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structure and composition is not very pronounced, we have
proposed a procedure to determine the molecular weight of
a block copolymer from measurements of its limiting vis-
cosity number and its sedimentation coefficient (or transla-
tional diffusion coefficient) together with the interpolated
value of ®1/3P~1,
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ABSTRACT: The pressure dependence of the upper critical solution temperature (ucst) and the lower critical solu-
tion temperature (lest) in solutions of polystyrene in tert-butyl acetate and diethyl ether has been determined over
the pressure range 0 to ~50 atm. The values of (d7/dP). for the ucst and lest over the molecular weight range of
M, X 10~ = 67 to ~345 in the polystyrene-tert-butyl acetate system depend on the molecular weight of the poly-
mer and are negative (—0.110 to —0.175 deg atm™!) for the ucst and positive (0.65-0.68 deg atm™!) for the lcst,
while the values of (d7/dP). for the solution of polystyrene of My, X 10~% = 2.04 in diethyl ether are negative
(—0.24 deg atm™!) for the ucst and positive (0.62 deg atm™!) for the lcst. The pressure dependence of the Flory or
theta temperatures in the polystyrene—tert-butyl acetate system evaluated in the neighborhood of 0 atm are —0.30
deg atm™! for #, and 0.70 deg atm™! for 8;, where the 6, and 6| are the 8 temperature for the ucst and lest. The ob-
served behavior of the pressure dependence of the ucst and lcst in polystyrene solutions is qualitatively predicted
by the Patterson-Delmas theory of corresponding states and the newer Flory theory of polymer solution thermody-

namics through the expression for the x; parameter.

The importance of the phase diagram (P, 7, composi-
tion) over a wide range of temperature and pressurel-? has
been recognized for nonpolar polymer solutions*-1! after
the discovery of the lest in nonpolar polymer solutions.!?
As is well known, the cloud point curves characterized by
the ucst and lcst for the (7, composition) phase diagram
under the saturated vapor pressure behave like mirror im-
ages across the temperature axis of the intermediate region
between the ucst and lest.!3-18 In the (P, composition)
phase diagram at constant temperature the cloud point
curves in the polymer solution are classified into two types
by the shape of the cloud point curve on the pressure—com-
position plot. One is characterized by the existence of a
maximum pressure, the other by a minimum one. For solu-
tions of polymers with a very narrow molecular weight dis-
tribution, the maximum pressure corresponds to the upper
critical solution pressure (ucsp) and the minimum pressure
to a lower critical solution pressure (lesp), as discussed by
Ehrlich and Kurpen®?2 for solutions of polyethylene in n-
alkanes. A critical condition in the (P, 7, composition)
phase diagram is completely determined by the critical so-
lution temperature and critical solution pressure, i.e., the
(P, T) critical line of the polymer solution.?-3:5-11 The ther-
modynamic conditions for the ucsp observed in either sys-
tem with a positive value of (d7/dP). for the lest and a
negative value of (d7/dP). for the ucst is a negative excess
volume of mixing and corresponds to an increase of the
polymer-solvent compatibility with an increase of pressure

at constant temperature. The condition for the lcsp ob-
served in either system with a negative value of (d7T/dP).
for the lcst or a positive value of (dT/dP), for the ucst is a
positive excess volume of mixing and corresponds to the
decrease of the polymer—solvent compatibility with an in-
crease of pressure.l-3

Investigation of the excess volume of mixing!9-27 and the
pressure effect on the thermodynamic properties of poly-
mer solutions, such as the second virial coefficient28-3° or
the x; parameter, the mean square end-to-end distance
of polymer in the dilute solution,28-3% and the ucst and
lest,*11 are of importance in the characterization of poly-
mer solutions. The determination of the (P, T') critical line
is also of great importance in connection with the pressure
and temperature coefficients of the unperturbed mean-
square end-to-end distance of polymer chains in dilute so-
lution.3?

In this work we supply the (P, T, composition) phase di-
agram over the middle pressure range of 0 to ~50 atm in
the vicinity of the ucst and lest for solutions of polystyrene
in tert-butyl acetate and diethyl ether. We also examine
the experimental values of (dT/dP). in the light of the re-
cent theories of polymer solution thermodynamics of Pat-
terson and Flory.

