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ABSTRACT: Intrinsic viscosity-molecular weight relationships were determined for poly(hexyl 
isocyanate) in toluene and dichloromethane using a number of narrow-distribution samples 

covering ·a wide molecular weight range. The data were analyzed according to the Yamakawa
Fujii-Y oshizaki theory of viscosity of wormlike cylinders, yielding the following values for the 

persistence length q and molar mass ML per unit contour length: q=41-34nm and ML =730-760 
nm- 1 in toluene between 10 and 40°C and q=2lnm and ML=750nm- 1 in dichloromethane 

at 20°C. These parameter values are favorably compared with those reported for other solvent 
conditions for the same polymer. 
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It is well recognized that solution properties 
of a polymer are greatly influenced by its 
stiffness. In order to investigate this influence 
experimentally, we need polymer samples with 
varying degrees of stiffness defined explicitly. 
For this purpose, we have chosen poly(hexyl 
isocyanate) (PHIC) in this study because it is 
known as a typical semiflexible polymer, 
whose dilute solution properties can be well 
characterized in terms of the wormlike chain 
model originally due to Porod and Kratky. 1 - 6 

It has been shown that the persistence length q 
of this polymer varies appreciably with the 
solvent conditions employed. 5 -? Indeed, 
Conio et a/.7 estimated q to be 40 and 20 nm 
in toluene at 25°C and dichloromethane 
(DCM) at 20°C, respectively, on the basis 
of Berger and Tidswell's intrinsic viscosity
molecular weight relationship in toluene at 

t To whom correspondence should be addressed. 

25°C.8 However it will be shown that this 
relationship differs from ours at low molecular 
weights, which is difficult to reconcile. Fur
thermore no information is available about 
the temperature dependence of q for any 
polyisocyanates. Therefore we performed an
other viscosity study on the same polymer
solvent systems with particular emphasis on 
temperature dependence. This paper describes 
preparation of narrow-distribution samples 
and their characterization by light scattering, 
sedimentation equilibrium and gel permeation 
chromatography (GPC). The data for intrinsic 
viscosity in toluene and DCM are analyzed 
according to the theory of Yamakawa, Fujii, 
and Yoshizaki9 •10 for intrinsic viscosity of 
wormlike cylinders to evaluate the wormlike 
chain parameters, q and ML, the molar mass 
per unit contour length. 
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EXPERIMENT AL 

Poly(hexyl isocyanate) Samples 
Poly(hexyl isocyanate) (PHIC) samples were 

prepared by polymerization of n-hexyl iso
cyanate according to the method reported by 
Shashoua et al.11 and Aharoni.12 Hexyl iso
cyanate purchased from Kanto Chemical Co., 
Ltd. was purified by vacuum distillation. 
Toluene and N,N-dimethylformamide were 
distilled one or two days before the 
polymerization. 

About 10 g of purified hexyl isocyanate were 
mixed with a DMF +toluene (1: 1) mixture 
(ca. 100cm3) in the vessel cooled in a dry ice/ 
acetone bath ( - 79°C). Well-dried sodium cya
nide dissolved in toluene was used as a catalyst 
for the polymerization. The catalyst solution 
thus prepared was added to the hexyl iso
cyanate solution stirred by a magnetic bar in 
an argon atmosphere. Immediately the re
action mixture became turbid and viscous. 
After being kept for 5 hat - 79°C, the reaction 
was terminated by adding about 100 cm3 of 
cold methanol, yielding white precipitates of 
PHIC. The precipitates were collected on a 
sintered glass filter and rinsed with cold meth
anol for several times. The polymer dried in 
vacuo for one day was dissolved in benzene 
and precipitated into methanol. In this way 
about 130g of PHIC were obtained from 14 
batches. 

