecular weight of 2 million. 

Channel Temperature Drop 

The temperature drop across the channel, AT, is the fundamental cause 
of the thermal diffusion that underlies retention. One naturally expects, 
therefore, to see retention increase (R decrease) with increasing AT. This 
expectation is verified for ethylbenzene carrying polystyrene solutes in six 
different molecular-weight categories by Fig. 8. The R curve for each 
particular solute starts at unity, then plummets with increasing AT. The 
effect is most pronounced for components of higher molecular weight, as 
expected. 

The precise nature of the R vs AT curves relates to the way that A 
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depends on AT. This is shown explicitly in Eq. (21). While this expression 
is not rigorously correct if the gradients in thermal conductivity are 
considered, it should be accurate enough to provide a simple guide to 
retention variations in TFFF. Figure 9 verifies the predicted trend. Here A 
is plotted against l/AT for four different polystyrene solutes. The results 
are in good accord with the expectation that straight lines will be formed 
which intercept the origin. 

Cold-Wall Temperature 

Figure 10 shows the dependence of R on cold-wall temperature, T,, at 
a fixed temperature drop, AT = 40°C. The values of R are seen to increase 
with T,, but not to any significant extent. For the slight variations in T, 
anticipated in laboratory practice, R may be considered as virtually con- 
stant. However, it is interesting to speculate on the origin of the effect, 
despite the lack of great practical significance, 

The slight changes in R with T, reflect small changes in 1, and ultimately 
in the basic thermal diffusion parameters, a and D'. No clear temperature 

o-8 t i a MW 201000 

MW 51.000 

+ MW97,OOO 

0.4 5 MW 160*ooo 

FIG. 10. The variation of R with cold-wall temperature for various poly- 
styrene solutes in ethylbenzene at AT = 40°C. 
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dependence has been established in the literature for the thermal diffusion 
coefficient, D’. If the temperature dependence of D’ is negligible, A (and R) 
will follow the temperature dependence of diffusion coefficient D, as shown 
by Eq. (23). This would explain the slight upward trend of Fig. 10. How- 
ever, the uncertainties in literature studies on D‘ make it impossible to 
claim a sound theoretical footing for the results observed here. At present, 
the best evidence from any source on the temperature dependence of D’ 
for polymers comes from Fig. 10 itself. These results, of only secondary 
importance here, will be reported later (7). 

Sample Size 

Increasing quantities of polymer in the solute sample will cause com- 
plicated intermolecular interactions, having, ultimately, an effect on both 
D’ and D. Since this effect will be concentration dependent, and thus 
greatest at the cold wall, the concentration distribution will be perturbed 
from its normal exponential form shown by Eq. (4). Distortion of the axial 
zone profile is also expected as a consequence of these nonlinearities. 
There is not sufficient theoretical or experimental evidence at hand to 
predict the outcome of sample-size variations. This is, at present, strictly an 
empirical matter, and will be so treated below. 

Figure 11 shows two separate plots of R vs milligrams of polymer 
sample. The top plot stems from work in which different volumes of a 
standard solute-solvent mixture (25 mg/ml) were injected. The bottom plot 
reports the effects of different amounts of solute in a fixed volume of the 
ethylbenzene solvent (10 PI). These plots are intended to distinguish 
between the effects of sheer sample volume and of concentration, if any. 

In both cases, R decreases gradually with sample size. When the sample 
size reaches a level just under 1 mg, significant peak tailing appears. This 
develops rapidly into a second peak, trailing slightly behind the first. The R 
values of both the trailing and primary peaks are shown in the figure as 
two separate branches. 

The overall trends of the two plots of Fig. 1 1  are very similar, showing 
no significant influence of the volume in which the stated weight of 
polymer is dissolved. The only noticeable divergence is in the trailing peak, 
which seems to become even more retarded when the sample is introduced 
in concentrated form. 

The usual sample size employed in the work of this paper was 0.2 mg. 
This provides a mixture near enough to infinite dilution that no significant 
changes are expected to take place with further dilution. Figure 11 shows 
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- 1 

0 
0.4 - t 0 0 

! 
R 

Primory peak 
0 Troiling peak 

Milligrams of sample 
(as 25mg/ml solution) 

0.4 

I 0 0 

L I I I I I I 
0 0.4 0.8 I .2 I .6 2.0 2.4 2. 