Experimental Section

Polystyrene samples were obtained from the Pressure Chemical
Co. Samples designated by 14b-1, 14b-2, and 14b-3 were obtained
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Table 1
Patterson’s Parameter and Equation of State Parameter of the System
System ¢, v? c,r? T* , deg P*  atm V., *, em®mol™ v, atm deg™*
PS—tert-butyl acetate 0.0031 ¢4 0.235¢7 45984 5038% 105.04 9.950
PS—diethyl ether 0.00555¢ 0.2287¢ 4056¢ 48584 76.1d 8.884d
2 From ref 18, » From this work. ¢ From ref 14. d From ref 486,
413 343
\\’\N_V_M P 40 atm
T P 40 atm
— : \\w 30
— — 30
T——o-o0—0—00" 20
393 - 323 ~
10
2 \M_o__g-oo/ |0
o —_
L = b
00— 0 r__ -~ :;
; I /W,’r\—u ° 0
B T o o o m
283 | T T
a o Q 20
L /—o—’"" S N\g\
/::/a——O——M 0 223 M
/m 10 M
WN\ 20 m
S o 30 218 50
o ooz, o0& GIo 020

W,

Figure 1. The (temperature, weight fraction) phase diagram for
the polystyrene (M, X 107 = 345)-tert-butyl acetate system at
pressures indicated in atm. .

by solution fractionation of a sample (M, X 10™* = 200, M./M,, <
1.30) described in detail elsewhere.l> The solvents were reagent
grade and were purified further before use. A sample of 500 g of
tert-butyl acetate, refluxed for 3 hr over about 20 g of acetic anhy-
dride, was dried over anhydrous potassium carbonate and fraction-
ally distilled by use of a column of 100-cm length and 10-mm di-
ameter packed with stainless-steel helices. Diethyl ether was dried
over anhydrous potassium carbonate and fractionally distilled in
the same column. A pressure apparatus for determinations of the
cloud point temperatures under pressure has been described in de-
tail elsewhere.!! Several solutions in tert-butyl acetate and diethyl
ether prepared from each sample in the concentration range of 0.5
to ~38 wt % were stirred for about 3 hr and then sealed inside the
solution cells by mercury seals. In the determination of (d7/dP).
for the ucst (—44.8°C atm) in the polystyrene-diethyl ether system
the solution was not sealed by mercury. The cloud-point tempera-
tures for the ucst and lest were determined with an accuracy of
+0.05° for the temperature range of —10° to ~10°C, +£0.3° for
—40° to ~—60°C for the ucst and £0.05° for the lest by the aid of
the pattern of the He-Ne laser beam, as described elsewhere.!?
The cloud point temperatures under pressure are obtained by
cooling slowly at 0.04 to ~0.09 deg min~! in a water or ethanol
bath for the ucst in the polystyrene-tert-butyl acetate system, 0.09
to ~0.12 deg min~! for the ucst in the diethyl ether solution, and
by heating at 0.07 to ~0.10 deg min~! in a silicon il bath for the
lest in the tert-butyl acetate and diethyl ether solutions. Upper
and lower critical solution temperatures were estimated from the
cloud-point curves. The thermal pressure coefficient of tert-butyl
acetate has been measured by means of a constant volume ther-
mometer. The stainless-steel vessel of high pressure holding a con-
stant volume thermometer of Pyrex glass was immersed into a
water bath controlled within £0.002° and then pressure was raised
very slowly (0.03 to ~0.05 kg cm~2 min~1!) until a pilot lit. The

W,

Figure 2. The (temperature, weight fraction) phase diagram for
the polystyrene (My, X 107% = 2.04)-diethyl ether system at pres-
sures indicated in atm.

