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Abstract

The viscometric behavior of polystyrene (PS) in a mixed solvent of toluene/cyclohexane and with varying temperature was thoroughly
investigated. It has been found that, in the plot of the reduced visdagjiC) vs. concentration, the intrinsic viscosity of PS increased in the
mixed solvent with higher ratio of toluene/cyclohexane or when measured at higher temperature, indicating that the polymer—solvent
interaction increased in the mixed solvent with a higher ratio of toluene/cyclohexane or at higher temperature. According to the theoretical
consideration discussed in the paper, the correlation between the intrinsic viscosity of PS at finite concenfsgtipanfl the concentration
of PS in solution can be obtained by transforming the plot of the reduced vis¢ggit€) vs. concentration of PS in the solvent. It is noted
that [npdc decreased with an increase in the concentration of PS in solution, indicating that the polymer dimensions decreased in concen-
trated solution. The concentration-dependent intermolecular excluded volume effect, which can be quantitatively expressed by the parameter
by, is believed to be responsible for the results. In good solvent, the polymer coils expand, resulting in an increase of the intermolecular
excluded volume effect in solution. As a result, the paranstén poor solvent is less than that measured in good solvef-$olvents, the
parameteby became zero, indicating thagfdc no longer changed with the increase of the concentration of PS in solution and that polymer
coils existed in an unperturbed sta®1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction investigate changes in polymer dimensions in solution.
According to this method, the viscometric behavior of poly-
As it is well known, in infinite dilute solution@ < Cy), mer A (guest polymer) is determined in solution in which a

the distance between polymer molecules is very large. Thesecond polymer B (host polymer) is found at a constant
intermolecular interaction between the polymer molecules concentration [12,19]. Accordingly, the intrinsic viscosity
in solution is negligible. In finite solutionsC(> C), of polymer A in solution in which the polymer B is at a
however, the intermolecular interaction can no longer be constant concentration o€, [na]lg, should reflect the
negligible. As a result, the polymer coils shrink in size, change in molecular dimensions of polymer A brought
resulting in a decrease of the hydrodynamic volume of poly- about by the presence of polymer B [16—-20]. In fact, the
mers in solution. With the increase of the concentration, the changes injs]g can be attributed to both the polymer—
hydrodynamic volume decreases accordingly. When the polymer interaction (repulsive or attractive intermolecular
concentration is higher tha@*, the polymer coils overlap  interaction between polymer A and B) and the concentra-
and interpenetrate each other and the individuality of poly- tion-dependent intermolecular excluded volume effect of
mer coils in solution disappears [1-15].Though the exis- polymers in solution. This is verified by investigations on
tence of the critical concentratio@s has been verified by  the intrinsic viscosity of poly(vinyl chloride) (PVC) in
a number of techniques [3—6], the quantitative correlation pure solvent ofN,N’-dimethylformamide (DMF), and in
between polymer dimensions and the concentration of poly- polymer solvent of poly-carprolactone)(PCL} DMF,
mer in solution has never been established by viscosity poly(N-vinyl-2-pyrrolidone) (PVPHX DMF and polysty-
measurements. Fortunately, the method of polymer solventrene (PS} DMF, respectively [21]. However, if the host
to which much attention has been devoted in recent yearsand the guest polymer are chosen to be the same polymer,
[12,16-19], has proved to be a useful technique to namely polymer A, and the intrinsic viscosity of polymer A
is determined in a number of polymer solvents with a differ-
* Corresponding author. Tel+86-551-360-3953. ent concentration of the same polymer A, the plotf]i
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time of solution in which polymer concentration {S.
Therefore, on condition that the linear relationship between
1ns/C and C be obtained by the viscosity measurement of
binary system, the flow time of solution at any concentration
C can be calculated by Eqg. (1). Accordingly, if the solution
with the concentratiol€; is used to form polymer solvent,
the flow time of this polymer solvent, can be obtained in
this way. According to the Huggins equation, we have

