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Intrinsic viscosity-molar weight relations are reported for polystyrene in N-methylpyrrolidone (NMP)
and NMP/LiBr solutions at 30, 45, 60, 75, 90 and 105 °C. Also, Mark-Houwink constants Kg and
the unperturbed dimensions of the polystyrene chains at these temperatures are calculated by apply-
ing Stockmayer—Fixman extrapolations of the viscosity/molar weight data. The use of in-line size ex-
clusion chromatography and viscometry is shown to be a facile and accurate method for such studies.

Size exclusion chromatography (gel permeation chromatography), when combined with
in-linec viscometry, is a rapid and convenient means of measuring thc molar weight
averages and molar weight distributions of polymers. In our laboratories a large number
of new high-performance polymers arc being synthesized. N-Methylpyrrolidone (NMP)
and NMP containing LiBr serve as convenient solvents for many of these polymers.
Calibration of the size cxclusion chromatographic (SEC) columns and the in-line vis-
comcter with polystyrenc standard samples of narrow molar weight distribution permits
molar weight characterization of the experimental polymers! by means of the universal
log ([n] M) vs clution volume procedure?. The intrinsic viscosity data obtained in such
calibration measurements on standard polystyrenc samples in NMP and in NMP con-
taining LiBr are reported here. The unperturbed polystyrene chain dimensions were
obtained from these data by the Stockmayer—Fixman extrapolation procedure® and the
theoretical bases of Flory and Fox*3.

* Present address: Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,
162 06 Prague 6, The Czech Republic.
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EXPERIMENTAL

N-Methylpyrrolidone (Burdick & Jackson, B & J Brand™ GPC grade) and N-methylpyrrolidone sol-
ution of lithium bromide (0.5 g LiBr per 100 ml of NMP at 25 °C) were used as solvents. The poly-
styrene samples were narrow distribution, anionically-polymerized standards obtained from
Polysciences, Inc. (Warrington, U.S.A.), except for the 68 000 g/mol sample which was obtained
from Polymer Laboratories (Church Stretton, U.K.). These standards were all reported to have M, /M,
< 1.07. The M,, values specificd by the supplicrs were accepted as correct. Due to the narrowness of
the molar weight distributions we will, for simplicity, refer to the molar weights of these samples as M.

A Waters Model 150-C GPC/ALC chromatograph containing two 300 mm x 7.8 mm columns
packed with pStyragel HT (Waters) cross-linked PS beads labelled *103 A and 10* A" (10 um bead
diameter) preceded an in-line Viscotek Model 100 viscometer. Detailed descriptions of the latter have
been published®. A flow rate of 1 ml/min was chosen for all the measurements except those at 30 °C
for which a 0.5 ml/min flow rate was uscd. Polymer concentrations of 1.0 mg/ml (sample of the hig-
hest M) to 2.5 mg/ml (sample of the lowest M) were used. Solution (200 ul) containing a mixture of
two or three polymer samples (giving no clution overlap) was injected. The polymer concentrations
at the differential refractive index detector of the chromatograph were approximately 1/25 of the in-
jeeted concentrations due to separation and column dispersion. The chromatograph, connecting line,
and viscometer were individually controlled to the same temperature.

RESULTS AND DISCUSSION

The polystyrene molar weights and measured intrinsic viscositics (Table ) are plotted
in accordance with the log-log representation of the Mark—Houwink cquation

log[n] = logK + alogM. @)

The values of K and « obtained from these plots (Figs 1a — 1d) are presented in
Table 1I. Approximation of the continuously curved log [v] vs log M by straight lincs
in the 2 500 to 30 000 g/mol and 30 000 to 400 000 g/mol regions is quite satisfactory
for most molar weight determinations from intrinsic viscosity. It is seen from the values
of the Mark-Houwink exponent, @ = 0.71 — 0.74 in the high molar weight region, that
NMP and NMP solution of LiBr (0.5 g per 100 ml) arc thermodynamically “good”
solvent media for polystyrene.

To obtain information concerning the unperturbed state of the polystyrenc chains
from viscosity and molar weight data in the present “good” solvents, extrapolations of
the data by the Stockmayer—Fixman relation®

M/MY2 = K + 0.5BdyM " ®)

were performed (Figs 2a and 2b). The Mark—Houwink constants Kg relating [v)] and M
in ©-solvent (Flory temperature) condition,

] = KoM ©)
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were obtained from the intercepts in these plots and are presented in Table III, where
there arc also given Kg values of Abe and Fujita” who used cyclohexane, methylcyclo-
hexane, and their mixtures to obtain ©-solvent conditions at 34.5, 43, 48, 54 and
70.5 °C; a good correspondence between the findings of Japanese authors and our find-
ings is noted (Fig. 3). Subscquently, the ratios of the unperturbed chain root-mean-
square cnd-to-cnd distances (ry) to the square roots of their molar weights were
calculated from K by the relation®

ro/MV2 = (Kg/®y)"? €))

TasLe 1
Intrinsic viscositics ([11]) of polystyrene samples (molar weights 2 700 — 390 000 g/mol) in
N-methylpyrrolidone (NMP) solvents

