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Flow birefringence is measurable in solutions of Na2O-P2O6 glasses and sodium or potassium Kurrol's salts, with the 
amount of birefringence at a given rate of shear or concentration being reduced by the addition of simple salts. As might be 
expected, it was found that the shorter the chain length of the polyphosphate anion the higher is the concentration at which 
birefringence is barely detectable. Theoretical calculations indicate that the birefringence is attributable directly to the 
chain anions, and it is believed that added salts cause these anions to lose their rigid configuration and thus to curl. 

In the first paper2 of this series a theory of the 
structure of phosphates in solution was developed. 
This theory indicated that all phosphates in aque­
ous solution can only consist of ring or chain poly-
anions in addition to the monomer (orthophos-
phate) anion. At present only two crystalline ring 
phosphates (the trimeta- and tetrametaphosphate) 
are known, and it is believed that the high molecu­
lar weight metaphosphates3,4 as well as the vitreous 
phosphates8 are composed entirely or to a large 
proportion, of chain polyanions. This being the 
case, one would expect that their solutions should6 

exhibit flow birefringence under the proper experi­
mental conditions. 

The instrument used in these studies can detect a 
birefringence, expressed in terms of we — «o, of 8 X 
1O-8. The limit of detectability for a given mole­
cule or particle depends on its asymmetry, its princi­
pal refractive indices, the refractive index of the 
solvent, the maximum rate of shear used (which in 
this study was about 1.6 X 104 sec. -1), and on its 
concentration. The experience of other investiga­
tors7 indicates that, at a shear rate of the order of 
104 sec. -1 in solvents of viscosity of the order of a 
few hundredths of a poise, birefringence in low or 
moderately low concentrations of polymers cannot 
be detected if the major dimension of the particles 
is less than ca. 1,000 A. This length corresponds 
to an extended P-O-P chain containing about 400 
phosphorus atoms. 

Experimental Details 
The Salts.—The sodium thiocyanate and tetramethyl-

ammonium bromide were C P . salts obtained from Mallinc-
krodt and Eastman Kodak, respectively. The sodium 
pyrophosphate, sodium tripolyphosphate and potassium 
tripolyphosphate were all Monsanto commercial products. 
Xumerous careful studies have shown that these materials 
are chemically very pure and that nearly all of the phos­
phorus is present as the polymer indicated. Thus over 99% 
of the phosphorus in the pyro salt is present as the linear 
dimer. The small amounts of pyro- and metaphosphates 
in the tripolyphosphates were removed by recrystallization 
from water. The sodium phosphate glasses (including 
Graham's salt) were made and characterized in the same 
manner as previously described5; and the fibrous crystals 
of sodium Kurrol's salt were prepared according to the di­
rections of Huber and Klumpner.8 
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Two preparations of potassium Kurrol's salt were studied: 
One was a sample from Monsanto regular commercial pro­
duction and the other was prepared in the laboratory by 
heating KH2PO4 (Mallinckrodt Cp.) for 50 hr. at 550°. 
From the work of Malmgren and Lamm,9 it is estimated 
that this latter material should have a molecular weight of 
ca. 10«. 

Most of the solutions studied were prepared by simple 
dissolution, although in some instances a short mixing time 
(1 min.) in a Waring Blendor was used to expedite the proc­
ess. The solutions were clarified by centrifuging at 2 X 105 

G. for 15 minutes. 
It is believed that the sodium Kurrol's salt was consider­

ably degraded during the process of dissolution, as the only 
way it could be dissolved was by milling a 1 % aqueous sus­
pension of its asbestos-like fibers for one hour in the Waring 
Blendor, which was kept in a cold room (ca. 4°) during that 
time to minimize thermally induced degradation. After 
sitting for 36 hr. this suspension turned to a gel which was 
centrifuged to remove undissolved particles. The sedimen­
tation diagram from an ultracentrifuge study indicated that 
this solution was extremely polydisperse. 

In spite of the fact that there was considerable degrada­
tion in the solution of sodium Kurrol's salt, it appears that 
there was no really low molecular weight material present, 
since orthophosphate ion could not be detected. The origi­
nal sample of sodium Kurrol's salt was also believed to be 
free of other forms of NaPOs since the fibrous crystals were 
hand picked and, as an added precaution, carefully washed 
with water. 