15/C = (tfty — 1)/C = [n]o + bC )

t

Nsy/Ci = (tilto — 1)/C; = [l + bG 3

where p]o is the intrinsic viscosity of the solution, and
slope coefficienbis related to the Huggins coefficielit; by

_ 2
Fig. 1. The plot of the reduced viscosity /C) vs. concentration®) is b= Kulnlo @
schematically shown. Obviously, Egs. (2) and (3) can be changed into the form

C

vs.Ca can be obtained accordingly. This plot should present t/to = [7]1oC + bC* + 1 )
the quantitative correlation between the dimensions of poly-

mer A and the concentration of polymer A in solution. Since t/ty = [1]oC; + bG? + 1 (6)
the attractive or repulsive interaction between polymer A
and polymer B in solution no longer exists on this occasion,
we believe that the plot ofrjs]a Vvs. Ca should effectively t [m]oC + bC? + 1

reveal the correlation between polymer dimension and the % = [oC + bCZ + 1 )
concentration-dependent intermolecular excluded volume

effect of polymers in solution.Theoretical analyses, Subtracting 1 from both sides of Eq. (7) yields
however, have demonstrated that it was no use obtaining ¢ [n1oC + b2 + 1

Combining Eqgs. (5) and (6) yields

the plot of [na]a VS. Ca by determining the intrinsic visc- — —1 5 -1

osity of polymer A in a number of polymer solvents with b [n1oGi +bCG + 1

different concentrations of the same polymer A, since this [7]o(C — C) + b(C + C)(C — C))

plot can be obtained conveniently by transforming the plot = [71oCi + bC2 + 1 €)

of 15/C vs. C of polymer A in pure solvent. In this article,
the theoretical background concerning the transformation On division by C — C;), Eq. (8) can be changed into the
from the plot of ns/C vs. C to the plot of lpa]a vs. Ca is form

prgsented. As a result, the plots pg,/C vs.C of PS in Wt)—1 _ [nlo+b(C—C)

mixed solvents and with varying temperature were C—C _ [nGC b+ 1

measured and transformed into the plots 9f]l vs. Ca. ! Mlo™

As can be seen, a linear relationship betwegxl[ andC, [m]o + 2bG b(C - C)

exists. With the increase df,, [na]a decreased accord- " G +bCP+ 1 [n]C + bC?+ 1 ©
ingly, due to the concentration-dependent intermolecular

excluded volume effect which can be quantitatively EXpressindnlc andbg, by the equation
expressed by the parametsr. [n]o + 2bG

= 10

(Ml = (G, 752 1 (10
2. Theoretical b

b = oG + b2 + 1 1

The reduced viscosityn/C) vs. concentration) of [11oCi G

polymers in solution are schematically displayed in Fig. 1. Eq. (9) may be rewritten as
In general, a linear relationship exists, except for a polyelec- 1
trolyte in solvent. As can be seen, for any concentra@on Wy =1 _ [l + be(C—C) (12
there existsy/C. According to the definition, the reduced C-G ' '
viscosity ns/C may be expressed by the equation Obviously Eq. (12) can be referred to as the Huggins equa-
n6/C = (tto — 1)/C 1) tion of the guest polymer with the concentrati@{ C;) in

the polymer solvent in which the host polymer, the same as
wheret, is the flow time of the pure solvent ands the flow the guest polymer in this instance, is at the concentration of
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Fig. 2. The plot of the reduced viscosityj¢/C) vs. concentration of PS in
mixed solvents of cyclohexane/toluene with different volume ratios at
25°C.

