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Abstract: Flow birefringence studies have been conducted upon bihelical fragments of T2 bacteriophage DNA 
of viscosity molecular weight 9.9 X 10 * corresponding to a contour length of 520 A based upon the Watson-Crick 
B model. The rotational diffusion constant is estimated as approximately 106 corresponding to an ellipsoidal 
axial ratio of about 12. The birefringence appears to be interpretable in terms of effective molecular polarizabili-
ties using classical dielectric continuum theory, and the results imply that the contributions to the optical anisot­
ropy of bound solvent and electron derealization along the helical axis are relatively small and of roughly com­
parable magnitudes. Discrepancies between the present results and flow birefringence studies on other macro-
molecular systems are considered and discussed. 

The optical anisotropy over a defined region of a 
macromolecule is a quantity of fundamental sig­

nificance since it is closely related to the optical, elec­
trical, and spectroscopic behavior of the system and 
to details of molecular structure as well. In principle, 
this quantity is obtainable from a variety of measure­
ments including dielectric constants, light scattering, 
and the determination of birefringence. However, 
electrical measurements and their interpretation are 
difficult for polyelectrolytes in solution, and light 
scattering determinations, for various practical reasons, 
are normally restricted to polymers of not more than a 
few million molecular weight. 

Flow birefringence is a method of considerable po­
tential utility in obtaining not only the optical properties 
of macromolecular systems but their hydrodynamic 
properties as well. This is especially true for those 
systems which are difficult to study using electrical 
or light-scattering techniques. Most native DNA's 
fall into this category, and it has been shown that 
the flow birefringence of high molecular weight DNA 
can provide the essential hydrodynamic properties of 
this molecule in neutral aqueous solution, and in addi­
tion, a relation between the persistence length and the 
optical anisotropy per base pair. 1^2 Thus, the effective 
optical anisotropy has an operational significance in 
terms of the persistence length or the Kuhn segmental 
length in DNA and in other stiff-chain polymers, and 
this conclusion is probably generally true also for 
relatively flexible macromolecules.23 However, the 
analysis requires the use of a continuum ellipsoid of 
revolution as a model for the Kuhn statistical segment, 
and the optical theory for both the intrinsic and the 
shape birefringence is in its essentials at the same 
level of approximation as that originally proposed for 
rigid ellipsoidal particles in suspension by Peterlin and 
Stuart.4 It is clearly necessary, therefore, that an in­
dependent determination of the optical anisotropy be 
made on persistence length fragments of DNA, and 
furthermore, in terms of the optical properties of this 

(1) R. E. Harrington, Biopolymers, 6, 105 (1968). 
(2) R. E. Harrington, ibid., 9, 159 (1970). 
(3) V. N. Tsvetkov, "Newer Methods of Polymer Characterization," 

B. Ke, Ed., Interscience, New York, N. Y., 1963, Chapter 14, p 563. 
(4) A. Peterlin and H. A. Stuart, Z. Phys., 112, 129 (1939). 

molecule, it is of considerable interest to examine the 
molecular level significance of this quantity and the 
applicability of the Peterlin and Stuart model to this 
system. 

In an earlier communication,5 we presented the re­
sults of flow birefringence measurements upon frag­
ments obtained from the hydrodynamic degradation 
of T2 bacteriophage DNA. These fragments were ob­
tained at a limiting molecular weight of 3.8 X 106 

daltons, corresponding to a Watson-Crick B helix of 
contour length 1990 A, and were studied in neutral 
aqueous solution. Although our data were compli­
cated by evidence of polydispersity at lower velocity 
gradients (which we attributed to shear-dependent ag­
gregation, induced by trace protein contamination 
from the chromatographic fractionations of the sam­
ples), no real indication of chain flexibility could be 
detected at velocity gradients on the order of 2000 
sec -1. Nevertheless, the persistence length of linear 
bihelical DNA has been variously estimated to be near 
500 A,1'2,6,7 and intrinsic viscosity data89 are available 
which appear to imply that DNA may not be perfectly 
rigid at the molecular weight studied in the previous 
work. In view of this, we made no attempt in the 
earlier discussion to treat the optical anisotropy in 
terms of the Peterlin and Stuart theory. We calculated 
the polarizability anisotropy per base pair rather as 
an operational quantity, which, as was subsequently 
shown,2 is perfectly consistent also with data on high 
molecular weight native DNA. However, the mag­
nitude of the anisotropy as obtained in this way was 
found to be in remarkably close quantitative agreement 
with several bond polarizability summations based upon 
an isolated Watson-Crick helix. 

In the present work, refinements in preparative 
methods and in instrumental techniques have permitted 
us to extend these studies into the persistence length 
region of molecular size for helical DNA while still 
maintaining experimental conditions of relatively low 

(5) J. L. Sarquis and R. E. Harrington, / . Phys. Chem., 73, 1685 
(1969). 

(6) V. A. Bloomfield, Macromol. Rev., 3, 255 (1968). 
(7) V. A. Bloomfield, Science, 161, 1212 (1968). 
(8) J. Eigner and P. Doty, / . MoI. Biol., 12, 549 (1965). 
(9) G. Cohen and H. Eisenberg, Biopolymers, 4, 429 (1966). 

Harrington j Flow Birefringence 



6958 

concentration and velocity gradient. Since the Peterlin 
and Stuart hydrodynamic theory should apply quite 
rigorously to the present system, the associated optical 
treatment is evaluated for D N A in a solvent of sub­
stantially different refractive index by comparing the 
experimental polarizability anisotropy to various avail­
able theoretical values. The results appear generally 
to substantiate the Peterlin and Stuart model in this 
case, and to imply that the flow birefringence monomer 
anisotropy, at least for D N A , is a fundamental property 
of the molecule and is either largely unaffected by the 
structure of associated solvent and by electron de-
localization along the helical axis, or else these two 
effects are very nearly compensatory. 