The average chain length of some of these preparations 
was determined by intrinsic viscosity measurements using 
the previously published relationship10 between end-group 
titration and viscosity. These chain lengths are shown in 
Table I. 

TABLE I 

AVERAGE CHAIN LENGTHS 

Phosphate 

Potassium tripolyphosphate 

Glass with NasO/PsOi - 1.20 
Glass with NajO/PiOi - 1.04 
Graham's salt (glass with NaiO/ 

PaOi = 1) sample no. 1 
Graham's salt (glass with N a : 0 / 

PsOi = 1) sample no. 2 
Graham's salt (glass with NatO/ 

P I O I = 1) sample no. 3 
Graham's salt (glass with N a : 0 / 

PtOi =• 1) sample no. 4 
Potassium Kurrol's salt (Mon­

santo commercial material) 
Potassium Kurrol's salt 
Sodium Kurrol's salt (fibrous) 

The Instrument.—The flow birefringence was measured 
in an apparatus similar to the one described by Edsall, et 
al.u The critical dimensions of this apparatus were the 

(B) O. Lamm and H. Malmgren, ibid., 2S2, 256 (1944). 
(10) J. R. Van Wazer, T H I S JOURNAL, 72, 906 (1950). 
(11) J. T. Edsall, A. Rich and M. Goldstein, Rev. Set. Instruments, 

23,695 (1952). 

Method of 
characterization 

X-Ray diffraction 
pH titration 
£H titration 
i>H titration 
3» H titration 
Viscosity 
PH titration 
Viscosity 
#H titration 
Viscosity 
PH titration 
Viscosity 
Viscosity 

Viscosity 
Viscosity 

number of 
P-atoms 
per poly­
phosphate 

chain 
3 

10 
50 

147 

218 

255 

275 
475 

1430 
1000 (partially 

degraded) 
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following: radius of inner cylinder = 1.242 cm., of outer 
cylinder = 1.270 cm., and height of inner cylinder = 3.64 
cm. The outer cylinder rotated and both cylinders were 
machined from plastic (Bakelite). By having the outer 
cylinder rotate, turbulent flow does not begin until very high 
shearing rates are used.12 For this instrument the critical 
gradient for the onset of turbulence in water was calculated 
to be 25,000 sec . - 1 , a value which is nearly twice as large as 
the maximum gradient used. 

AU measurements were carried out on fresh solutions ex­
cept where noted in the text. 

Results 
Salt-free Solutions.—Since the sodium Kurrol's salt was 

dissolved by purely mechanical means, it offers a good ex­
ample of a solution of a very long chain polyphosphate free 
from added salts. As can be seen from Table I I , this mate­
rial exhibited very strong birefringence which was detectable 
at concentrations as low as 0.007%. The rotary diffusion 
constant, 6, of a prolate ellipsoid, having an axial ratio of 
co, which would show the same extinction angle at the 
given rate of shear was computed from the tables of Edsall, 
Scheraga and Gadd.13 

It should be noted that the extinction angle, x, is appar­
ently independent of concentration, C, and diminishes only 
slightly as the rate of shear, a, is increased. The lack of 
variation with concentration can probably be explained as 
the result of the competing effects of (1) the tendency of x 
to increase on dilution as a result of lessening hydrodynamic 
and electrostatic interaction and (2) the tendency of x to 
decrease with decreasing concentration as a result of a low­
ering in the shielding of the charges on the polymer, due to 
the spreading out of the counterion cloud and consequent 
extension of the chain. Additional evidence on this point 
is provided by the behavior of the amount of birefringence 
on dilution. In addition to the fact that x is approaching 
its asymptotic value, the small change of x with <r is probably 
also attributable in part to polydispersivity,14 which lessens 
the usual drop in x with increasing a because more of the 
smaller asymmetric particles are lined up. 