pilot in series with the mercury and the platinum wire sealed into
the cell indicated that the solvent in the cell was contracted with .
an increase of pressure and separation of the tip of the wire from
the mercury was established at an applied pressure. The pressure
at which the pilot lights with a slight increase of pressure and van-
ishes with a slight decrease of pressure was determined with an ac-
curacy of £0.01 kg cm™2 at a constant temperature (£0.002°) by
use of a calibrated Bourdon type pressure gauge of 45 cm diameter
(Heise Co., to 50 kg em™2). The constant volume thermometer
used in this work will be described in detail elsewhere.>? The plot
of the applied pressure against temperature was linear within ex-
perimental error and gave the uncorrected value of vy, i.e., Yobsd.
An accurate value for v, was obtained by correcting for the ther-
mal expansion and isothermal compressibility of the glass cell and
mercury by the relation?

Yv = Yobsall + (VHgBHg - Vng)/Vsﬁs) + (Vgag - VHgaHg)/VSBS

where V; = Vi + Vy, = the volume of the cell; Sy = the coeffi-
cient of isothermal compressibility of mercury = 4.09 X 10-¢
atm™! at 25°C; 3, = the coefficient of isothermal compressibility of
Pyrex glass = 3.00 X 107 atm™1; 3 = the coefficient of isothermal
compressibility of solvent; ag = the coefficient of thermal expan-
sion of Pyrex glass = 9.9 X 1078 deg™!; ang = the coefficient of
thermal expansion of mercury = 1.82 X 10~% deg™!. For the value
of ag it was determined in other experiments!® that an approxi-
mate value of 8¢ (= ag/vopsa) could be used without altering the
value of v, by a significant amount. The value found for v, of tert-
butyl acetate is given in Table L.

Results

Typical cloud-point curves at different pressures from 0
to ~50 atm for solutions of polystyrene (M X 1074 = 345)
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Table 11
Critical Solution Temperatures for Polystyrene Solutions of Various Molecular Weights and Pressures

uest (°K) at pressure, atm

lIest (°K) at pressure, atm

My X
Sample 1‘6\/“‘ My, My 0 10 20 30 40 50 0 10 20 30 40
Polystyrene—tert-Butyl Acetate
13a 67.0 <1.15 270.8 269.7 2686 267.5 266.4 2655 393.7 400.2 407.1 413.7 420.2
145-3  145.0 <1.10 276.7 275.3 273.8 272.4 271.1 270.0 387.1 393.8 400.6 407.3 414.0
14b-2 270.0 <1.10 280.7 278.8 277.2 2758 2744 273.3 3825 388.8
14b-1  345.0 <1.10 281.8 280.0 2783 276.8 2754 274.2 381.2 388.1 394.9 401.7 4084
oo 296.1 293.1 290.7 288.5 286.8 2855 359.3 366.3 372.7 380.4 387.0
Polystyrene—Diethyl Ether
2b 2.04 <1.06 2284 226.2 224.0 222.2 220.6 219.2 3145 320.8 327.0 333.2 3394
L M, 67x10* 243 -
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Figure 3. Projection on the (P, T) plane of the critical lines corre-
sponding to the ucst and lest in the polystyrene~tert-butyl acetate
system for the samples of indicated molecular weight. The critical
line for the sign « is that of the infinite molecular weight of the
polymer corresponding to the 8 condition.

in tert-butyl acetate and of polystyrene (M, X 107¢ =
2.04) in diethyl ether are shown in Figures 1 and 2. The
value of the lest at the saturated vapor pressure in the
polystyrene (My X 1074 = 2.04)-diethyl ether system is
lower by 1° and that of the ucst is lower by 7° than that of
the polystyrene (M X 107* = 1.98)-diethyl ether system
reported by Siow et al.l4 The hour-glass-shaped phase di-
agram, in which the complete miscibility region exists at
concentrations less than 3.0 wt % and higher than 34.5 wt %
of polymer, was observed for solutions of polystyrene of My,
X 10~* = 3.7 in diethyl ether. The pressure derivative of
the cloud-point temperatures in the polystyrene (M, X
10~4 = 3.7)-diethy! ether system is 0.79 deg atm~! at a con-
centration of 2.1 wt % and 0.64 deg atm™! at a concentra-
tion of 37.8 wt %. Although the maximum and minimum
points of the cloud-point curves are not the critical points,
the difference of the maximum or minimum points from
the critical points for the ucst or lest should be quite small
because of the small deviation from unity of M/M,, for the
five samples in this work.34:35 The critical solution temper-