M. 107 ), mi g™
g mol™
30 °C 45 °C 60 °C 75° 90 °C 105 °C
NMP
2.7 4.7 4.5 4.3 4.0 3.8 3.7
4.0 6.0 5.7 5.4 5.3 4.9 4.8
9.2 9.3 8.9 8.4 8.0 7.8 7.5
22.0 15.9 14.9 14.1 13.8 13.5 13.0
30.3 19.1 18.4 17.7 17.1 16.5 16.0
48.9 25.8 249 24.0 23.3 22.5 21.7
68.0 342 33.0 32.1 313 30.7 29.0
90.0 40.1 38.9 37.5 36.4 35.8 34.5
198.4 72.5 70.3 68.7 67.3 65.3 62.3
390.0 118.8 115.9 113.0 109.5 106.7 104.8
NMP-LiBr (0.5 g per 100 ml)
2.7 45 4.1 4.0 3.9 37 3.6
4.0 5.8 5.4 5.1 4.9 4.7 4.5
9.2 8.9 8.5 8.2 7.9 7.5 7.1
22.0 14.9 14.5 13.7 13.3 13.2 12.4
30.3 18.2 17.6 16.9 16.3 16.0 15.4
48.9 25.3 239 23.1 22.5 21.9 21.2
68.0 32.5 31.3 30.3 29.0 28.4 27.7
90.0 38.1 374 36.2 35.1 34.7 334
198.4 67.6 66.5 65.0 62.9 61.2 60.0
390.0 112.4 109.5 106.4 102.9 101.1 97.9
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and compared with Abe and Fujita’s data in Table III. The value of the universal vis-
cosity constant () used in the calculation was 2.70 . 102 (ref.®) which yiclds ryin cm
when [n] is ml/g and M is g/mol.

Although not pursued here, it is possible to construct the curved log[n] vs logM
plots for the polystyrene-NMP and polystyrenc-NMP/LiBr systcms from the rclation®

] = KeM'?al )

and the approximate proportionality of o’—a? to M 12, Also information concerning the
polystyrenc—solvent interactions can be cxtracted in the process.

14 2:2
a b
log (7}
log (7]
o.g-
144
04 v T 1-0 T T s
3.25 375 logM 475 425 475 log M 5.
14 2:2
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log [n] log [7]4
084
14,4
0 y " "0 475 ' 575
3.25 375 log M 475 log M

IG. 1
Mark—Houwink plots for polystyrene at O 30 °C, A 60 °C, and [ 90 °C. Molar weight region (M):
a2 500 — 30 000 g/mol, N-methylpyrrolidone (NMP) as solvent; b 30 000 — 400 000 g/mol, NMP;
€ 2 500 - 30 000 g/mol, NMP-LiBr; d 30 000 — 400 000 g/mol, NMP-LiBr
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TaBle 1l
Mark-Houwink constants (K, a) in low and high molar weight regions (M in g/mol)

M =2 500 - 30 000 M = 30 000 - 400 000
Temperature, °C
K. 10° ml g" a K. 10%, ml g a
NMP

30 49.2 0.577 11.1 0.720
45 47.4 0.576 10.2 0.725
60 44.4 0.578 9.2 0.730
75 38.9 0.588 8.8 0.732
90 32.4 0.603 8.3 0.735
105 32.8 0.599 7.6 0.739

NMP-LiBr (0.5 g per 100 ml)

30 50.2 0.570 11.9 0.710
45 37.8 0.595 10.4 0.719
60 37.7 0.591 9.5 0.724
75 36.8 0.590 9.1 0.724
90 30.7 0.606 8.9 0.725
105 31.2 0.599 8.3 0.728

0-18
b
0-184 .
InuM*
[qliM*? .
0124
G104
0-06 . . . 0-06+ v e .
0 200 M2 600 0 200 V2 600

FiG. 2
Stockmayer—Fixman plots for polystyrenc at O 30 °C, @ 45 °C, A 60 °C, A 75 °C, 7190 °C, and W
105 °C. Solvent: @ N-methylpyrrolidone (NMP); b NMP-LiBr
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TasLe 1
Values of Kg and rg M for N-methylpyrrolidone (NMP), NMP solution of LiBr (0.5 g per 100 ml),
and cyclohexane-methylcyclohexane mixtures (S) as solvents

. Kg . 10°, ml mol'? g'y2 ro M2 . 10%, nm mol'? g'“2
I'emperature
0(‘
NMP NMP/LiBr s? NMP NMP/LiBr s?
30 81 78 - 6.69 6.61 -
34.5 - - 77.9 - - 6.60
43 - - 77.6 - - 6.60
45 77 73 - 6.58 6.47 -
48 - - 74.8 - - 6.52
54 - - 73.0 - - 6.47
60 72 69 - 6.44 6.35 -
70.5 - - 69.9 - - 6.37
75 69 67 - 6.35 6.28 -
90 66 64 - 6.25 6.19 -
105 63 61 - 6.16 6.09 -
“ Data from ref.”.
80+
A
Ky .10°
70 4
a
Fig. 3
Correlation Kg vs temperature for polystyrene.
Solvent: (3 N-methylpyrrolidone (NMP), A NMP—
LiBr, @ cyclohexane-methylcyclohexane (data 60 ’ v v y
from rct'.7) 20 60 T,'C 120
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