The amount of birefringence (M0 — »o) divided by the 

TABLE II 

FLOW BIREFRINGENCE DATA ON P U R E AQUEOUS SOLUTIONS 

OP SOMEWHAT DEGRADED SODIUM KURROL'S SALT (NaPO3) 

Conen. 
(C) 

wt. % 

0.90 

0.45 

0.24 

0.11 

0.056 

0.014 

0.007 

Rate of 
shear 

M 
sec.~1 

3,100 
6,580 

14,400 
3,270 
7,490 

14,800 
3,390 
7,390 

14,300 
3,620 
7,300 

15,700 
3,650 
8,060 

13,900 
3,430 
7,390 

13,700 
12,700 

Extinction 
angle 

(x) 
deg. 

6.8 
5.5 
4.9 
7.6 
6.5 
6.2 
8.4 
7.9 
7.9 

10.1 
9.2 
7.9 
9.2 
8.7 
9.4 
7.4 
8.6 
8.4 

Slight 

Doubie 
refraction 
(Me - Ho) 

X W 

+ 2 . 4 2 
3.45 
4.61 

+ 1.75 
2.42 
2.84 

+ 1.22 
1.51 
1.90 

+ 0 . 9 5 
.97 
.98 

+ .55 
.66 
.74 

+ .41 
.45 
.53 

Slight 

Hc — Ua 

C 
X 10» 

2.7 
3.8 
5.1 
3.9 
5.4 
6.3 
5.1 
6.3 
7.9 
8.6 
8.8 
8.9 
9.8 

12 
13 
29 
32 
38 

Ap­
parent 
rotarv 

dif­
fusion 
con­
stant 

(9) 
sec, ' 

37 
55 

103 
46 
84 

156 
56 

111 
215 

91 
146 
236 

73 
144 
293 

47 
129 
226 

concentration at a given shear either decreases or remains 
constant on dilution of solutions of large, non-charged mole­
cules. In salt-free solutions of these polyelectrolytes, on 
the other hand (see Tables II and IV), this ratio increases 
as the concentration is reduced to those values where the 
measurement of ne — Ko is no longer regarded as being re­
liable (»e — »o of the order of 5 X 10~7). This may be in­
terpreted as further evidence for the extension of the poly­
phosphate chains on dilution. Specifically, as the chain 
extends, the anisotropy of the molecule as a whole increases, 
with each chain element approaching parallelism to the chain 
axis. The ratio, (»„ — no)/C, appears to be a more sensitive 
criterion of shape changes than the behavior of x- As can 
be seen in Table V, in the presence of added electrolyte 
(ra9 — no)/C either decreases or shows slight increases that 
are within experimental error. 

The variation of double refraction with rate of shear ap­
pears to be of the type16 observed for rigid particles, and 
suggests that under the experimental conditions stretching 
of the particles by the velocity gradient is not playing a 
major role. As the double refraction, (ne — no), is approach­
ing a saturation value when x is appreciably below 45°, it 
may be expected that this limiting value might be esti­
mated by plotting «e — »o against 1/V and extrapolating to 
infinite shear. Extrapolation to infinite shear of birefrin­
gence data for a polydisperse system such as Graham's salt 
will naturally lead to an average value.7'14 Thus the data 
of Table II are found to fit the empirical equation 

(Me - «o)<r-» = 0.6 X 10 - 6 + (6.7 X 10 -6) C (1) 

The intercept term in this equation is to be connected with 
the apparent extension of the molecule on dilution. 

In Table III the flow birefringence data for Graham's 
salts are presented. Because of the shorter chain length of 
this material, the lowest concentration at which birefrin­
gence can be detected is ca. 1% and the extinction angle is 
always very close to 45°. Measurements on these solutions 
are not very accurate for two reasons: First, at the higher 
concentrations measured, the solutions are quite viscous 
so the appreciable thermal gradients are set up at high shear­
ing rates, the gradients in turn producing a blurring16 of the 
image of the gap with a consequent loss in accuracy in x-
As the solution is diluted, this source of error disappears, 

(12) See, for example, H. G. Jerrard, / . Applied Phys., 21, 1007 
(1950). 

(13) H. A. Scheraga, J. T. Edsall and J. O. Gadd, Jr., / . Chem. Phys., 
19, 1101 (1951). 

(14) H. A. Scheraga, ibid., 19, 9813 (1951). 