20 20
R(atm)

Figure 4. Projection on the (P, T') plane of the critical line corre-
sponding to the ucst and lcst in the polystyrene (M,, X 107 =
2.04)-diethyl ether system.

atures at pressure from 0 to ~50 atm for polystyrene of var-
ious molecular weights are listed in Table I1. The pressure
dependence of the ucst and lest for polystyrene in tert-
butyl acetate and diethyl ether is shown in Figures 3 and 4,
as well as the pressure dependence of the § temperature for
the polystyrene-tert-butyl acetate system. The 6§ tempera-
ture at different pressures in the polystyrene—tert-butyl ac-
etate system was determined by linear extrapolation of the
plot of Tc™! vs. (x1,.erit — 0.5)V/2 for the lest and (xy cric —
0.5)3/4 for the ucst in Figure 5. The method of determina-
tion of the 8 temperature has been described in detail else-
where.1® The values of (dT/dP). for the tert-butyl acetate
solutions and the diethyl ether solutions are collected in
Table II1. Linearity in the plot of the critical solution tem-
perature versus pressure is observed for the lest in the tert-
butyl acetate and diethy! ether solutions and for the ucst in
the polystyrene (M, X 10™% = 67)-tert-butyl acetate sys-
tem within experimental error, while nonlinearity charac-
terized by convex downward curves is observed for the ucst
in solutions of polystyrene (M X 107% = 145 to ~345) in
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Figure 5. The determination of the # temperatures by the modi-
fied Flory—Shultz plot [Tc™? vs. (x1.erit — 0.5)1/3] for the lcst and
[T vs. (x1erit — 0.5)%4] for the ucst in the polystyrene—tert-
butyl acetate system at the pressures indicated.

Table IIT
Pressure Dependence of Critical Solution Temperatures
for Polystyrene Solutions at 0 atm

(dT/dP)c,ucst (dT/dP)c,lcst

at 0 atm, at 0 atm,

My X deg atm ™! deg atm™

‘ System 10~ Obsd Caled Obsd Caled
PS—tert-butyl 67.0 —0.110 —0.027 0.65 0.20
acetate 145.0 —0.140 -—0.039 0.67 0.20
270.0 —0.170 —0.051 0.67 0.22

345.0 —0.1756 —0.059 0.68 0.22

oo —0.30 —0.13 0.70 0.31

PS—diethyl ether 2.04 —0.24 —0.026 0.62 0.23

tert-butyl acetate and of polystyrene (M, X 1074 = 2.04)
in diethyl ether. A maximum deviation from linearity in
the tert-butyl acetate and diethyl ether solutions is esti-
mated as 0.3-0.4°. The tendency of the deviation from lin-
earity in the plot of the ucst vs. pressure is emphasized in
the plot of the 8, vs. pressure, as shown in Figure 3. The
listed values of (d7T/dP). for the ucst in Table IIT are deter-
mined from the initial slope at 0 atm. The molecular weight
dependence of (dT/dP). for the ucst and lest in the poly-
styrene-tert-butyl acetate system is characterized by the
increasing absolute values of (d7/dP). with an increase of
the molecular weight of the polymer or with an approach to
the 8 temperature for the ucst and lest, as shown in Table
III. After measurement of the cloud-point temperatures in
the region of the lest, the thermal degradation of polysty-
rene was examined for the polystyrene—tert-butyl acetate
system by the reproducibility of the cloud-point tempera-
tures for the ucst. Errors caused by thermal degradation in
the determinations of the lcst over the pressure range of 0
to 50 atm are estimated as 0.2 to 0.7° depending on the mo-
lecular weight of the polymer.