Experimental Section 

Materials. DNA was obtained from T2 bacteriophage as 
described elsewhere.2-6 The solvent used was neutral aqueous 
phosphate-EDTA buffer 0.1 M in NaCl. A single sample of DNA 
was used for all preparations; this sample showed normal melting 
characteristics and had an intrinsic viscosity fa] = 314 dl/g 
prior to degradation. Concentrations were determined from the 
absorbance at 260 m/j in a Zeiss PMQ-II spectrophotometer using 
an extinction coefficient of 1.81 X 10~2 cm2/,ug10 for both theunde-
graded and degraded material. 

Degradation was accomplished by sonication using a slight 
modification of the method described by Li and Crothers.11 A 
Branson Model W185D sonicator with normal (approximately 
1A in. diameter) tip was employed (Heat Systems, Ultrasonics, 
Inc., Plainfield, N. Y.). DNA at a concentration of 50 Mg/ml was 
placed in a rosette cell mounted in a cooling bath. The solution was 
saturated with nitrogen using a sintered-glass gas-dispersion tube. 
One minute of sonication at full power was alternated with 10 min 
of cooling and gas saturation. Approximately a 10° temperature 
rise occurred during the sonication cycle, and the solution was 
cooled to slightly below 0° during the saturation phase. Most of 
the degradation occurred during the first few minutes of sonication, 
but a further slow increase was observed even after 45 min of soni­
cation. The samples studied were sonicated for a total of 60 min. 

Since considerable shedding of the titanium probe tip occurred, 
the samples, after degradation, were clarified by high-speed cen-
trifugation and by filtration through a 0.45-/* Millipore filter under 
gravity flow. The samples were concentrated by ultrafiltration 
using an ordinary high-pressure filtering cell (Millipore Filter 
Corp., Bedford, Mass.) equipped with dialysis membrane as a 
filtering element and maintained at approximately 30 lb/in.2 nitro­
gen pressure and refrigerator temperature; roughly 50 ml of solvent 
could be removed in a 24-hr period using a 47-mm diameter filter 
with negligible loss of DNA as evidenced by the optical absorbance 
of the filtrate. After concentration, the samples were equilibrium 
dialyzed against pure buffer using dialysis bags which had been 
presoaked for several days with occasional changes of bath. Di­
alysis was continued until both the absorbance at 260 m î and 
the refractive index at 546 m/j. of the bath were identical with those 
of the stock solvent. 

Prior to flow birefringence determinations, the degraded samples 
were characterized by thermal denaturation and by intrinsic vis­
cosity. For the sample studied, fa] = 0.412 dl/g correspond­
ing to M = 9.90 X 10" daltons using the low molecular weight form 
of the Eigner-Doty equation8 corrected as suggested by Cohen and 
Eisenberg.12 Melting curves appeared normal for a preparation 
of this molecular weight. No attempt was made to fractionate the 
samples prior to study. 

Methods. Intrinsic viscosities were obtained using the cartesian 
diver concentric cylinder viscometer employed in previous work.1 

Relative viscosity data were obtained for the degraded samples 
at shear rates between 0.4 and 3.1 secwl; no shear dependence 
could be observed within experimental error. Concentration 
extrapolations were made using the Huggins equation13 with k' 
= 0.47 for the low molecular weight material. 

(10) I. Rubenstein, C. A. Thomas, Jr., and A. D. Hershey, Proc. 
Natl. Acad. Sci. U. S., 47, 1113 (1951). 

(11) H. J. Li and D. M. Crothers, J. MoI. Biol., 39, 461 (1969). 
(12) G. Cohen and H. Eisenberg, Biopolymers, 6, 1077 (1968). 
(13) M. L. Huggins, J. Amer. Chem. Soc, 64, 2716 (1942). 

The refractive index increment d/i/dc and the absolute refractive 
index of the solvent were obtained at 546 m/i using a Phoenix 
differential refractometer (Phoenix Precision Instrument Co., 
Philadelphia, Pa.) calibrated against standard KCl solutions. 
The data for DNA were obtained on the same samples as used for 
flow birefringence; (n — n0) was linear within reading error over 
the concentration range investigated and d#/dc was obtained as 
0.172 ± 0.001. This value is considerably lower than that ob­
tained by us previously for chromatographically fractionated low 
molecular weight DNA6 but is in satisfactory agreement with other 
determinations on unfractionated material of higher molecular 
weight. 1^*12 The solvent refractive index was measured as 1.33385 
by comparison with standard KCl solutions. 

Flow birefringence data were obtained using a somewhat more 
sensitive version of the instrument employed in our earlier in­
vestigations.16 The apparatus, its operation, and data reduction 
techniques are discussed elsewhere.6'14 Principal modifications 
for the present study included the use of a relatively heavy-walled 
Teflon rotor sleeve and stator in the flow cell; the annular gap 
width was 0.49 mm. Only the flow-cell bearings were cooled; 
the samples were allowed to attain a thermal steady state at each 
shear rate since a substantial reduction in optical noise at higher 
velocity gradients was obtained in this way. The flow-cell tem­
perature was monitored roughly by means of a thermistor probe 
located at the bottom of the stator. At 4000-sec-1 shear with the 
aqueous DNA solutions in the cell, the final cell temperature sta­
bilized at approximately 5° above the 25° ambient. The instru­
ment signal was time averaged to four significant figures for each 
determination. 

All data were corrected for solvent effects as described previously6 

by determining A and B curves vs. shear rate based upon repetitive 
measurements upon pure solvent. At the higher velocity gradi­
ents, these effects became quite large, on the order of two to three 
times the corresponding values attributable to the solute; without 
correction, the extinction angles would have been somewhat re­
duced in magnitude, and the solute birefringence numerically in­
creased by roughly the amount of the solvent signals. Although 
the solvent effect appeared to be a quasi-flow birefringence phe­
nomenon, and the data were remarkably reproducible when taken 
as described above, we attribute it largely to optical noise in the flow 
cell; it is theoretically possible for flow birefringence to be associ­
ated with the solvent alone,16'16 but our results implied otherwise 
since the apparent extinction angles were invariably less than 45° 
and the data and their reproducibility were to some extent de­
pendent upon the flow-cell temperature relative to its final steady-
state value. 