FLOW 

Aver­
age 

chain 
length 

In) 

275 

255 

218 

147 

TABLE I I I 

BIREFRINGENCE DATA ON PURE AQUEOUS 

Concn . 
(O 
Wt. 

30 

15 

7 . 5 
3 . 8 
0 . 5 

36.6 

23.8 

12 

1 .9 
38.7 

25.0 

13 
6 . 0 

OF GRAHAM'S SALTS (NaPO3) 

Rate 
of 

shear 
(el, 

sec . - ' 

4,240 
6,440 

12,200 
5,770 
9,590 

16,200 
11,100 
14,500 
14,900 
2,330 
7,540 
4,730 
8,250 

13,500 
8,800 

14,000 
15,080 
3,640 
5,920 
9,300 
5,060 
9,400 

15,600 
14,100 
14,800 

KX-
tinc-
tion 

angle 
(X), 
d e g . 

43.6 
44.1 

(46.9) 
44.6 

(46.1) 
(47.9) 
(45.8) 
41.8 

(45.2) 
43.5 
41.9 

(42.7) 
43.9 
43.6 

(43.9) 
(44.3) 
45.1 
42.8 
43.2 
44.0 

(46.1) 
(45.4) 
45.2 

(46.5) 
45.0 

Double 
refrac­

tion 
(Uc — Ht)) 

X 10S 
+ 0.63 

1.03 
1.16 

+ 0.42 
.48 
52 

+ .16 
+ -14 
Slight 
+ 0.86 

2.20 
+ 0.20 

. 41 

. 58 
+ .10 

.17 
Slight 
+ 0.80 

1.31 
1.65 

+ 0.15 
.28 
.39 

+ .12 
Slight 

lie — Ua 

C 
X 10« 
0.021 

.034 

.039 

.028 

.032 

.035 

.021 

.037 

0.023 
.060 
.008 
.017 
.024 
.008 
.014 

0.021 
.034 
.043 
.006 
.011 
.016 
.009 

SOLUTIONS 

Apparent 
rotary 

diffusion 
constant (6), 

sec. "' 

15.000 
36.000 

7 X 10' 

3 X 10" 

7,300 
11,500 
(9,700) 
35,000 
45,000 

(38,000) 
(9 X 10«) 

7,800 
15,400 
44,000 

(15) See P. Boeder, Z. Physik, 78, 258 (1932), or A. Peterlin and H. A. 
Stuart, ibid., 112, 1, 129 (1939), as opposed to, say, W. Kuhn and H. 
Kuhn, HcIv. Chim. Acta, 26, 1394 (1943); J. Colloid Set., 3, 11 (1918) 

(16) Y. Bjornstahl, Z. Physik, 119, 245 (1942). 
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TABLE IV 

FLOW BIREFRINGENCE DATA ON SOLUTIONS OF COMMERCIAL POTASSIUM KURROL'S SALT (KPO3) DILUTED WITH P U R E WATER 
Apparent 

Kate of Extinction Double 
Concn. shear anrie refraction K e - K o 

Plasticizer and method of preparation of the most concentrated 
solution 

NaCl used to ppt. plastic mass which was washed with 
water and then used to make a solution 

1 part Grahams salt to 10 parts potassium Kurrol's salt. 
Dissolved in water 

1 part Na5P3OiO to 10 parts potassium Kurrol's salt. 
Dissolved in water 

° Partially hydrolyzed sample allowed to stand at room temperature (25°) for 24 hours. 
20 days a t room temperature. 

Concn. 
(C), 

Wt. % 

0.9 

0.45 

0.9 

1.0 
0.5 

0.17 

1.0 

1.0 

Rate of 
shear 

sec."1 

2,760 
6,200 

10,000 
2,760 
6,200 

10,000 
2,670 
5,250 
9,550 

10,000 
2,760 
6,200 

10,000 
2,760 
6,200 

10,000 
2,760 
6,200 

10,000 
8,600 

Extinction 
angle 
(X), 
deg. 