Ci. Accordingly, [n]c, represents the intrinsic viscosity of
the guest polymer in the polymer solvent with the concen-
tration of C;. Since the guest polymer and the host polymer

501

where ] is the intrinsic viscosity of polymers in solution
with the concentratio. However, they failed to find a way

to determine f]c. Now, using the method of polymer
solvent, it can be determined conveniently. The concept of
the intrinsic viscosity at concentrated solution had been
employed by Staszewska et al. [20] to deduce the equation
by which the Huggins mutual interaction parame€gs was
determined. However, Eq. (10) presented an quantitative
relationship betweefmn]c, andCi. WhenC; is low and the
higher terms ofC; are neglected, Eq. (10) can be expressed
as follows:

[l = [nlo + (2b — [MIH)C; (14)
Combining Egs. (14) and (4) yields
[nle, = [nlo — (1 — 2K [MI3Ci (15)

Considering that in good solvents the Huggins paranigter

of flexible polymers is always less than 0.5 as has been
pointed out by Bohdanecky and Kovar [23], we believe
that(1 — 2KH)[n]§ is larger than zero, indicating that poly-
mer dimensions should decrease with the increase of the

are chosen to be the same polymer as discussed above, wEoncentration of polymers in good solvents.

believe[n]c, directly reflects polymer dimensions in solu-
tion with the concentration of;. Therefore, oncerf], andb
are obtained from the plot ofs/C vs. C, then, lettingC
equals 0.1,0.2,...[nlc at the concentration of 0.1,0.2,...,
can be calculated by Eq. (10). In this way, the plofgfc,

3. Experimental

Polystyrene (PS) was supplied by Hefei Chemical Plant
(China), with a viscosity-average molecular weight of

vs. C; was obtained. In fact, in the early 1950s, Cragg and »5q 0. Cyclohexane and toluene were A.R. grade and
Bigelow presented the concept of the intrinsic viscosity at \yere ysed as received. Viscosity measurement was carried
finite concentration [22]. Itwas_ pointed out that, Whep poly- out using a dilution Ubbelohde viscometer which was

mer molecules come closer in concentrated solution, the i mersed in a constant temperature bath. The temperature

polymer dimension decreased due to the repulsive intermo-, 1« measured by a thermometer with an accuracy ofG.02
lecular interactions. As a result, Huggins equation should be

expressed as

ns/C = [mlc + KIMIeC (13)

08

4. Results and discussion

Fig. 2 shows the plots of the reduced viscosity/C) vs.

concentration @) for PS in mixed solvents of cyclohexane/
i 50550 Cyclohesane/foluene toluene with different volume ratios at 5. It can be seen
e that there is a linear relationship betweggyC andC in the
07 \ whole range of concentration. On extrapolating to zero
\0\\57/43 v concentration, the intrinsic viscosity of PS in mixed solvents
_ I \\\ v can be obtained. It is noted that the intrinsic viscosity of PS
S ost ~— \\\ increased in mixed solvents with a lower ratio of cyclohex-
:;9 70030 \\‘\\\ . ane/toluene, indicating that the polymer—solvent interaction
B S T increased in mixed solvent with a lower ratio of cyclohex-
05 87/;3‘\.\\\}\.\ ) ane/tolugne. According to Eqg. (10) Fig. 2 can be trans-
e S . formed into the plot of §]c vs. C which is shown in
A — Fig. 3. As can be seen, a linear relationship exists between
04 o L L [n]c and C. With the increase of concentrationy]i

06

C (g/dl)

Fig. 3. The intrinsic viscosity of PS at finite concentration vs. concentration
of PS in mixed solvents with different volume ratios of cyclohexane/toluene
at 25C.

decreases accordingly due to the concentration-dependent
intermolecular excluded volume effect. Furthermore, in the
mixed solvent with a lower ratio of cyclohexane/toluene,
[n]c decreases more rapidly than in mixed solvent with higher
ratios of cyclohexane/toluene. A reasonable interpretation
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Fig. 4. The plot of the parametéx, as a function of the volume ratios of
cyclohexane/toluene at 25.

may be that, in the mixed solvent with the lower ratio of
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Fig. 5. The plot of the parametby as a function of the intrinsic viscosity of
PS in mixed solvents of cyclohexane/toluene with different volume ratios at
25°C.

interaction (the effect of mutual volume exclusion of the

cyclohexane/toluene, PS coils expanded due to the strongsegments of the different polymer coils) was introduced.