Each batch of PHIC sample was repeatedly 
fractionated with carbon tetrachloride as a 
solvent and methanol as a precipitant accord
ing to Rubingh and Yu.4 Then fractions 
having nearly the same intrinsic viscosities (in 
1-chlorobutane at 25°C) were combined and 
subjected to further fractionation. This process 
was repeated two to six times. Finally each 
fraction was reprecipitated from a benzene 
solution into methanol, freeze-dried from a 
benzene solution, dried in vacuo at room tem
perature, and stored at - 20°C until use. 
Eventually 12 PHIC samples were obtained: 
W-70, W-5, W-4, W-3, Z-2, J2-2, L-2, K-2, 
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NRX-12, Z-20, H-14, H-12. 

Solution Preparation 
All the reagent grade organic solvents used 

in the present work were distilled before use. 
Weighed amounts of a given PHIC fraction 
dried in vacuo overnight and a solvent were 
mixed in a stoppered flask at room tempera
ture. Then the mixture was stirred by a mag
netic bar for one day. However, mixtures 
containing higher molecular-weight samples 
(H-14, H-12) were stirred for three to five days 
at 40°C for complete dissolution. 

Molecular Weight Determination 
Seven PHIC fractions W-70, W-5, Z-2, L-2, 

K-2, NRX-12, and Z-20 were analyzed by 
sedimentation equilibrium with hexane of 
25°C as a solvent. Use was made of a 
Beckman-Spinco model E analytical ultracen
trifuge with a Kel-F 12 mm double sector cell 
and the interference optics with light of 546 nm 
wavelength. The length of the liquid column in 
the ultracentrifuge cell was adjusted to 1.5-
3 mm and the rotor speed was varied from 
6000 to 26000 rpm depending on the samples 
analyzed. Values for the weight-average mo
lecular weight Mw and the second virial coef
ficient A2 were evaluated using the equation: 

M - 1 M- - 1 2A -
app = w + 2C+ ''' (1) 

with 

Mapp 

2RT Cb-ca 

w2(r/-r.2)(1-vPp 0 ) Co 
(2) 

where c is the average of the mass concen
trations ca and cb (gcm- 3) at the meniscus ra 

and the bottom rb, respectively, c0 the initial 
polymer mass concentration, w the angular 
velocity of the rotor, and p0 the density of the 
solvent. For PHIC in hexane of 25°C, the 
partial specific volume vP was taken to be 0.950 
cm3 g- 1 and the specific refractive index incre
ment on/oc was taken to be 0.129 cm3 g- 1 at 
546 nm and 0.134 cm3 g- 1 at 436 nm. 5 

Fractions H-12 and H-14 were analyzed by 
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light scattering with hexane of 25°C as a 
solvent. A Fica 50 automatic photogoniometer 
was used to measure the Rayleigh ratio R0 at 
scattering angles e between 22.5 and 150° for 
vertically polarized light of 436 and 546nm 
wavelengths with no analyzer. Following 
Murakami et al.,5 we neglected optical aniso
tropy correction. 

Osmotic pressures II of fractions J2-2, K-2, 
and NRX-12 in toluene of 25°C were mea
sured on a Knauer osmometer with a Sartorius 
SMl 1536 membrane. The cell part of the 
osmometer was covered with a jacket through 
which constant-temperature water was circu
lated and the temperature was controlled 
within ± 0.1 °C. 

Zero-shear viscosities of the samples in
vestigated were measured in the following 
solvents: hexane at 25°C, 1-chlorobutane at 
25°C, toluene at 10, 25, and 40°C, and dichlo
romethane (DCM) at 20°C. A low-shear four
bulb capillary viscometer was used for frac
tions Z-20, H-14, and H-12, whereas con
ventional capillary viscometers of the 
Ubbelohde type were used for the other frac
tions. Intrinsic viscosities [17] were estimated by 
using Mead~Fuoss plots. 

All the PHIC samples studied were analyzed 
by gel permeation chromatography (GPC) 
using a Toyo Soda 801A instrument equipped 
with a UV detector under the operating con
ditions: two TSK-Gel GMH columns con
nected in series; eluent, chloroform; polymer 
cone, 4x 10-s gcm- 3; injection volume, 
0.5 cm3; flow rate, I cm3 min - i; temperature, 
40°c. 