19.2 
16.4 
14.9 
18.6 
16.4 
15.1" 
20.0" 
16.9" 
14.6" 
15.2 
21.3 
18.5 
16.5 
20.0 
18.2 
16.2 

18.7 
16.6 
24.06 

Double 
refraction 
(Ke — Ki) 

X 10« 

+0.93 
1.67 
2.74 

+ 1.18 
1.66 
2.36 

+ 0.70" 
1.25° 
1.95° 

+ 2.50 
+ 1.01 

1.19 
1.86 

+0.55 
.74 
.88 

+ .49 
.69 
.90 

+ .536 

tie — KO 

C 
X 10« 

1.0 
1.9 
3.0 
2.6 
3.7 
5.2 
0.78 
1.4 
2.1 
2.5 
2.0 
2.4 
3.7 
3.2 
4.4 
5.2 
0.49 

.69 

.90 

.53 

rotary-
diffusion 
constant 

(6), sec." 

260 
420 
570 
250 
420 
580 
280 
300 
520 
590 
330 
580 
700 
290 
530 
680 

560 
700 

1300 
b Sample allowed to stand for 

but the amount of birefringence also drops, so that x again 
becomes hard to measure accurately. The values corre­
sponding to badly blurred images of the gap are shown in 
parentheses in Table I I I . Because of the blurring, some of 
the parenthetical values of x appear to be greater than 45°. 
There is no evidence, however, to indicate that this crossing 
of 45° is a real phenomenon. 

Although it is impossible to obtain a solution of potassium 
Kurrol's salt free of simple salts without resorting to dialy­
sis or some such complicated procedure, it was felt that meas­
urements on this material, plasticized by a small amount 
of a salt of lower molecular weight followed by dilution with 
distilled water, could a t least be extrapolated to interpret-
able values at infinite dilution. Flow birefringence data 
on such solutions are given in Table IV. Again it should be 
noted that the extinction angle is low, corresponding to long 
asymmetric particles. 

The two short-chain NazO-PjOs glasses were found to ex­
hibit birefringence at high concentrations. Thus for a 40% 
solution of the_Na20-Pz05 glass having a number average 
chain length, n, of 50 phosphorus atoms per chain, x = 
34.2°, (»e - »o) = + 0.33 X IO"8, and 6 was computed to 
be 7,100 at a rate of shear of 17,000 sec. "1^ Also at the 
same concentration a similar glass for which n = 10 gave x 
= 23.8°, (»e - «o) - + 0.14 X IO"8, and a computed 
value of B = 2,400 at o- = 15,500. At o- = 8,200 the bire­
fringence was detectable but too small to measure. Neither 
glass gave detectable birefringence a t a concentration of 
20%. 

Although the observation of birefringence in solutions of 
chains having fewer than 400 phosphorus atoms was not 
expected, it is to be noted that a distribution of chains 
ranging from ca. 4 to 30 phosphorus atoms (n = 10) showed 
birefringence. This may have several origins. For one 
the assumption of independent orientation is certainly not 
obeyed at such high concentrations (40%) even in the ab­
sence of complicating interactions of electrostatic origin. 
Certainly the mutual repulsion of the charges on the chains 
causes them to line up parallel to each other and hence to re­
inforce greatly the orientation due to flow. Also it is pos­
sible that the mechanism by which flow birefringence is 
produced in such systems may be related to the mechanism 
by which it is produced in pure liquids such as ethyl cinna-
mate rather than in high polymer solutions.7 

Since sodium pyrophosphate and sodium tripolyphosphate 
are only moderately soluble, the necessary high concentra­
tions for detectable birefringence could not be reached. 
However, potassium tripolyphosphate, which is soluble to 

the extent of ca. 180 g. per 100 g. water, also failed to ex­
hibit birefringence at a concentration of 64% and a rate of 
shear of 16,400 sec . - 1 . 

The data given above demonstrate that the concentration 
at which birefringence is barely detectable appears to de­
pend on the average chain length of the polyphosphate. If 
barely detectable birefringence is defined as a double re­
fraction of ca. 0.1 X 10 - 6 at a rate of shear of 16,000 sec . - 1 , 
Fig. 1 gives the concentrations below which birefringence 
cannot be observed on samples of various molecular weights. 

As might be expected from their ring structures and solu­
bilities, neither sodium trimeta- or tetrametaphosphates 
exhibited flow birefringence. 