Basic Equations and Theory 

The flow birefringence theory of Peterlin and Stuart4 

formally treats the opticodynamical properties of mac­
roscopic ellipsoids of revolution suspended in con­
tinuous viscous fluids. In a uniform velocity gradient, 
the distribution of particle orientations under sta­
tionary-state conditions is obtained from the competi­
tion between hydrodynamic orientation and rotational 
diffusion. Since this distribution function can be ana­
lytically4 or numerically17 evaluated over a wide range 
of the shear rate to rotary diffusion constant ratio, 
the extinction angle is directly obtainable under the 
assumption that the principal optical and geometrical 
axes of the particle are coincident. The treatment 
of the birefringence, however, requires additional as­
sumptions. Both the particle and the solvent are rep­
resented as dielectric continua, with the latter assumed 
also to be isotropic. Furthermore, the electric field 
of the light is treated as quasi-static over the longest 
dimension of the particle. This formally introduces 
the restriction that the particle dimension be small 

(14) R. E. Harrington, Biopolymers, 9, 141 (1970). 
(15) A. Peterlin and H. A. Stuart, Z. Phys., 113, 663 (1939). 
(16) R. E. Harrington, "Encyclopedia of Polymer Science and Tech­

nology," Vol. 7, N. M. Bikales, H. F. Mark, and N. G. Gaylord, Ed., 
Interscience, New York, N. Y., 1967, p 100. 

(17) H. A. Scheraga, J. T. Edsall, and J. O. Gadd, Jr., J. Chem. 
Phys., 19, 1101 (1951). 
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with respect to the wavelength of the incident light, 
i.e., a « X/47r« where a is the major semiaxis and n 
is the solvent refractive index. Although this latter 
restriction is largely satisfied in the present work, 
Taylor and Cramer18 have shown that the Peterlin 
and Stuart optical theory can be rederived in terms 
of light scattering theory and this condition removed 
for rods of diameter less than approximately 400 A 
oriented perpendicular to the incident beam. 

The optical properties of the system are treated 
using ordinary macroscopic dielectric theory. The 
principal components of polarization are calculated 
as the sum of the solvent polarization and the excess 
polarization due to the particles oriented with respect 
to the incident light; in terms of the external field, 
therefore, the excess polarization is calculated from 
the corresponding polarizability components of the 
ellipsoidal shaped particles where the internal field 
is determined by an ellipsoidal shape factor L. 

Since the macromolecule or particle in the Peterlin 
and Stuart theory is, in effect, treated as a single dipole 
with respect to its components of polarization, the 
molecular level significance of the polarizability anisot-
ropy is not immediately apparent. It certainly depends 
upon the true mean anisotropy of the (isolated) particle, 
the particle shape, and upon the electrical nature and 
orientation of adjacent solvent molecules. In general, 
this question can only be resolved from a knowledge 
of the true particle anisotropy, and in this sense, it 
is useful to compare the experimental value obtained 
from birefringence to reasonable theoretical molecular 
level calculations. However, such a comparison re­
quires that the true intrinsic birefringence be obtain­
able from the experimental quantity. As is noted 
below, a formal separation of intrinsic and form an­
isotropy contributions is easily obtained in terms of 
the Peterlin and Stuart model; in the present work, 
the results of such a separation are somewhat at vari­
ance with a direct calculation of the form birefringence, 
however. 

In terms of the assumptions discussed above, the 
Peterlin and Stuart theory gives for the extinction angle x 
in radians (G- /D1 ^ 1.5) 

X = YlDx 
1 -

G-
ISOD. A 24c/2\ 1 + ^ 5 - J + 

and for the birefringence 

An 
2 Tvc 

(gi ~ gi)F 

O) 

(2) 

in which G is shear rate, D1 is the rotational diffusion 
coefficient, v is the partial specific volume of the mac­
romolecule, c is the weight concentration, d is a function 
of axial ratio p, i.e., d = (p2 — l)/(p2 + 1), and the g{ 

are polarizability components per unit volume. In 
eq 2, F is an orientation function derived from the 
orientation distribution and is given by Peterlin and 
Stuart as (G • /DT ^ 1.5) 

F = 
Gd 
15Z)1 

1 
72 A 

/ 6d%\ 
+ (3) 

In order to avoid ambiguities due to finite concentra­
tion and shear, it is convenient to define the reduced 

(18) E. W. Taylor and W. Cramer, Biophys. J., 3, 127 (1963). 

birefringence in terms of eq 2 and 3 

2irvd / An \ Ittvd 
[n] = W T O A C - . = 15^D1 <* ~ «0 (4) 

in which rj0 is the absolute viscosity of the solvent. Al­
though Dr is obtainable from extinction angle data 
and eq 1, it is desirable in the present work to obtain 
this quantity as a function of intrinsic viscosity from 
the relation19 in which M is molecular weight and 8 

Dr = 
BRT 

6770MM 

is a relatively insensitive function of axial ratio only. 
Thus, eq 4 can be rewritten 

5nkT8NA 
J^r (gi - so (5) 

The rth polarizability component of an ellipsoid of 
revolution of volume vP suspended in a fluid of re­
fractive index n is4 

7i = 
" p (V - «2) 
4TT 1 + [(«,» - n2)/«2)]L; (6) 

in which n{ is the particle refractive index and L1 is 
an ellipsoidal shape factor20 

I i = 
(1 - O 1 , 1 + e 

2e 1 — e 
1 

e' = 
(a2 - 62)I/! 

L1 + 2L2 = 1 

where a and b are the major and minor semiaxes, re­
spectively. Hence, one obtains from eq 6 

fei g2) = T-X 
4ir 

("I2 - «22) + 
(«i2 - "2Xn2

2 - "2X^2 - Li) 

0 + " - ^ . ) 0 + " ^ ) 
(7) 

The optical factor (gi — g2) contains both the in­
trinsic and the form anisotropy of the particle. The 
latter must vanish when (gi — g2) becomes independent 
of n. For large axial ratios, Li = 0 and L2 = 0.5; it 
is easily shown that under these conditions, eq 7 is 
minimized when n — n2, and hence the intrinsic an­
isotropy can be written in terms of the principal re­
fractive indices of the particle. If the axial ratio is 

(gi - £2)int 
1 

(" i 2 - n2
2) (8) 

less than approximately 20, the minimum in eq 7 is 
most easily obtained numerically using calculated values 
of the L;. In either case, the form anisotropy is ob­
tained directly as the difference between the observed 
anisotropy and the intrinsic contribution determined 
as above. The polarizability anisotropy of the particle 
can be obtained from (gi — g2)int and the particle 

(19) H. A. Scheraga and L. Mandelkern, / . Atner. Chem. Soc, 75, 
179 (1953). 

