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DNA: A Model Compound for Solution 
Studies of ~acromolecules 

Well-defined, monodisperse, homologous series of oligo- 
nucleotides and DNA restriction fragments may now be 
produced and used as models of rigid and semirigid 
rodlike molecules in solution. Information fiom optical 
experiments on these model systems aids in the formula- 
tion and testing of theories of macromolecular dynamics 
in both dilute and concentrated solution. 

T HE PROPERTIES OF POLYMERIC SUBSTANCES ARE DETER- 

mined by their microscopic molecular structure and dynam- 
ics. Many of these properties, especially those that involve 

motion of the whole or large portions of a polymer chain, are 
strongly dependent on molecular weight.-Most polymeric substanc- 
es, whether they are solids or liquid dispersions, are polydisperse. 
They contain polymeric chains of varying degrees of polymerization 
(molecular weights). Such molecular weight dispersions make it 
diflicult to test microscopic theories of polymer behavior that 
involve molecular weight-dependent properties. It is highly desir- 
able for fundamental polymer science studies to have sets of 
well-defined, monodisperse, homologous series of model macromol- 
ecules (1). 

It is generally very diflicult to prepare such monodisperse series 
for synthetic macromolecules, although in some cases relatively 
narrow dispersions can be made by using "living polymerization" 
and other methods (2, 3). In many cases, fractionation of polydis- 
perse materials can substantially reduce an initial polydispersity, but 
the resulting material is for many purposes usually still too polydis- 
perse. Very narrowly disperse samples can be prepared of many 
biological macromolecules and particles (such as virus particles), but 
it is difficult in most cases to prepare homologous series. 

Rigid and semirigid rodlike polymers are of great commercial and 
biological interest. Some of these polymers, especially the biological 
ones, are soluble in common solvents. However, even those that are 
not easily soluble normally must be characterized or processed in 
solution. For instance, many high-performance polymeric materials, 
such as Du Pont's Kevlar, are rigid rod polymers. These polymers, 
in addition to being highly polydisperse, are hard to prepare in high 
molecular weights and usually cannot be dissolved in noncorrosive 
solvents. Thus it is diflicult to perform careful physicochemical 
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experiments on these systems to characterize their properties (aver- 
age molecular weights, polydispersity, and so forth) or to test 
molecular theories of their behavior in solution and in the melt. 
Their lack of easy solubility also creates problems in processing them 
into useful materials. Biological examples (usually water soluble) of 
semirigid rodlike molecules include the rodlike proteins such as 
collagen, myosin, actin, tubulin, rodlike viruses such as tobacco 
mosaic virus, fd-virus, and molecules such as the DNAs. 

The DNAs present an exception to most of the difficulties of 
preparing a monodisperse, homologous series of molecules. Very 
short DNAs ranging from the monomer to about 100 base pairs 
(bp) in length (ccoligonucleotides~') may be relatively easily prepared 
with the aid of DNA synthesizers. Larger molecules may be made by 
using genetic engineering techniques to prepare appropriate bacte- 
rial plasmid DNAs from which monodisperse, blunt-ended frag- 
ments may be cut with restriction enzymes ("restriction fragments"). 
It is also likely that recently developed polymerase chain reaction 
(PCR) techniques may be used to produce oligonucleotides and 
fragments even more cheaply than has been previously done. The 
DNAs are, of course, soluble in water and can be dissolved in other 
solvents, such as alcohol-water mixtures, to study such phase 
phenomena as polymer collapse, polymer aggregation, and phase 
separation. The DNAs are also polyelectrolytes and so they may be 
used as models for the effects of small ions and the long-range 
Coulomb force on both the properties of a single polymer chain in 
solution and the interactions between polyions. The model poly- 
electrolyte that is most often studied is polystyrene sultanate, whose 
polydispersity clouds much of the interpretation of the otherwise 
sophisticated experiments on it (4). Disadvantages of using the 
DNAs as model molecules include the labor and cost of producing 
the relatively large amounts needed for certain types of physiochem- 
ical measurements. There are also uncertainties expressed by several 
authors as to the complexity of DNA. For instance, it may be that 
proteins, either in the natural state or those introduced somewhere 
in the processing of the DNA, bind to the DNA and cause structural 
changes in it which affect the properties. Thus, it is possible that one 
may be studying different materials when ostensibly the same 
materials are prepared by different procedures ( 5 ) .  

In my laboratory a range of DNAs have been used as model 
systems for macromolecular dynamics in solution. The smaller 
oligonucleotides (less than about 30 bp in length) are used to test 
hydrodynamic theories of translational and rotational difision for 
rodhke molecules of relatively low length-to-diameter ratios as well 
as to extract information about DNA structure and dynamics. 
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Knowledge of overall translational and rotational motion may also 
be used to help obtain details about the amplitudes and relaxation 
times of local internal motions within the molecules from various 
experimental techniques that are sensitive to a combination of 
overall and local motion [nuclear magnetic resonance (NMR), 
fluorescence polarization decay, and so forth] (6-8). The optical 
techniques (see below) used to study the overall rotational and 
translational dynamics are quite sensitive to overall molecular di- 
mensions and may be used to follow processes that result in a change 
of molecular size or shape (examples for oligonucleotides include B 
to Z transitions and binding of proteins and anti-cancer drugs). 