Average chain length 
(plotted on arctangent scale). 
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Fig. 1.—Logarithm of the concentration below which flow 
birefringence is not detectable plotted against the arctangent 
of the average polyphosphate chain length: A, region of ob­
servable birefringence; B, added salts; C, pure phosphate; 
D, no birefringence. 

Solutions Containing Simple Salts.—The main effect en­
countered when salts of low molecular weight are added in 
large amounts to polyphosphate solutions is an appreciable 
diminution of the amount of flow birefringence. This 
effect is illustrated in Fig. 1. 
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•3 w* 

B 
10« 

102 

3 10 l 

•3 
>1 

* 1 0 ° JL JL JL 

0 1200 400 800 
Average chain length. 

Fig. 2.—Rotary diffusion constant, B, vs. average chain 
length, n, with points calculated from experiment being 
compared to the theoretical curve from eq. (3) for poly­
phosphate molecule-ions. 

In Table V it should be noted that again the amount of 
birefringence, (» , — »o), is greatest for the materials which 
are believed to have the longest chains, as determined by 
end-group titration or intrinsic viscosity. These materials 
also exhibit the lowest extinction angles. Again it is seen 
that the extinction angle is relatively independent of con­
centration and rate of shear. 

The double refraction a t infinite rate of shear, estimated 
from extrapolating (» s — «o) to 1/a = 0, appears to be 
roughly proportional to concentration as 

(«a — « o ) i r - a , 
C = * (2) 

The k from the above equation is shown in Table V as a 
function of the polyphosphate chain length and the netitral 
salt added. As might be expected, k increases approxi­
mately proportionally to chain length when a given salt of 
low molecular weight is used. In tetramethylammonium 
bromide solutions the k increased faster with ascending n 
than in sodium thiocyanate solutions. 

Discussion 
These flow birefringence studies offer independ­

ent evidence for the predominance of rod-type mole­
cule-ions in solutions of the Na20-P205 glasses, in­
cluding Graham's salt, and of both the sodium and 
potassium Kurrol's salts. The fact that the mag­
nitude of the variables measured in the birefrin­
gence studies was found to be a function of average 
chain length (obtained directly from end-group ti­
trations or from the correlation of end-group titra­
tions with viscosity) indicates that the non-spheri­
cal units which are oriented in flow are probably 
the molecule-ions and not anisotropic agglomer­
ates17 which might be made up of approximately 
spherical ions. Qualitatively this is apparent in the 
data given in Fig. 1 which demonstrate the strong 
dependence of birefringence on ionic size. The 
existence of a salt effect, in which the birefringence 
is reduced by the addition of simple salts, confirms 
the conclusion that the molecule-ions themselves 
are oriented. This type of salt effect is universal 
for unassociated polyelectrolyte chains. 

In salt-free solutions it is reasonable to expect 
(17) H. A. Scheraga and J. K. Backus, T H I S JOURNAL, 73, 5108 

(1951); J. Colloid Set., S, 508 (1951). 

TABLE V 

FLOW BIREFRINGENCE DATA ON POLYPHOSPHATES D I S ­

SOLVED IN SALT SOLUTIONS 

Concn. 
( ^ 

wt. % 

Rate of 
shear 
W. 

sec. - 1 

tion 
angle 

(X), 
deg. 

Double 
refraction 
(»« — Ml) 

X 10» 
C 

X 10« 

Apparent 
rotary 

diffusion 
constant 

W, 
sec . - 1 

Graham's salt, 255 P-atoms in av. chain, 0.2 M Na1P4O7 

25 

12.5 
6.3 

6,060 
10,800 
12,400 
15,000 

49.3 
50.0 
48.0 

+ 0 . 3 9 
.82 

+ .23 
Slight 

0.015 
.033 
.018 

Commercial potassium Kurrol's salt, 475 P-atoms in av. 

chain, 0.4 M NaSCN; k from eq. 2 = 0.2 (wt. %)'1 

5.0 4,460 25.9 + 0 . 4 8 0.096 820 
8,110 26.1 .74 .148 1500 

15,400 23.0 .87 .174 2200 

Commercial potassium Kurrol's salt, 475 P-atoms in av. 
chain, 10% (CH,)4NBr; k from eq. 2 = 0.4 (wt. % ) - * 