Macromolecules

Discussion

In previous work!! we have determined the pressure de-
pendence of the ucst in the polystyrene-cyclohexane sys-
tem and found that the value of (d7/dP), changes from
positive (3.14 X 10~ deg atm~1) for polystyrene of M, X
10~% = 3.7 in cyclohexane to negative (—4.40 X 10-3 to
—5.64 X 1072 deg atm™?) for My, X 10~* = 67 and 145 pass-
ing through the negligibly small negative value (~0.52 X
1073 deg atm™~1) for My, X 10~% = 11. The values of (d7/
dP). for the ucst in solutions of the polystyrene (M, X
10~4 = 87 to ~345) in tert-butyl acetate and of polystyrene
(M X 10~ = 2.04) in diethyl ether are greatly different in
magnitude and sign of (dT/dP). from those of the polysty-
rene—cyclohexane system. The values of (d7/dP), for the
lest in tert-butyl acetate and diethyl ether are larger than
the values reported in such systems as polyethylene—pen-
tane (0.59 deg atm™!),% polystyrene-methyl acetate (0.45
deg atm~1)® and polyisobutene-isopentane (0.46 deg
atm™!).7

According to the thermodynamic analysis in the vicinity
of the critical point the pressure dependence of the critical
solution temperature is related to the ratio of the second
derivatives of volume and enthalpy per mole of mixture
with respect to composition!-3

(dT

) T(2V/s¢2®)1.p

_ = Jim ———

dP/c T—T.
[ and’~

(62H/a¢a%) TP
In the Flory theory the polymer—solvent interaction param-

eter x is identified as the residual chemical potential (u; —
11°)B/RT 9? and represented as a series in powers of 2025

(1)

X=x1+ xee2 + x3p22 + ... 2)

The value of (dT/dP). is dominated by the ratio of the first
derivatives of x; with respect to pressure and temperature.
By neglecting x2¢2 and higher terms in eq 2 we obtain

(dT/dP). = ~(ox1/6P) 7/ (3x1/8T)p, (3)
and x; at the critical point is given by
X1,crit = (1/2)(1 + r—1/2)2 4)

The values of (2H/ag2?). or (ax1/6T)p, are negative for the
ucst corresponding to the endothermic condition and posi-
tive for the lest corresponding to the exothermic condition,
while the (62V/ag9?). or —(ax1/¢P)r, are positive for the
ucsp corresponding to the negative excess volume of mixing
and negative for the lesp corresponding to the positive ex-
cess volume of mixing. The observed negative value of
(dT/dP)c,ucst and positive value of (dT/dP).jcst for polysty-
rene in tert-butyl acetate and diethyl ether corresponds to
the negative excess volume of mixing in the vicinity of the
critical point and to the existence of ucsp in the pressure-
composition phase diagram at a constant temperature.