The restriction fragments (most of which are in the range from 
several hundred to several thousand base pairs in contour length) are 
used to model the dynamics of single, semirigid chains in relatively 
dilute solutions (9). In addition to linear double-helical fragments, 
superhelical and relaxed circles may be studied (10, 11). The "flexibil- 
ity" (defined as the ratio of contour length to persistence length) varies 
with molecular weight for a given series of molecules (such as the 
linear ones) and solution conditions. The flexibility of molecules with 
given molecular weights may be varied by changing solution ionic 
strength. Dynamic properties that are followed in dilute solution 
include the translational d i h i o n  coefficients and measures of rotation 
and large-scale bending modes of the molecules. Total-intensity light 
scattering and x-ray scattering are used to study structural parameters. 
The use of DNA restriction fragments avoids many of the problems of 
data interpretation associated with polydispersity, such as is found in 
other model polyelectrolytes (such as the polystyrene sulfonates 
mentioned above). A disadvantage of the restriction fragments is that 
they are relatively laborious to produce in large amounts without very 
specialized equipment, so that they have heretofore been used only to 
study dilute solution properties and only with techniques that require 
relatively small volumes of sample. The production techniques, while 
commonplace in biology laboratories, are also generally u n f d a r  to 
polymer scientists. 

Optical Techniques for Studying Dynamics 
Much of the current work on translational diffusion, rotational 

difision, and long-range intramolecular modes of motion of poly- 
mer chains utilizes optical techniques that have been developed in 
the past few decades. The major methods include several types of 
light scattering experiments that come under the general heading of 
dynamic light scattering (DLS). The most common DLS experi- 
ment-polarized photon correlation spectroscopy-monitors the 
temporal fluctuations in the intensity of light scattered from a 
polymer-containing solution or melt (12-15). The basic idea of such 
an experiment is that the scattered light intensity measured at a 
photodetector at any given instant is the resultant of the interference 
of wavelets scattered from different molecules or different parts of a 
large molecule. This resultant intensity depends on the positions of 
the scatterers, the scattering angle, and the wavelength of the light 
used. Since the relative positions of the scatterers changes in a 
random manner through Brownian motion, the resultant intensity 
fluctuates in time. The resultant fluctuations in intensity are there- 
fore related to the translational, rotational, and intramolecular 
motions of the polymer. 

The comparison with theory is made by using the intensity 
autocorrelation function-a statistically averaged moment of the 
stochastic intensitv fluctuation signal. This time correlation function " 
is usually computed on-line during a photon correlation experiment 
by an autocorrelator-a specially hard-wired computer optimized 
for quickly computing the  function. For the simplest case; a dilute 
polymer solution studied at low scattering angle, it may be shown 

that the correlation function is a single exponential decay with a 
decay constant proportional to the mutual translational diffusion 
coefficient. At higher scattering angles, the time correlation function 
often becomes more complex with additional exponentials contain- 
ing contributions from rotational and long-range intramolecular 
motions. The photon correlation technique is applicable to dynam- 
ical processes with relaxation times greater than about 1 ks, and 
among its many uses it is one of the major methods of measuring 
mutual difision coefficients of molecules in solution. It has been 
applied by m ~ y  workers to the study of high molecular weight 
DNA (14, 15). 

Instead of monitoring the intensity fluctuations of the scattered 
light as in photon correlation spectroscopy, the frequency broaden- 
ing (spectrum) of the scattered light may be measured by using a 
Fabry-Perot interferometer-a high-resolution monochrometer 
(12). For the present purposes this method is most useful in 
measuring the spectrum of the depolarized component of the 
scattered light (6-8). If a molecule is optically anisotropic, the 
scattered light contains a component with polarization in the 
scattering plane. This component is broadened by rotational mo- 
tions of the molecules. The use of Fabry-Perot interferometers is 
usually limited to the measurement of frequency changes that are 
greater than a few megahertz because of frequency resolution 
difficulties. Hence, study of this component is useful for measuring 
rotational diffusion coefficients of molecules that rotate relatively 
fast. For oligonucleotides, this includes those less than about 30 bp 
in length. 

Transient electric birefringence (TEB) is another major technique 
that has been used by several workers over the past decade to study 
DNA restriction fragments. The most common TEB experiment 
measures the decay of the birefringence induced in a polymer sample 
by an external electric field (16-20). In a closely related technique, 
the decay of the electric field-induced dichroism is measured (21). 
This technique can measure rotational as well as long-range internal 
modes of motion of the molecule. It is not sensitive to translational 
diffusion and can be used with very small amounts of sample. 
However, it is generally restricted to samples with relatively low 
ionic strength because of electrolysis and Joule-heating effects due to 
the external electric field. 