(20) R. Gans, Ann. Phys., 37, 881 (1912). 
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X l d e g ; 

Figure 1. Extinction angle x against shear rate G-: solid curve, 
calculated from eq 1 assuming rotary diffusion constant DT = 10s 

and axial ratio p = 12. Experimental points: O, 48.7 Mg/ml; 
• , 81.2 Mg/ml; • , 122 Mg/ml; • . 185 Mg/ml; A, 251 Mg/ml; 
A, 297 Mg/ml. 

volume 

r , Mv < 
(Ti - 7a) = T7- (gi 

" A 

g'Ou (9) 

and if it is assumed, as appears reasonable with rigid 
helical D N A , that the effective monomer polarizability 
anisotropics a are linearly additive 

(a,i - a J = -— Cg1 gdint (10) 

where Mm is the monomer molecular weight, and the 
subscripts on the a are relative to the helical axis. 

Since the calculation of the intrinsic anisotropy from 
the Peterlin and Stuart theory requires a knowledge 
of «i and »0, an additional experimental quantity relating 
gi and g2 is necessary. The needed relationship can 
be obtained from the solution refractive index in­
crement.18,21 Equations 5 and 11 can now be solved 

dn 
dc 

2WP 

Tn (gi + 2gt) (H) 

simultaneously for the g{, and the particle refractive 
indices can be obtained directly from eq 6 and a knowl­
edge of the particle axial ratio. 

As an alternative to the above procedure, the form 
anisotropy can be calculated directly and the intrinsic 
anisotropy obtained by difference. For this purpose, 
we consider an electrically isotropic ellipsoid of re­
fractive index nP. The z'th polarizability becomes for 
this model, analogously to eq 620'22 

Ti = 
nP

l ^ P i 

4 I l + ^ 
(12) 

Li, 

If nP is not too different from n, i.e., in this case [(nP
2 — 

n2)/n2]Li « 1, then the mean polarizability becomes 
to this approximation 

<7>a 
Ti + 2T2 _ vPn(nP — ri) 

3 _
 2TT 

^p(Kp - HY(L1 + 2L2) 

+ 
vPn(nP — ri) 

(13) 

(21) R. Cerf and H. A. Scheraga, Chem. Ren., 51, 185 (1952). 
(22) R. Gans, "Lichtzerstreuung Handbuch experimental Physik," 

Vol. 19, Leipzig, 1928, p 363. 

and the anisotropy 

(Ti ~ Jt)/ = 
( " p 2 

(L2 - L1) 

VP 

- («p - n)%L2 - L1) (14) 

which reduces for high axial ratios to 

(Ti y2); =* ~ («P 
Z7T 

rt)2 
(15) 

The equivalent of eq 14 has also been given by Peter­
lin and Stuart.4 

Equation 11 and the relation 7 = vPg can be com­
bined with eq 13 to give the relation 

dn n — n 
— = v(nP - n) = 
dc c 

v{n — ri) 

where <p is the volume fraction of particles and n is 
the mean refractive index of the solution. Hence, 
the level of approximation used is that <p(nP — ri) = 
(n — ri), and with this relationship, eq 15 can be restated 
in terms of experimental parameters. 

(Ti - Jd/ = 
(it — n)2 

' 2Tv^" 
M(dnjdcY 

2 irNAv 
(16) 

From eq 9, 10, and 16, eq 5 can now be explicitly 
written in terms of the intrinsic and form anisotropics 
of the macromolecules. Apart from the presence of 

[K] 
M [(Ti 

4ir 

~5nkT5 

AT M 

5~nkfs ~M~ 

T2)int + (Tl - Ti)/] = 

Mm(dnldcY 
(«H ~ ai ) + 2irNAP 

(17) 

the parameter 5 and the absence of a Lorentz factor, 
eq 17 is formally identical with an expression applied 
by Tsvetkov23 to DNA and also used by us previ­
ously.1'2'15 However, Tsvetkov's equation is based 
upon the theory of stiff but nonetheless Gaussian 
chains;24 the form anisotropy strictly applies only to 
the local anisotropy due to the Kuhn segments, and 
the overall form anisotropy is neglected in this case. 
The above arguments, therefore, establish the quan­
titative relationship between the Tsvetkov approach 
and the theory of rigid particles which is necessary 
to correlate the results of the present study with in­
vestigations upon high molecular weight random coiled 
DNA.1 '2 

Results and Discussion 

Flow birefringence data were obtained over a shear 
rate range of from 100 to 4000 sec -1 and at several 
concentrations from 48.7 to 297 jug/ml. Extinction 
angles as functions of shear rate are given in Figure 1 
for the various concentrations studied. Under the 
present experimental conditions, these are all greater 
than 44°, but the scatter is sufficiently large that no 
sensible concentration dependence is evident. The 
curve of eq 1 with Dx = 105 is shown also; this fits 
the data reasonably well, and on this basis, we estimate 
5 = 1 corresponding to an effective "ellipsoidal" axial 
ration ^ 12.19 

(23) V. N. Tsvetkov, L. N. Andreyeva, and L. 
Vysokomol. Soedin., 7, 2001 (1965). 

(24) V. N. Tsvetkov, ibid., S, 740 (1963). 

N. Kvitchenko, 

Journal of the American Chemical Society / 92:23 / November 18, 1970 



• Anx101 0 

15of 

G x 10"3 (sec-1) 

Figure 2. Experimental flow birefringence An against shear rate 
G- for T2 phage DNA of length ~550 A: (a) 48.7 Mg/ml; (b) 
81.2Mg/ml; (c) 122 Mg/ml; (d) 185/xg/ml; (e) 251 Mg/ml; (f) 297 
Mg/ml. 