Milligrams of sample 
(in lop1 of solution) 

FIG. 11. Dependence of R on sample size in milligrams of 97,200 MW poly- 
styrene at A T =  40°C and T, = 16°C. Top curve is for constant sample 

concentration and bottom curve is for constant sample size (see text). 

that R values would not increase more than about 0.01 units as infinite 
dilution is approached. 

Solvent Effects 

We have noted that a theoretical basis does not exist for predicting the 
magnitude of thermal diffusion effects in liquids. In addition, experimental 
data are scarce. Very few solvents, especially, have been investigated with 
respect to the degree of thermal diffusion generated with dissolved macro- 
molecules. In this light, we undertook an empirical study of retention in 
TFFF using a variety of solvents. Most of these were typical organic 
solvents, but a number contained water or other polar substances. The 
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information obtained yields important preliminary guidelines on solute- 
solvent systems suitable for TFFF work. 

Table 3 summarizes the experimental results for polystyrene polymers in 
ordinary organic solvents. These results were obtained in the narrow 
channel, w = 0.127 mm, with the cold wall at 17°C. In general (except 
where duplicate or triplicate runs appear) the maximum possible AT was 
used, consistent with the capacity of the cooling system then employed to 
maintain the stated cold-wall temperature. Because of variable thermal 
conductivities, AT values differ from solvent to solvent. 

The results of Table 2 were all normalized to a AT of 25°C by using the 
relationship 1 = constant/AT, Eq. (21). The A corresponding to this AT 
value, termed A 2 t ,  was then plotted against l/(MW)%, Fig. 12. Although 
some of the data exhibit moderate curvature, a group of least-square, 
straight-line plots through the origin were constructed. These are shown in 
the figure. Plotted in this way, the slopes of the straight lines are invesely 
proportional to D' for polystyrene in the respective solvents (Eqs. 23 and 
24). Thus the lowest straight-line plot in Fig. 12, for ethylbenzene, corre- 
sponds to the largest thermal diffusive interaction and thus the largest D'. 

The remarkable thing about these plots is that the best solvents for 
thermal diffusion are clustered together despite their considerable chemical 
diversity, as if some ceiling existed to the magnitude of the effect obtain- 
able. Six of the eight solvents exhibit slopes within 20% of one another. 
Thermal diffusion effects for the other two solvents are weakened only by 
about 50 % relative to the best solvents. These results would suggest that 
thermal diffusion of a rather constant magnitude is to be expected for most 
variations in solvent. However, results of the next few paragraphs show 
that this conclusion is not applicable to aqueous solutions. 

In one study of aqueous mixtures, the retention of Blue Dextran 
(Pharmacia Fine Chemicals, Inc.), with a nominal molecular weight of 
2 x lo6, was examined in water-DMSO mixtures over a wide concentra- 
tion range. No retention was observed in pure water nor in DMSO 
solutions up to 50 vol % DMSO. With further increases in the concentra- 
tion of DMSO, retention grew rapidly to substantial levels. This is docu- 
mented in Fig. 13. 

Similar results were recorded with other aqueous systems. The proteins 
albumin (bovine serum) and hemoglobin (bovine), as well as Blue Dextran, 
were injected into various aqueous buffers and into water mixed with 2 
and 6 M guanidine hydrochloride and with 8 it4 urea. In none of these 
cases was significant retention detected. 
In summary, TFFF does not appear to cause effective retention in most 
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0.8 

0.7 

-0imethylformamide 

0.6 

0.5 
0 -Methyl ethyl ketone 

25" 

0.4 

0.3 

0.2 

0. I 

0 .002 .004 .006 ,008 .010 .012 .014 

l/(M.W.) "* 
FIG. 12. The effect of solvent on retention parameter ,I for different molecular 

weights. Effective AT = 25°C. 
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I I I I I I 

I I I I I 

Percent DMSO 
0 20 40 60 80 100 120 

FIG. 13. Retention parameter R vs volume percentage of DMSO in aqueous 
solution using Blue Dextran solute. Results were normalized to A T  = 45°C. 

aqueous solutions, but it shows significant levels of retention for poly- 
styrene polymers in various organic solvents. The degree of retention 
responds rationally to various parameter changes, making the control of 
retention a relatively simple task. This controllability is an advantageous 
feature of TFFF as a tool in macromolecular separations. 
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