RESULTS AND DISCUSSION 

Molecular Characterization 
Figure I shows sedimentation equilibrium 

data for all the PHIC samples studied. The 
values for Mw and A2 evaluated from the 
slopes and the intercepts of the indicated 
straight lines are summarized in Table I. Fig
ure 2 displays plots of Q vs. c for the same 
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fractions, with Q defined by13 

Q (cb-cJz 
(3) 

(rb 2 -r a 2)[(oc/or2 )r=rb -( oc/or2 )r=r.J 

Q=(Mw/Mz)(I +2A2c+ · · ·) (4) 

In this figure the straight lines are drawn so 
that their slopes may be consistent with the A2 

values determined above. The Mzf Mw ratios 
estimated from the intercepts of the lines are 
also given in Table I. 

Figure 3 shows plots of Kc/ Ro vs. c for 
fractions H-14 and H-12, where K is the 
familiar optical constant and Ro is the R0 

extrapolated to zero angle, yielding the values 
of Mw and A2 given in Table I. Figure 4 shows 
osmotic pressure data, where (II/RTc) 112 is 
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Figure 1. Sedimentation equilibrium data for solutions 
of PHIC fractions in hexane of 25°C. 
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Figure 2. Plots of Q vs. c for PHIC in hexane of 25°C. 
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Figure 3. Plots of Kc/ R0 for PHIC fractions in hexane 
of 25°C. 

plotted against concentration for three frac
tions. The results are also listed in Table I. It 
can be seen that the ratio Mw/Mn is 1.02 for 
fraction K-2 and 1.09 for fraction NRX-12. 

The elution volume Ve at the maximum of 
a GPC chromatogram was estimated for each 
of the nine samples whose Mw had been mea
sured. Figure 5 shows a plot of log Mw vs. Ve, 
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Table I. Molecular parameters of the poly(hexyl 
isocyanate) samples investigated 

A2 
Sample Mw/103 Mz/Mw (Mz/Mw)°PC 

10-4 molcm3 g- 1 

W-70 4.41 
W-5 11.4 3.4 1.15 
W-4 12_9• 1.045 
W-3 1s.2· 1.045 
Z-2 20.9 10.0 1.06 1.06 
J2-2 32.0· 1.1 

(30.8 6.2t 
L-2 40.7 11.0 1.05 1.06 
K-2 68 9.8 1.02 1.06 

(66.4 9.4t 
NRX-12 133 11.2 1.05 1.05 

(122 9.7t 
RX-2 162· 1.075 
Z-20 244 10.7 1.05 1.07 
H-14 510 5.3 1.17 
H-12 910 7.4 

• M. calculated from (17] in toluene of 25°C using the (17] 
vs. Mw relationship established with the data for the 
other samples. 

h Values in the parentheses: M. and A2 from osmotic 
pressure measurements with toluene of 25°C as the 
solvent. 
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Figure 4. Osmotic pressure data for PHIC fractions in 
toluene of 25°C. 

where all the data points except those for 
fractions W-70, H-12, and H-14 are seen to 
follow the indicated straight line. In the same 
figure are shown GPC curves for fractions W-
5, Z-2, L-2, K-2, NRX-12, Z-20, and H-14 
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30 40 50 v. 
Figure 5. GPC calibration curve for PHIC. M=Mw 

each exhibiting a narrow and almost sym
metric peak. Similar GPC curves were ob
tained for the other fractions. Therefore con
version of elution volume Ve to M was made 
by using 

logM=AVe+B 

where A is the slope of the indicated straight 
line and B was determined to give the best 
agreement between observed Mw and those 
calculated from the GPC curve. 