Birefringence data are shown against shear rate in 
Figure 2. At all concentrations, these data are for 
practical purposes linear and intercept properly at the 
origin; the low shear data and the intercept were 
significantly improved by evaluating the instrument 
correction514 for each run such that the extinction 
angle data fall on the best monotonic curve, a procedure 
applicable in the present work but not employed pre­
viously.6 The birefringence curves were fitted by least 
squares to a quadratic function of the form — An = a + 
bG' + cG2; the zero shear slopes b are shown against 
concentration in Figure 3, from which the ratio -(An/ 
cG)c, c ._„ = 1.107 ± 0.0005 X lO"8 is obtained 
also by quadratic least squares, ignoring the individual 
statistical errors in the ordinate which are all quite 
small. Using the experimental intrinsic viscosity [77] = 
41.2 cm3/g and the solvent viscosity 0.900 X 10 -2 P,6 

the ratio [«]/[TJ] = -2.986 ± 0.0008 X 10~8. 
Frisman23 has reported [n]/[ij] = —14 X 10-8 for 

sonicated calf thymus DNA of intrinsic viscosity 1 
dl/g. Extrapolation of the curve given for this 
quantity to the intrinsic viscosity of the present DNA 
shows roughly a factor of 4 disagreement with our 
results above. However, a comparison of our present 
and earlier5 data to Frisman's results shows very nearly 
the same percentage disagreement in both cases. Tsvet-
kov23 has also studied the flow birefringence of son­
icated calf thymus DNA down to an estimated molecu­
lar weight of 2 X 105; an extrapolation of this curve 
to our experimental conditions indicates a discrepancy 
with our result of less than a factor of 2. We are 
able only to speculate on these differences; they do 
not appear to be due to solvent corrections since we 
find that these are of positive sign. On the other hand, 
we also find in our work instrumental corrections 
deriving, we believe, from residual birefringence in 
the optical system. In our instrument, these are usually 
of negative sign. Corrections for such effects are 
difficult to make using optical compensation in flow 
birefringence measurement,16 and the above authors 
make no mention of attempting to do so. Based 
upon our experience, both the magnitudes and direc-

(25) E. V. Frisman, V. I. Vorobyev, and L. V. Shchagina, Vysokomol. 
Soedin., 6,884(1964). 
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-(AwG)A . n x 1012 

3 ' / 

2-

1 

Figure 3. Shear extrapolated ratio — (An/G-)o->o against concen­
tration c in M8/m' for T2 phage DNA of length ~550 A. The zero 
concentration slope — (An/cG-X.o.^o is obtained as 1.1072 ± 0.0005 
X 1O-8 (cgs units) from a quadratic least-squares analysis of the 
data shown. 

tions of the discrepancies can generally be accounted 
for in this way. 

As noted above, the polydispersity of the present 
DNA sample was not examined and no preparative 
fractionation was attempted in order to avoid the 
apparent molecular aggregation effects observed in 
our previous study.5 However, considerable evidence 
now exists that the size distribution in sonicated DNA 
is not large,9,26 and since the degradation mechanism 
appears to be hydrodynamic,27 theoretical considera­
tions28 predict a relatively narrow limiting molecular 
length range with a negligible high molecular weight 
tail; this type of situation has actually been observed 
in other polymer systems.29 

The most sensitive test for polydispersity effects upon 
flow birefringence is the behavior of the extinction 
angle, i.e., the rotational diffusion constant must be 
independent of shear for rigid particles. It is clear 
from Figure 1 that there are no serious anomalies 
in this respect comparable to those observed previously,5 

although the relative scatter in the present extinction 
angle data is quite large. A less sensitive test is the 
shear dependence of the optical factor (gi — g2). In 
the present work, this factor as calculated from eq 2 
and 3 is sensibly independent of shear at all concentra­
tions studied. The higher molecular weight data5 in­
dicate a slight shear dependence of (g 1 — g2), but it 
is difficult to separate the effects of polydispersity and 
slight molecular flexibility in this case. Although no 
evidence for appreciable chain flexibility was obtained 
in our earlier study, Cohen and Eisenberg's data9 on 
DNA of about the same size as that used in ouf earlier 
work showed an effective viscosity length about 87% 
of the contour length from electron microscopy, and 
hence suggest a slight flexibility in the molecule. In 
any event, the above considerations lead us to believe 
that polydispersity effects are negligible in the present 
study. Of particular importance to this conclusion 

(26) A. Nicolaieff and R. Litzler, Biopolymers, 8, 181 (1969). 
(27) A. R. Peacocke and N. J. Pritchard, ibid., 6, 605 (1968). 
(28) R. E. Harrington and B. H. Zimm, J. Phys. Chem., 69, 161 

(1965). 
(29) R. E. Harrington and P. G. Pecoraro, / . Polymer Sci., Part A-I, 

4, 475 (1966). 
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Table I" 

(gl — g2)obsd 
Ih 
>h 
Artint 
<«>.v 
(gl — giimt 
(gl - gdtorm 
(a Il — o j i . t 

D 

0.007892 
1.6222 
1.7490 
0.1268 
1.7068 
0.034086 

0.02619 
17.93 A3 

-0 .007892 
1.6203 
1.7511 

-0 .1308 
1.7075 

-0 .03510 
0.02721 

- 1 9 . 4 6 A3 

-0 .002570 
1.6308 
1.7340 

-0 .1032 
1.6996 

-0 .02763 
0.02506 

- 1 6 . 0 7 A3 

-0.002841 
1.6590 
1.7853 

-0 .1263 
1.7432 

-0 .03462 
0.03178 

- 1 8 . 2 1 A3 

" Calculated optical parameters for DNA from the theory of Peterlin and Stuart4 based upon the observed optical factor (gi — g-2)ob»j (see 
text): A, present work assuming axial ratio p = 12; B, present work assuming axial ratio p = co ; C, data of Sarquis and Harrington5 

on DNA of mol wt 3.8 X 106 assuming partial specific volume v = 0.556 as taken in that work; D, data of Sarquis and Harrington 
assuming i = 0.503 as revised by Cohen and Eisenberg12 and used in the present study. b Obtained at n = 1.7528. 

is the absence of an appreciable fraction of higher 
molecular weight species in exhaustively degraded sam­
ple preparations, since Sadron30 has shown that such 
molecules contribute disproportionately both to the 
extinction angle and to the measured birefringence. 