2 .0 2,960 25.9 + 0 . 0 9 0.045 540 
6,110 22.2 .24 .12 800 

14,000 18.3 .58 .29 1200 
1.0 13,800 29.0 + .16 .16 3400 

Potassium Kurrol's salt, 1430 P-atoms in av. chain, 0.2 M 
Na4P2O7; k from eq. 2 = 0.9 (wt. % ) _ 1 

10.0 

5.0 

2 .5 

1.3 

7,540 
11,970 
5,490 

13,600 
5,820 

13,800 
5,770 

13,690 

S.o 
9 .0 

16.1 
11.8 

15.0 

+6.82 
7.29 

+ 1.41 
2.72 

+ 0 . 8 9 
1.19 

+ 0 . 4 2 
0.61 

0.68 
.73 
.28 
.54 
.36 
.48 
.32 
.47 

120 
230 
370 
470 

790 

Potassium Kurrol's salt, 1430 P-atoms in av. chain, 10% 
(CHj)4NBr; k from eq. 2 = 1.8 (wt. % ) " 1 

2.0 

1.0 

0.5 

3,940 
8,200 

14,120 
6,340 

14,600 
14,170 

15.7 
10.8 
9.7 

13.4 
9.6 

+0.47 
0.86 
1.32 

+ 0 . 4 6 
0.77 

Slight 

0.24 
.42 
.66 
.46 
.77 

250 
240 
320 
290 
320 

Sodium Kurrol's salt, 1000 P-atoms in av. chain (broad size 
distribution) 0.4 M NaSCN; k from eq. 2 - 0.5 (wt. % ) _ 1 

1.0 7,630 11.8 + 9 . 3 3 0.33 260 
15,400 14.3 0.42 0.42 800 

Sodium Kurrol's salt, 1000 P-atoms in av. chain (broad size 
distribution) 10% (CHs)4NBr; k from eq. 2 = 1.1 (wt. %)-> 

1.0 

0.50 
.25 
.13 

6,680 
15,120 
13,700 
13,600 
15,400 

12.0 
10.9 
9.6 
9.2 

+ 0.43 
.76 

+ .50 
+ .30 
Slight 

0.43 
0.76 
1.00 
1.2 

240 
440 
300 
270 

that the numerous negative charges on the poly­
phosphate chain would cause it to extend to its 
most elongated orientation as shown in the geomet­
rical model 

(J-
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! x O 
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According to this model the length in A. of the 
stretched chain is 2.5 n and its diameter is ca. 3 A. 
Thus the well-known equation7 for the rotary dif­
fusion constant of a prolate ellipsoid in terms of its 
major, a, and minor, b, semi-axes can be treated as 
shown below (assuming rj = 1.0 centipoise) 

o 3fer r , , . , 2a"l 1.32 X 10" , , , 

4.61 log 1.64»] (3) 

This relationship between 8 and n is plotted in 
Fig. 2 where it is compared with the experimental 
points. These experimental points were obtained 
by empirically extrapolating the data of Tables II 
through IV to infinite rate of shear on plots of log 
6 vs. 11 u and further extrapolating these values of 
0„ - co to zero concentration. Thus the points in 
Fig. 2 represent rough, average values of 6 under 
conditions where the anions are not interfering 
with each other. The correspondence between the 
theoretical curve and the experimental points again 

Introduction 
The initial rate of reaction of nitrogen pentoxide 

with nitric oxide is the rate of the elementary 
unimolecular reaction1-2'3 N2O5 -*• NO2 + NO3. 
With a slight excess of nitric oxide the initial rate 
continues unchanged for about three or four half-
lives, and thus with this system it is easy to get a 
good measure of the rate constant of an elementary 
reaction. I t is of great interest to study the 
effect of inert gases on the rates of unimolecular 
reactions, since this type of study gives the rela­
tive efficiency of various gases in activating the 
reactant molecule and some information about the 
form of the deactivational rate functions. 