Figure 6 shows the molecular weight distri
bution curves computed from the GPC curves 
for typical fractions using the calibration curve 
given above. MwfMn and Mzf Mw values eval
uated from such distribution curves are des
ignated as (Mw/Mn)GPC and (Mz/Mw)° re, re
spectively, and are summarized in Table I; in 
all the cases (MwfMn)°Pc=(MzfMw)°Pc within 
experimental error. However, for fractions W-
70, H-14, and H-12, this evaluation was im
possible because the calibration curve did not 
cover their GPC curves completely. Whenever 
comparison can be made, (Mzf Mw)arc is close 
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M 
Figure 6. Molecular weight distribution curves for 
typical PHIC fractions. Solid curves, observed distri
bution functions; circles, logarithmic normal distri
butions calculated for the respective MzfMw values. 

to Mzf Mw determined by sedimentation 
equilibrium, indicating that the GPC and 
sedimentation data are consistent with each 
other. The values for Mwf Mn, Mzf Mw, 
(Mwf Mn)arc, and (Mzf Mw)GPC are smaller than 
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1.05 except for a few sets of data, even for 
which they do not exceed I.I. This shows 
that the molecular weight distributions of the 
PHIC samples examined are close to mono
disperse. Incidentally, it is noted that the 
observed molecular weight distributions (solid 
curves) in Figure 6 are well approximated by 
the distributions (circles) of the logarithmic 
normal type with the corresponding Mz/ M w 

values. 

Viscosity Data 
Table II gives the values of [17] for the PHIC 

samples studied; the M~ values for fractions 
W-4, W-3, 12-2, and RX-2 determined using 
the [17] vs. Mw relationship in toluene at 25°C 
established with the data for the other sam
ples are given in the second column in Table 
I. It can be seen that [17] in toluene decreases 
significantly with raising temperature. It is 
also noted that [17] is much smaller in DCM 
than in toluene. This remarkable dependence 
of [17] on solvent condition confirms the pre-

Table II. Intrinsic viscosities of the PHIC samples 
under various conditions• 

[IJ]/102 cm3 g- 1 

Sample Toluene Dichloromethane 

10°C 25°C 40°c 20°c 

W-70 0.0767 
W-6 0.11 
W-5 0. 181 0.156 
W-4 0.214 
W-3 0.268 
Z-2 0.433 0.418 0.404 0.348 
12-2 0.802 0.778 0.746 
L-2 1.14 1.10 1.04 0.838 
S2-2 1.89 1.80 1.69 
K-2 2.27 2.15 2.20 1.64 
MO-2 3.85 3.59 3.33 
NRX-12 5.14 4.78 4.40 3.32 
RX-2 6.59 5.94 5.25 
Z-20 9.97 9.10 8.27 5.84 
H-14 21.9 18.9 16.9 10.2 
H-12 35.5 32.2 28.6 17.6 

• For all the cases examined, the Huggins viscosity 
constant k' was within 0.30-0.56. 

102~--------------------, 
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vious observations with this polymer by 
Berger and Tidswell8 and Conio et al. 7 

The double-logarithmic plots of [17] against 
Mw for the two solvents are shown in Figure 7. 
The data points are fitted by the indicated 
smooth curves convex upward. In this figure, 
half-filled circles represent the data of Berger 
and Tidswell8 for PHIC in toluene at 25°C. 
They appear significantly above ours for the 
same system especially at lower molecular 
weights. This discrepancy may not be attrib
uted to the polydispersity of these samples 
becaµse their Mw/ Mn are reported to be small
er than 1.1.8 It can be shown that our data in 
toluene at 25°C behave quite similarly to those 
in 1-chlorobutane at 25°C of Kuwata et al.6 

and those at 40°C are very close to the latter. 
Incidentally, our [17] vs. M..., relationship in 1-
chlorobutane at 25°C precisely confirms that 
reported by Kuwata et al.6 

Analysis of Viscosity Data 
Yamakawa and collaborators9 ·10 developed 

theories of hydrodynamic properties of worm
like cylinders and indicated their applica
bility to real polymers. Recently, Bushin et 
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a/. 14 and Bohdanecky15 independently pro
posed a simple procedure based on the 
Yamakawa theory for determining the worm
like chain parameters: the molar mass ML 
per unit contour length, persistence length q, 
and diameter d of the cylinder. It uses the 
equation 

with 

I= 1.516 x 10-8 A0 ML (g113 cm -l) (6) 

S= 1.516 X 10- 8 Bo(ML/2q)112 

(gl/3 cm -1) (7) 

where M is the molecular weight of the poly
mer and A0 and B0 are known functions of 
d/2q. It has been shown _that for d/2q- 10-2 eq 
5 is accurate in a wide range of M/(2qML) from 
0.4 to 300. Equations (5) through (7) contain 
the three wormlike chain parameters, ML, q, 
and d. It is impossible to determine all these 
parameters independently from experimentally 
obtainable quantities I and Sonly when a plot 
of (M 2 /[17])113 vs. M 112 is linear. 