The optical factor (gi — g2) is calculated from eq 5 
using the viscosity molecular weight and v = 0.503 
for DNA.12 From this, the nucleotide molecular 
weight Mm = 630, and the experimental value dn/dc = 
0.172, the particle refractive indices, absolute intrinsic 
birefringence, and polarizability anisotropies are ob­
tained from eq 6-11. Results are shown in Table I 
for assumed axial ratios p = 12 and p = °o ; it is 
clear that the optical anisotropy values are relatively 
insensitive to axial ratio over the range considered 
here. However, for the case p = 12, eq 7 leads to a 
minimum in (g: — g2) at a solvent refractive index 
of 1.753, which is somewhat higher than either n, 
or (n)av. 

The nucleotide polarizability anisotropy from eq 17 
is —12.4 ± 0.1 A3 where the error is computed only 
on the basis of the statistical scatter in the birefringence 
and refractive index increment. This is in excellent 
agreement with but considerably more precise than 
the corresponding quantity obtained earlier.5 How­
ever, it is only two-thirds as large numerically as the 
values obtained from the Peterlin and Stuart treatment 
above. A discrepancy of nearly the same magnitude 
exists if the earlier data are subjected to a similar anal­
ysis; for comparative purposes, these calculations are 
included also in Table I with dn/dc = 0.188 as deter­
mined in that work, for both v = 0.503 and the value v 
= 0.556 used previously; the corresponding nucleotide 
anisotropy from eq 17 is —12.8 A3 with v = 0.503. 

It is not clear to what extent the discrepancy in 
calculated nucleotide anisotropies reflects the require­
ment in eq 17 that the form anisotropy be small as 
against an inherent inability of eq 7 to partition prop­
erly the observed anisotropy into form and intrinsic 
components. Recent experimental data on TMV31 

and on a number of helical polypeptides31,32 in aqueous 
solvents of various refractive indices suggest that the 
Peterlin and Stuart optical theory overestimates the 
form contribution, and the discrepancies between theory 
and experiment cannot be explained by quasi-solvent 
or residual instrument birefringence since the functional 
form of the calculated (gi — g->) vs. n curve is in all 
cases different from that observed experimentally. 

(30) C. Sadron, J. Phys. Radium, 9, 381 (1938). 
(31) E. W. Taylor and W. Cramer, Biophys. J., 3, 143 (1963). 
(32) P. J. Oriel and J. A. Schellman, Biopolymers, 4, 469 (1966). 

These studies were unable to discriminate unambig­
uously between a fundamental deficiency in the Peterlin 
and Stuart optical treatment and the possibility of 
solvent effects upon the anisotropy, however, and al­
though Taylor and coworkers have reported improved 
agreement between data on poly-7-benzyl-L-glutamate 
and a dipole necklace model33 it is clear that a bound 
layer of highly ordered water can make a substantial 
contribution to the negative intrinsic birefringence.18,31 

Hence, it is not inconceivable that such a layer might 
undergo considerable change, both in structure and 
in size, over the range of glycerol concentrations 
spanned by these investigations.34,36 

The nucleotide anisotropies obtained here for DNA 
are in remarkably close accord with available theoretical 
values for this molecule. Bond polarizability cal­
culations for the DNA helix have been reported as 
(a,, - aj = -19A3[Tsvetkov36], - 1 5 A3[Frisman37], 
and —14.5 A3 [Harrington5], the latter using Denbigh's 
bond polarizability data38 and the helical coordinates 
of Langridge,39 and weighted according to the base-
pair ratio corresponding to T2 phage DNA. Such 
calculations are highly approximate for the heterocy­
clic DNA base system, however, since they necessarily 
neglect 7r-electron polarizability. Takashima40 has re­
ported evidence based upon SCF calculations for elec­
tron delocalization across the hydrogen bonds in the 
adenine-uracil base pair; the mean polarizability an­
isotropy is given as —24.2 A3 compared with — 11.3 A3 

obtained as the simple sum of adenine and uracil polar­
izability components, and it appears from this com­
parison that electron delocalization in the base planes 
increases the effective nucleotide anisotropy. Never­
theless our experimental nucleotide anisotropy is in 
semiquantitative agreement with the available theo­
retical estimates and this poses something of a dilemma 
at the present time. If the optical theory used here 
is in error, its deficiency is evidently closely compen­
sated by other factors; of these the most obvious would 
be effects due to anisotropically bound water or to 
axial electron delocalization. As we have noted, other 
investigations seem to indicate that the optical treat-

(33) J. Y. Cassim and E. W. Taylor, Biophvs. J., 5, 531 (1965). 
(34) J. Hill and D. J. Cox, / . Phys. Chem., 69, 3032 (1965). 
(35) H. K. Schachman, "Ultracentrifugation in Biochemistry," 

Academic Press, New York, N. Y., 1959, p 233. 
(36) V. N. Tsvetkov, Vysokomol. Soedin., S, 747 (1963). 
(37) E. V. Frisman, V. I. Vorobyev, L. V. Shchagina, and L. V. 

Yanovska, ibid., 4, 762 (1962); 5, 622 (1963). 
(38) K. Denbigh, Trans. Faraday Soc, 36, 936 (1940). 
(39) R. Langridge, H. R. Wilson, C. W. Hooper, M. H. F. Wilkins, 

and L. D. Hamilton, / . MoI. Biol., 2, 19 (1960). 
(40) S. Takashima, Biopolymers, 8, 199 (1969). 

Journal of the American Chemical Society / 92:23 j November 18, 1970 



6963 

ment overestimates the form anisotropy, and if such 
is the case here, our experimental intrinsic anisotropy 
is numerically too large. 