polymer—solvent interaction. As a result, the intermolecular
excluded volume effect in solution increased. Therefore,
[n]c decreased more rapidly with the increase of the
concentration. The equation that indicates the relationship
between §]c andC can be employed here as follows

[nlc = [nlo — byC

The parameteby is a quantitative representation the inter-
molecular excluded volume effect of macromolecules in
solution. From Fig. 4 and Table 1 it can be seen that
decreases in mixed solvent with a higher volume ratio of
cyclohexane/toluene, indicating tha{ is large in good
solvent and decreases in poor solvent. 4iJ is used to
indicate the solvent power, thet, should increase in
mixed solvent with a large value ofy]o as can be seen
from Fig. 5.

It is well known that, in infinite dilute solution, the inter-
molecular interaction between polymers in solution is negli-
gible. As a result, the polymer dimension is determined by
the effect of mutual volume exclusion of the segments
(intramolecular interaction), which tends to enlarge the
molecule. The effect of a positive energy of mixing,
which encourages first-neighbor contacts between polymer
segments, a more compact conformation for the molecule
results [24]. In finite dilute solution, the intermolecular

(16

Table 1
Viscosity parameters for polystyrene in mixed solvents of cyclohexane/
toluene with different volume ratios at 25

Cyclohexaneftoluene o (dl/lg) b (dl/g)* Ky by (dl/g)?
50/50 0.758 0.184 0.320 0.171
57/43 0.675 0.175 0.384 0.130
70/30 0.549 0.127 0.421 0.063
87/13 0.464 0.124 0.576 0.023

However, underf-conditions, all these interactions are
compensated and the polymer coils in solution exist in an
unperturbed state, indicating that)]g should remain
constant with the increase of the concentration. As a result,
the parametelny should equal zero undércondition. It has
been reported [25] that, for the mixed solvent of cyclohex-
aneftoluene with the volume ration of 86.9/13.1, the
0-temperature for PS is 1€. Since the viscosity of PS in
this mixed solvent (87/13) was measured d&t@5he para-
meterby was a little higher than zero as can be seen from
Table 1. We believe that this is because the poor solvent
became a good one at higher temperature. When determined
at 25C, the6-condition for PS should appear in the mixed
solvent of cyclohexane/toluene with the volume ratio a little
higher than 86.9/13.1.

Fig. 6 shows the plots of the reduced viscosity/C) vs.

065 - .
7
060 | v v
« — 45C
055 |- " ‘/40%:
. — :
. . e
5 *'V/v/ o« -
T 00| 7 ’//// - = 35°C
- -
N
o5l A
- -
/'/ /"7</
,/"/
040 | A
/
| —
035 . 1 R L " I R 1 )
00 02 04 06 08 10
C (g/dl)

Fig. 6. The plot of the reduced viscosity4/C) vs. concentrationQ) of PS
in cyclohexane at different temperatures.
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Fig. 7. The intrinsic viscosity of PS at finite concentration vs. concentration
of PS in cyclohexane at different temperatures.

concentration for PS in cyclohexane at different tempera-
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Fig. 9. The plot of the parametby as a function of the intrinsic viscosity of
PS in cyclohexane at different temperatures.

tures. It can be seen that, when measured at higherViscosity parameters for polystyrene in cyclohexane at different tempera-

temperatures, the intrinsic viscosity of PS is larger than

those measured at lower temperatures, indicating that atremperature°c)

higher temperatures, the polymer—solvent interaction

increases and the PS coils expand. Based on Eq. (10),23

Fig. 6 was transformed into the plot ofy]c vs. C as

shown in Fig. 7. It can be seen that, at higher temperatures,s,

[n]c decreases more rapidly with concentration. Obviously
the increased intermolecular excluded volume effect of PS
at higher temperature should be responsible for the results
Fig. 8 shows directly thatby increases at higher
temperatures. Usingn], to indicate the solvent power of
cyclohexane at different temperatures, it should also
increase with increase im]o as can be seen from Fig. 9.