Experimental 
The apparatus was the same as that described previously.4 

I t consisted of a 22-liter Pyrex bulb in a stirred air thermo­
stat. Two pipets of 0.001 volume of the flask and two 
pipets of 0.01 volume of the flask were connected by a three-
way stopcock which permitted two gas samples to be passed 
simultaneously into the evacuated bulb. The reaction was 
followed by light absorption of nitrogen dioxide. An effort 
was made to improve the precision of results obtained from 

(1) J. H. Smith and F. Daniels, THIS JOURNAL, 69, 173S (1947). 
(2) R. L. Mills and H. S. Johnston, ibid., 73, 938 (1961). 
(3) H. S. Johnston, ibid,, TS, 4542 (1951). 
(4) H. S. Johnston and R. L. Perrine, ibid., 73, 4782 (1951). 

indicates that the observed birefringence is of the 
right order of magnitude to be attributable to the 
fully stretched molecule-ions themselves. The lack 
of exact agreement between the curve and the 
points is attributable to inaccuracies and uncer­
tainties in the physical model, the data and the ex 
trapolation of 6 to infinite rate of shear. 

Since the rotary diffusion constant measured at a 
given concentration of a polyphosphate is consider­
ably larger in the presence of added salts of low 
molecular weight than in pure solution, it can be 
inferred that the polyphosphate anion must assume 
a relaxed or curled position in the presence of the 
added salt. This inference is based on the assump­
tion that the charges on an anion have no effect per 
se on birefringence measurements but only show up 
through the geometrical effects of their interaction. 
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the apparatus. The light source was an AH-4 General Electric 
mercury arc stabilized by a Cenco constant voltage auxiliary. 
The I P 28 photo-multiplier tube was placed outside of the 
air thermostat to reduce dark current, since-most runs were 
made at 50.5°. Many of the stopcocks were replaced by 
Corning high vacuum type and Greiner three-way high 
vacuum type. A McLeod gage was added, and the 22-liter 
bulb was evacuated to 1 0 - 4 mm. or lower before each run. 

Nitrogen pentoxide and nitric oxide were prepared and 
purified as described before.2 The foreign gases were Linde 
nitrogen, Stuart carbon dioxide and Matheson argon and 
sulfur hexafluoride. Nitrogen was passed directly from the 
tank through a liquid nitrogen trap into its storage bulb. 
Argon, carbon dioxide and sulfur hexafluoride were con­
densed by liquid nitrogen and fractionated into the storage 
bulb. 

The carrying out of runs and the computation of rate con­
stants were done as follows: The two large pipets were filled 
with a foreign gas to a known pressure. The two pipets 
were shut off from each other. One small pipet was filled 
to a known pressure with nitric oxide, and this was mixed 
with the foreign gas in one of its pipets. The second small 
pipet was filled with nitrogen pentoxide to a known pressure 
(as found by a null Bourdon gage), and this was mixed with 
the foreign gas in the other pipet. To start the reaction a 
three-way stopcock was turned so that it simultaneously 
passed into the 22-liter flask the nitric oxide plus foreign gas 
and the nitrogen pentoxide plus foreign gas. It has been 
established4 that mixing was complete and temperature 
equilibrium was attained within three seconds. Before the 
run started the initial light intensity Io was obtained. Read­
ings were made of light intensity every 3, 5 or 10 seconds 
depending on the rate of reaction. If the half-life was 6 
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Foreign Gases 
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The decomposition of nitrogen pentoxide in the presence of nitric oxide has been studied in a 22-liter flask at 50.5° with 
added argon, nitrogen, carbon dioxide or sulfur hexafluoride. Reactant pressures were each about 0.08 mm. and foreign 
gas pressures varied from about 0.02 to 10 mm. By means of the general Lindemann mechanism for unimolecular reactions, 
it is shown that these data give the second-order activational rate constants for each reactant and for each foreign gas. 
The relative values of the limiting low-concentration rate constants are: A, 0.14; N2 , 0.23; NO, 0.30; SF8, 0.32; CO2, 
0.40; N2O6, 1.00. From the data for each foreign gas an estimate is made of the mean-life with respect to decomposition of 
normally distributed activated reactant molecules; these estimates agree within experimental error. The application of 
this type of data to the problem of the form of the deactivational rate function is discussed. 