The sign and magnitude of (dT/dP). are qualitatively
predicted by the Patterson®-4! and Flory*2-4% theories of
polymer solution thermodynamics through the pressure
and temperature dependence of the x; parameter. The esti-
mation of the pressure dependence of the critical solution
temperatures for the ucst and lest has been carried out ac-
cording to the Patterson theory by a procedure described
elsewhere.!! The values of (d7/dP), given in Table I1I were
calculated with use of molecular parameters such as c»?
and c;7? listed in Table I determined from the molecular
weight dependence of the ucst and lest.!® The values of
characteristic reduction parameters (P*, V*, T*) for tert-
butyl acetate and diethyl ether were determined from the
thermal pressure coefficient and thermal expansion coeffi-
cient.2548 A qualitative prediction of the sign of (d7/dP).
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and molecular weight dependence (d7/dP). is obtained
from the theory. The calculated values of (d7/dP). are
about one-third the experimental values for polystyrene in
tert-butyl acetate and diethyl ether. The values of (d7/
dP). calculated from the experimental values of x; modi-
fied by taking into account the concentration dependence
of x and the expression for x; in the Patterson theory
should be larger through the (6x1/4T) in eq 3 than that of
(dT/dP). based on x1. in eq 4. It is found in the polysty-
rene—cyclohexane system that the value of x; . — 0.5 calcu-
lated from eq 4 is about three times larger than the%xperi-
mental value of x;. — 0.5 from the critical miscibility
data,!'8:35 while 6, is 34°C from eq 4!5 and 33.2°C from the
critical miscibility data.?® It is suggested that the value of
(5x1/8T) based on eq 4 is larger by about three times than
that of the critical miscibility data when account is taken of
the concentration dependence of x. In the light of this fact
the discrepancy between the observed and calculated
values of (d7/dP). in Table III should be attributed to the
overestimate of (4x1/6T) by eq 4. The large absolute value
of (dT/dP). for the lcst reflects the large positive value of
(a2V/a¢9%). or the large negative value of (ax1/0P)r, and is
caused by the large contribution of the configurational heat
capacity term (or ¢;r2 term) to x; and a rapid decrease of
the ¢;72 term with increase of pressure as compared to a
small contribution of the configurational energy term (c»2
term) to x; and a slow increase of the c¢1»? term with in-
crease of pressure at constant temperature. Linearity in the
lest vs. pressure plot is attributed to the dominant negative
contribution of the configurational heat capacity term to
(6x1/6P) .. In the vicinity of the ucst for the polystyrene so-
lutions the ¢;72 term contributes to x; by almost the same
amount as the c¢1»? term, as expected from comparison of
the experimental values of the ucst and lest with the theo-
retical expressions for x; in the Patterson theory, in which
the expression of x; at constant pressure consists of two
terms characterized by a decreasing function of tempera-
ture (ci»? term) and an increasing function of temperature
(c172 term).16.18 The value of (dT/dP), for the ucst which is
mainly determined by the magnitude of (ax1/6P)r, is ex-
pected to be smaller than that at the lcst because of the
small negative value of (8x1/6P)r,.. The latter is due to the
decreasing absolute value of the negative contribution of
the ¢172? term and to partial compensation by the positive
contribution of the ¢iv? term of the negative contribution
of the ¢17% term. The positive value of (sx1/6P)r, or the
positive excess volume of mixing is also predicted by the
theories at sufficiently low temperature, at which the c1»?
term is dominant and the value of (3x1/6P)r, is determined
by the positive contribution of the c;v? term. The change
from negative (dT/dP). value to a positive one for the ucst
has been observed in the polystyrene—cyclohexane system!!
and this change of signs is expected to occur generally in
polymer solutions, as predicted theoretically. The tendency
of deviation from linearity in the ucst vs. pressure plot
characterized by the convex downward curve and the mo-
lecular weight dependence of (dT/dP). for the ucst and lcst
in the tert-butyl acetate solutions are well explained by
two effects: one is the increasing positive contribution of
the ¢1v? term to (8x1/6P)r, with decrease of temperature ac-
companying the decreasing absolute value of the negative
contribution of the ¢;72 term; the other is the decreasing
absolute value of (6x1/9T")p, with an increase of the molecu-
lar weight of the polymer or with an approach to the 8, or
6, brought about by the parabola-like dependence of x;
with a minimum at a given temperature. The latter affects
the value of (d7/dP), through the denominator in eq 3.
The calculated and experimental values for the pressure
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derivative of 6, and 6; in the tert-butyl acetate solutions at
0 atm are listed in Table ITI.