Figure 8 shows plots of (Mw2/[17])113 vs. 

0 o.s 
10-3 jj 1/2 

w 

1.0 

Figure 8. Plots of(Mw2 /[1J] 113 vs. Mw 112 for PHIC under the specified solvent conditions. Symbols are the 
same as those in Figure 7. 
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M/ 12 constructed from the data in Table II. It 
can be seen that the data points for Mw 112 

larger than 300 follow closely the indicated 
straight lines, which allow the intercept I and 
slope S to be determined with reasonable 
accuracy. With the values of I and S thus 
determined for toluene of 25°C, we sought by 
trial and error a set of ML, q, and d in the 

Table III. Wormlike chain parameters of PHIC 

Solvent 

Toluene 

DCM 
Hexane5 

l-Chlorobutane6 

• Assumed value. 

T 

oc 

10 
25 
40 
20 
25 
25 

CII 
~E 

I) 

ML 

nm- 1 

730 
740 
750 
740 
715 
760 

,02 

101 

N~ 1o<> 
' ,...., 
F ..... 

103 

q d 

nm nm 

41 t.6· 
37 1.6 
34 t.6· 
21 t.6· 
42 1.6 
35 1.5 

Yamakawa-Fujii-Yoshizaki theory for [ry] 
which best fit the experimental data, with the 
result: ML=750nm- 1 , q=37nm, and d= 
1.6 nm. The data for toluene at other tempera
tures and DCM at 20°C do not cover so wide a 
range of molecular weight as to permit the 
above trial and error operation. Therefore they 
were analyzed with d assumed to be 1.6 nm. All 
the numerical results thus analyzed are sum
marized in Table III. Figure 9 compares the 
experimental ['71 with the Yamakawa-Fujii
y oshizaki theoretical values calculated for 
these parameter values. The agreement be
tween experiment and theory is satisfactory for 
all the systems studied. 

We now compare the wormlike chain pa
rameters thus determined with those in hex
ane5 and 1-chlorobutane.6 It can be seen that 
d is substantially constant and ML does not 
change significantly under the solvent condi
tions employed. On the other hand, q under-

Mw 
,as 106 

Figure 9. [I/] of PHIC as functions of Mw. (~) Calculated by the Yamakawa-Fujii-Yoshizaki theory 
with the parameter values listed in Table III; the same symbols as those in Figure 7 are used to represent 
the experimental data. 
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goes remarkable solvent and temperature ef
fects; it is nearly the same in hexane and in 
toluene but significantly smaller in DCM. It 
can be shown that in toluene q decreases 
with raising temperature T more rapidly 
than with r- 1 . 

A similar analysis of the [I'/] data of Berger 
and Tidswell8 for PHIC in toluene of 25°C 
gave considerably lower values for both ML 
and q with any reasonable values assumed for 
d; ML was found to be at most 550nm- 1 more 
than 20% lower than those shown above in 
Table III and those estimated by confor
mational analysis. 16 We take our values as 
correct, although we have no idea to reconcile 
this discrepancy. Conio et a!.7 reported q 
values of 38 and 19nm for PHIC in toluene of 
25°C and in DCM of 20°C, respectively, which 
were obtained by analyzing their [I'/] data with 
Mv based on the Berger-Tidswell viscosity 
relationship for toluene solutions; they used a 
d value of 1 .03 nm obtained from vP of PHIC 
and with ML assumed to be 635 nm - i. 

However, the excellent agreement of their q 
values with ours is accidental, because the 
latter viscosity relationship does not agree with 
ours. 
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