It has been reported [26,27] that thedemperature for PS
in cyclohexane is 3€. To avoid potential sedimentation of
PS in solution we measured the viscosity of polymer solu-
tion at 35C, slight higher than thé-temperature. As a
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Fig. 8. The plot of the parametéx, as a function of the temperature at
which the viscosity behavior of PS in cyclohexane was measured.

Table 2

tures
[n]o (dl/g) b(dlig}* Ky by (dl/g)?
0.377 0.109 0.767 —0.002
0.424 0.112 0.623 0.024

45 0.449 0.121 0.600 0.034
0.489 0.141 0.589 0.065

result, the parametds, should approach zero, which was
verified by the experimental results as shown in Table 2.

5. Conclusion

In conclusion, the plot of the reduced viscositp{C) vs.
concentration €) can be transformed into the plot of]c
vs. C, which indicates the quantitative correlation between
the polymer dimension and the concentration of polymer in
solution more directly and effectively. With an increase of
concentration, #§]c decreases accordingly due to the
concentration-dependent intermolecular excluded volume
effect which can be quantitatively expressed by the para-
meterby. In good solventdy is larger and §]c decreases
more rapidly with the increase of the concentration. On the
contrary, in poor solventyy decreases in magnitude. Under
8-conditions, the parametdx, becomes zero andyj|c no
longer changes with the increase of the concentration of
polymers in solution.

References

[1] Daoud M, Cotton JP, Farnoux B, Jannink G, Sarma G, Benoit H,
Duplessix R, Picot C, de Gennes P-G. Macromolecules 1975;8:804.

[2] de Gennes P-G. J Phys 1975;36:55.

[3] Qian R, Cao T, Chen S, Bai F. Chin Sci 1983;B12:1080.

[4] Cheng R, Yan X. J Appl Polym Sci: Appl Polym Symp 1991;48:123.



504

[5] Wu C. J Polym Sci Part B: Polym Phys 1994;32:1503.
[6] Liu M, Cheng R, Qian R. J Polym Sci Part B: Polym Phys
1995;33:1731.
[7] Dondos A, Skondras P, Pierri E, Benoit H. Makromol Chem
1983;184:2153.
[8] Pierri E, Dondos A. Eur Polym J 1987;23:347.
[9] Dondos A, Tsitsilianis C, Staikos G. Polymer 1989;30:1690.
[10] Dondos A, Tsitsilianis C. Polym Internat 1992;28:151.
[11] Montelro EEC, Thaumaturgo C. Polym Bull 1993;30:697.
[12] Papanagopoulos D, Dondos A. Macromol Chem Phys 1994;195:439.
[13] Dondos A, Papanagopoulos D. Polymer 1995;36:365.
[14] Papanagopoulos D, Dondos A. Polymer 1995;36:369.
[15] Zhu PW. Eur Polym J 1995;31:659.
[16] Tewari N, Srivastava AK. Macromolecules 1992;25:1013.
[17] Danait A, Deshpande DD. Eur Polym J 1995;31:1221.

H. Yang et al. / Polymer 41 (2000) 499-504

[18] Inai Y, Takenouchi S, Hirabayashi T, Yokota K. Polym J
1996;28:365.

[19] Papanagopoulos D, Dondos A. Polymer 1996;37:1053.

[20] Staszewska D, Kovar J, Bobdaneck M. Colloid Polym Sci
1980;258:600.

[21] Yang H, Zhu P, Li G, Wu P, Ren F. Eur Polym J 1999;35:345.

[22] Cragg LH, Bigelow CC. J Polym Sci 1955;16:177.

[23] Bohdanecky M, Kovar J. Viscosity of polymer solutions. Amsterdam:
Elsevier Science, 1982.

[24] Flory PJ. Principles of polymer chemistry. Ithaca, NY: Cornell
University Press, 1953.

[25] Saek S, Kuwahara N, Konno S, Kaneko M. Macromolecules
1976;6:246.

[26] Krigbaum WR, Flory PJ. J Polym Sci 1953;11:37.

[27] Fox TG, Flory PJ. J Am Chem Soc 1951;73:1915.