In aqueous solution, the DNA molecule is known 
to be associated with a hydrodynamically bound 
layer of water.6 From the viscosity molecular weight, 
the contour lengths of the DNA molecules used here 
are 520 A, and assuming p = 12 as discussed above, 
the effective hydrodynamic diameter is on the order 
of 40 A; according to Burgers,41 the latter dimension 
might be reduced by approximately 25 % for an equiv­
alent cylinder, but this is based upon the theory of 
highly elongated particles. This estimate of the hy­
drodynamic diameter is exceedingly crude, but is never­
theless comparable to that calculated by Hearst42-44 

and by us previously,6 and corresponds roughly to a 
monolayer of hydrodynamically bound water. The 
principal attraction between water and the helix is 
probably charge-dipole interaction. From an ex­
ceedingly naive viewpoint, therefore, we can postulate 
that water molecules are aligned with their permanent 
dipoles normal to the helical axis. In terms of this 
model, a simple calculation of the hydration shell 
anisotropy similar to that described by Taylor and 
Cramer,18 with the water molecules approximated as 
oblate ellipsoids, indicates that a monolayer hydration 
shell should be negatively birefringent and might, to 
an upper limit, account for all or most of the observed 
flow birefringence. This conclusion is, of course, ex­
ceedingly naive since among other things, the effect 
of the ionic atmosphere upon the hydration layer, 
the heterogeneous charge distribution upon the mac-
romolecule, and the perturbation of the electrostatic 
field of the phosphates upon the sign and magnitude 
of the water anisotropy are not known. Nevertheless, 
if it is even qualitatively correct, the effect of an oriented 
hydration shell should be additive rather than com­
pensatory to the direction of presumed theoretical im­
perfection. On the other hand, axial 7r-electron de-
localization would be expected to decrease the negative 
anisotropy of the helix. This phenomenon has been 
predicted and discussed theoretically,45-48 and experi­
mental conductivity measurements appear to corrob­
orate its existence.4950 The axial delocalization en­
ergy has only been considered comparatively recently 
as a possibly significant component of the base stacking 
energy in the stabilization free energy of the DNA 
helix,47'4851 and its effect in this respect appears to 
be relatively small; it seems unlikely, therefore, that 
axial delocalization has a large influence upon the 
optical anisotropy of the DNA molecule, comparable 

(41) J. M. Burgers, "Second Conference on Viscosity and Plasticity 
of the Amsterdam Academy of Sciences," Nordemann, Amsterdam, 
1938, Chapter 3. 

(42) J. E. Hearst and J. Vinograd, Proc. Natl. Acad. Sci. U. S., 47, 
1005 (1961). 

(43) H. B. Gray, V. A. Bloomfield, and J. E. Hearst, J. Chem. Phys., 
46, 1493 (1967). 

(44) J. E. Hearst and W. Stockmayer, ibid., 37, 1425 (1962). 
(45) T. A. Hoffman and J. Ladik, Cancer Res., 21, 474 (1961). 
(46) T. A. Hoffman and J. Lakik, "The Structure and Properties of 

Bimolecules and Biological Systems," J. Duchesne, Ed., Interscience, 
New York, N. Y., 1964, Chapter 2. 

(47) H. DeVoe and I. Tinoco, Jr., / . MoI. Biol, 4, 500 (1962). 
(48) R. Rein and M. Pollak, / . Chem. Phys., 47, 2039 (1967). 
(49) D. D. Eley and D. I. Spivey, Trans. Faraday Soc, 58, 411 

(1962). 
(50) C. Y. Liang and E. G. Scalco, Nature (London), 198, 86 (1963). 
(51) G. Felsenfeld and H. T. Miles, Annu. Rev. Biochem., 36, 407 

(1967). 

in magnitude, for example, to the discrepancies between 
theory and experiment reported by Taylor and co­
workers,3133 and this conjecture is only exaggerated 
if bound solvent anisotropy plays a role. 

On the basis of the foregoing, we believe that the 
present work provides some justification, at least in a 
semiquantitative sense, for the optical theory and as­
sociated approximations used here as applied to DNA. 
Furthermore, as is clear from eq 17 and the numerical 
values given in Table I, the effective nucleotide an­
isotropy depends in a relatively sensitive fashion 
upon both the experimental birefringence and its sep­
aration into intrinsic and form components. If the 
optical theory is correct in its application to the DNA 
molecule, therefore, we must conclude either that the 
solvent layer is nearly optically isotropic and axial 
delocalization contributes only in a minor way to the 
polarizability, or that these effects are of roughly 
comparable magnitude with respect to the optical an­
isotropy. 

It is difficult to distinguish between these two situa­
tions on the basis of what is presently known about 
the hydration of DNA; an excellent review of the 
subject has recently been given by Tunis and Hearst.52 

The principal techniques which have been used to 
study DNA hydration, i.e., spectroscopic, hydrody­
namic, thermodynamic, X-ray structure or scattering, 
and diffusion experiments, are in agreement that some 
water is tightly bound to the macromolecule, although 
quantitative estimates vary rather widely according to 
the method. Of these techniques, nmr measurements 
appear to be the least ambiguous in terms of average 
properties of tightly bound water on the DNA molecule 
in solution, and these results should be of primary 
interest in the present case. Lubas and Wilczok,53 

using pulsed nmr, have estimated the nonrotationally 
bound hydration layer as 0.1 g of H20/g of DNA cor­
responding to only about 2 molecules of water per 
base; more recently Sprinz, et a/.,64 using similar 
methods and D2O solutions have concluded that the 
rotational mobility of bound water may be much higher 
than previously believed, and may be reduced by as 
little as roughly 10 - 2 over that in the bulk solvent. 
These findings are entirely consistent with the present 
work if we assume a relatively small effect of axial 
electron delocalization upon the effective optical an­
isotropy of DNA. Although hydrodynamic, equi­
librium, and scattering experiments generally associate a 
greater amount of water with the hydration shell,62 

there is no reason to believe that this is less labile than 
the layer most intimately associated with the polymer, 
which appears to be bound largely by the phosphate 
groups.66 

The results of the present study demonstrate pre­
sumptively, although by no means unambiguously, that 
the classical theory of macroscopic dielectrics can ac­
count for the intrinsic optical anisotropy of DNA. 
With this assumption and the results of additional 
investigations on the DNA hydration layer, both an­
isotropy of bound water and electron delocalization 

(52) M. B. Tunis and J. E. Hearst, Biopolymers, 6, 1325 (1968). 
(53) B. Lubas and T. Wilczok, Biochim. Biophys. Acta, 120, 427 

(1966). 
(54) H. Sprinz, R. Dollstadt, and G. HUbner, Biopolymers, 7, 447 

(1969). 
(55) M. FaIk, K. A. Hartman, Jr,, and R. C. Lord, J. Amer. Chem. 