The pressure dependence of critical composition along
the critical locus is related to the third derivatives of chem-
ical potential, volume, and enthalpy with respect to compo-
sition.! It is of great interest to determine the value of
(dgo/dP). along the critical locus to define roughly the
thermodynamic functions of partially miscible liquids with
respect to composition of the mixture near the critical
point.47 The pressure dependence of the critical composi-
tion in the solution of polymer with a very narrow molecu-
lar weight distribution should be observed as the displace-
ment of the composition corresponding to the maximum or
minimum point of the cloud-point curves for the ucst and
lest with an increase of pressure. The displacement of com-
position of the maximum or minimum point was not de-
tected over the pressure range of 0 to ~50 atm in solutions
of polystyrene in tert-butyl acetate and diethyl ether. In
this work it is emphasized that the behavior of the pressure
dependence of the ucst and lcst in polystyrene solutions
over the pressure range of 0 to ~50 atm is qualitatively pre-
dicted by the Patterson or the Flory theories of polymer so-
lution thermodynamics through the expressions for x1. It is
also suggested that the pressure effect on the thermody-
namic properties of the polymer solution such as the phase
separation behavior at the ucsp and lesp at constant tem-
perature is determined in the region of high temperature or
pressure by the excess volume of mixing in the polymer so-
lution.
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ABSTRACT: The characteristics and advantages of the thermal field-flow fractionation methodology for measur-
ing thermal diffusion parameters in polymer solutions is discussed. The theory of the method is presented and is
extended to include the effect of variable thermal conductivity. This in combination with experimental retention
data yield values for thermal diffusion factors, a. To get thermal diffusion coefficient D, ordinary diffusion coeffi-
cient D is needed; Flory’s method is used for this purpose. These parameters are acquired from experimental data
obtained with polystyrene samples of molecular weight 20 000, 51 000, 97 000, and 160 000, dissolved in eight organ-
ic solvents. Trends occurring with changes in molecular weight, solvent, and temperature are investigated. Some
aqueous solutions of macromolecules are shown to exhibit much weaker thermal diffusion effects.

Thermal field-flow fractionation (TFFF) comprises a
methodological subclass of field-flow fractionation (FFF), a
macromolecular separation technique.2-> In TFFF, a ther-
mal gradient, applied across a channel through which sol-
vent is flowing, retards the downstream progress of macro-
molecular solutes.5-10 This retardation, or retention, is
caused by thermal diffusion, which forces macromolecules
into the low-velocity region next to the channel wall. Re-
tention among assorted macromolecules is differential,
hinging on the magnitude of the thermal diffusion effect
for each species.

Differential retention causes separation and thus leads
to the realization of the primary goal of TFFF: chemical
fractionation. Differential retention also makes it possible
to discern the magnitude of the underlying thermal diffu-
sion effect, thus making it possible to measure thermal dif-
fusion parameters for various macromolecules. This is an
important secondary goal for TFFF, especially in view of
the fact that existing data on thermal diffusion for macro-
molecules are scarce and inconsistent. In an earlier work it
was shown that TFFF has certain advantages in making
such measurements compared to other techniques, includ-
ing those using thermogravitational columns, static cells,
and moving boundaries.!* These advantages include rela-
tive speed, simultaneous fractionation, and minute sample
requirements (on the order of 1 mg).

In this paper we present an improved methodology for
TFFF measurements and analyze the faults of the previous
TFFF system. We introduce an important theoretical cor-
rection, accounting for the variation with temperature of
solvent thermal conductivity. We report thermal diffusion
parameters for a variety of chemical systems not yet char-
acterized with respect to thermal diffusion. We analyze the

results in an attempt to isolate the effects of temperature,
molecular weight, and other chemical factors. Systems in-
cluded in this study are polystyrene polymers of molecular
weights 20 000, 51 000, 97 000, and 160 000, and solvents
that include toluene, ethyl benzene, methyl ethyl ketone,
chloroform, ethyl acetate, cyclohexane, dioxane, and di-
methyl formamide. We also include some preliminary re-
marks on thermal diffusion (or the lack of it) in aqueous so-
lutions and in binary mixtures of water with DMSO, urea,
and guanidine hydrochloride.

Theory

The theory of TFFF has been developed and refined in
several publications.2P3892 The essential equations are
based on the existence of an exponential steady-state so-
lute cloud at the cold wall of the channel

c* = ¢o exp{—x/I) (1)

In this equation, c¢* is the steady-state concentration, c¢q
the concentration at the cold wall, x = 0, and [ is the char-
acteristic thickness of the solute layer. Parameter [ is most
conveniently expressed in dimensionless form

A= l/w (2)

where w is the distance between hot and cold walls. In di-
lute solutions, which we assume here, quantity A is related
to thermal diffusion by3
@ dT
=1/ (=+7v)= 3)-
A= <~T 7) dx @
where « is the thermal diffusion factor, ¥ is the (cubical)
coefficient of thermal expansion of the solution, and d7"/dx
is the temperature gradient.