Soc, 84, 3843 (1962); 85, 387, 391 (1963). 
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along the helical axis appear to be minor in their effects 
upon the polarizability of this macro molecule. Al­
though these results appear to be at variance with flow 
birefringence investigations on proteins and viruses 
in mixed solvents, these differences may be explainable 
in terms of anisotropic hydration and differential solva­
tion in the latter. Since differential solvation effects 
may be less important in DNA,62 it is clear that addi­
tional flow birefringence studies are required on low 

Rearrangements of Molecular Ions of 
Dialky l-vV-nitrosaminesl 

Sir: 

We wish to report evidence for rearrangement of mo­
lecular ions of a series of dialkyl-N-nitrosamines. The 
occurrence of this rearrangement, which is analogous 
to the first step of the McLafferty rearrangement,2 

was suggested by the observation that the molecular 
ion, R2NNO-+, undergoes an ion-molecule reaction 
(eq 1) in which a proton is transferred only when the 

R2NNO-+ + R2 'NNO — > R 2 'NNOH + + products (1) 

neutral species R2 'NNO is equally as basic as, or more 
basic than R2NNO. The reaction is not observed 
when R2NNO is less basic than R2 'NNO. 

Ion cyclotron resonance (icr) techniques3.4 were 
utilized to identify the occurrence of ion-molecule 
reactions. Observations on individual compounds and 
mixtures were made at a total pressure of 2 X 10~5 

Torr, using a nominal ionization energy of 14 eV. In 
all mixtures, the single-resonance intensities of molecular 
ions were adjusted to an approximately 1:1 ratio. 

Relative gas-phase basicities of substituted nitros-
amines were established by observing proton transfer 
between one compound, R2 'NNO, and the conjugate 
acid of another, R2NNOH+ (eq 2).5 The gas-phase 

R 2 NNOH + + R / N N O — > • R 2 'NNOH + + R2NNO (2) 

results, where Me2NNO < Et2NNO < H-Pr2NNO < i-
Pr2NNO « «-Bu2NNO is the observed order of base 
strengths, parallel those observed in solution.6 Proton 
transfer occurred only from the conjugate acid of the 
weaker base to the stronger for all possible pairs except 
!'-Pr2NNO and H-Bu2NNO, where the reaction was seen 
to proceed in either direction. H-Bu2NNO was found to 
be of equal base strength as EtNH2. Extrapolation of 
the data of Haney and Franklin7 sets an upper limit of 
214 ± 3 kcal/mol for the proton affinity of H-Bu2NNO. 

(1) This work was performed under NSF Grant No. GP 7551. 
(2) J. Diekman, J. MacLeod, C. Djerassi, and J. Baldeschwieler, 

J. Amer. Chem. Soc, 91, 2069 (1969). 
(3) L. Anders, J. Beauchamp, R. Dunbar, and J. Baldeschwieler, 

/ . Chem. Phys., 45, 1062 (1966). 
(4) J. Baldeschwieler, Science, 159, 263 (1968). 
(5) F. Lampe, J. Franklin, and F. Field, Progr, React. Kinet., 1, 

67(1961). 
(6) W. Layne, H. H. Jaffe, and H. Zimmer, / . Amer. Chem. Soc, 85, 

435 1816(1963). 
(7) M. Haney and J. Franklin, J. Phys. Chem., 73, 4328 (1969). 

molecular weight DNA involving mixed solvents, and 
including the effects of the pH, ionic strength, and 
ionic size and nature. Such studies are currently in 
progress. 
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The specificity of reaction 1 is not readily explicable 
on the basis that R2 'NNO directly abstracts a proton 
bonded to a carbon atom in the alkyl chain. Such a 
reaction would not be expected to depend upon the 
relative basicities of the proton acceptor and con­
jugate neutral base but rather on the availability of 
primary, secondary, or tertiary protons. On the other 
hand, proton abstraction from an 0 -H moiety, re­
sulting from a rearrangement of the molecular ion 
(eq 3) prior to proton transfer, would be a reflection of 

I I 
—C—H — C H 

- < - f _^ -< - Y (3) 
N-N N-N 

R R 

relative basicities of the nitrosamines. Support for 
this argument is obtained from the observed loss of a 
fragment of 17 mass units in the mass spectra of ethyl-, 
H-propyl-, isopropyl, and H-butyl-7V-nitrosamines; this 
fragment has been identified by high-resolution mass 
spectrometry as an OH radical. Identification of 
collision-induced fragmentation pathways^ by icr double 
resonance indicates that m/e (M — 17) is coming only 
from the parent molecular ion. Dimethyl-iV-nitros-
amine molecular ion, which lacks the necessary 
hydrogen for a six-membered transition state for 
transfer of a hydrogen from carbon to oxygen, does not 
readily undergo loss of 17 mass units. However, 
transfer of a proton from carbon for the least basic 
member of the family is still feasible. 

This rearrangement is analogous to a rearrangement 
postulated for nitropropane9 on the basis of a M — 
17 peak, but the icr evidence now suggests strongly 
that the loss of OH occurs from a rearranged mo­
lecular ion, not from a protonated form. The loss 
of OH from dialkylnitrosamines has been observed 
previously,10 but its origin was previously unknown. 

In the course of this study several other observations 
have been made. Single-resonance spectra of reaction 
pairs (obtained under the specified conditions) all show 
the ratio of M-+ to (M + 1)+ to be greater than one 
for the less basic of the pair, while the protonated form 

(8) F. Kaplan, / . Amer. Chem. Soc, 90, 4483 (1968). 
(9) N. M. M. Nisberring, T. J. de Boer, and H. J. Hofman, Reel. 

Trao. Chim. Pays-Bas, 84, 481 (1965). 
(10) J. Collin, Bull Soc. Roy. Sci. Liege, 23, 201 (1954). 
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