Forced Rayleigh scattering has not yet been used with DNA 
restriction fragments but has been applied to the study of small 
fragments produced by sonication of high molecular weight DNA 
(22). This technique should prove useful in studying translational 
self-diffusion of DNA in concentrated solution and should help 
elucidate interactions between polymer chains in solution. In this 
method, also called "holographic grating spectroscopy," a dispersion 
containing a chromophore-labeled molecule (either natural or syn- 
thetically attached) is illuminated by crossed light beams from an 
exciting laser, which produces a grating of light and dark areas. The 
chromophore, selected to absorb at the frequency of the exciting 
laser, is excited in the light areas to produce a refractive index grating 
that can diffract light. A monitoring laser then illuminates the 
grating and light is diffracted into a phototube. The exciting laser 
that produced the grating is then turned off and, if the chromophore 
has a long-lived excited state, the refractive index grating disappears 
because of diffusion of the chromophore-containing molecules. The 
disappearance is followed by measuring the decay of the diffracted 
intensity (23, 24). Fluorescence recovery after photobleaching 
(FRAP) is a related technique that has been applied to  study 
translational difision in concentrated solutions of high molecular 
weight DNA (25). It should be emphasized that these two tech- 
niques measure the translational self-diffision coefficient that in 
nondilute solutions is different from the mutual difision coefficient 
measured by DLS (12, 22). 
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Rotation and Translation of Oligonucleotides 

The rotational and translational difision coefficients of oligonu- 
cleotides are studied by, respectively, depolarized Fabry-Perot inter- 
ferometry and polarized photon correlation spectroscopy. In depo- 
larized Fabry-Perot interferometry as applied to oligonucleotides, 
the scattered light spectrum, after deconvolution from the instru- 
mental line shape, is a Lorentzian whose half-width is six times the 
molecular end-over-end rotational difision coefficient. The polar- 
ized photon correlation experiment is done by standard methods 
and yields the translational difision coefficient of the molecule. 

The rotational and translational difision coefficients of three 
duplex B-DNA oligonucleotides were measured in my laboratory as 
well as the rotational difision coefficient of a hairpin molecule with 
an almost spherical shape (7, 8) .  The experiments were done at high 
ionic strength (50 mM phosphate, 100 mM NaCI, p H  = 7), where 
the Coulomb forces between different molecules are well screened 
by the small ions. The duplex oligonucleotides that constitute a 
homologous series have base sequences d(CG),, where n = 4 
(octamer) and 6 (dodecamer), and d[CGTACTAGTTAACTAG- 
TACG] (20 bp). The hairpin molecule d(CGCGTTGTTCGCG) 
consists of 13 bases (tridecamer) and is folded such that the four 
bases at each end are paired with each other. The TTGTT sequence 
forms a loop (26): 

G 
T T 
T T 

G G  
G-C 
G G  
G-C 

To illustrate the high sensitivity of the technique, the rotational 
diffusion coefficients of all four oligonucleotides are shown in Fig. 1 
as a function of concentration. Note that the molecule with the 
greatest rotational difision coefficient- is the hairpin molecule. It 
rotates faster than the B-form duplexes because of its compact, 
almost spherical shape. Note also that the measurement of rotational 
diffusion coefficients is sensitive enough to distinguish between 
different conformations of oligonucleotides and also between 
B-form duplexes that differ by only a few base pairs in length. The 
rotational difision coefficients are independent of concentration 
except at very high concentrations where they decrease sharply, most 
likely because of aggregation. Of interest for future studies is 
whether this relative insensitivity to concentration remains at lower 
ionic strengths, where the Coulomb forces between molecules are 

Fig. 1. Rotational d i f i -  
sion coefficients versus 
concentration corrected 
to 20°C for the four oli- 
gonucleotides. Plot sym- 
bols: (a), tridecamer 
(hairpin); (W), 8 bp; 
(U), 12 bp; and (O), 20 
bp. The highest concen- 
tration points for the 
8-bp and 20-bp DNAs 
are indicative of aggre- 
gation. Note that the 
hairpin (which is almost 
spherical in shape) has 
the greatest rotational 
diffusion coefficient. 
[Data from (7) and (8) . ]  

I .  . :  . L  . . .  . # . " . .  . 8 ,  
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likely to be more important. 
The translational and rotational difision coefficients may be 

combined to test the consistency of hydrodynamic theories for 
rotation and translation of short rodlike particles and to obtain a 
hydrodynamic diameter of DNA in water-based bufir  solutions (7, 
8). The hydrodynamic theories provide quantitative relations be- 
tween the difision coefficients and molecular dimensions. There has 
been considerable work in recent years in constructing such theories 
for rodlike m,olecules with low, length-to-diameter ratios. Our 
studies indicate that the hydrodynamic subunit models of Garcia de 
la Torre and co-workers give a consistent explanation of the 
rotational and translational difision coefficients of the three duplex 
B-form oligonucleotides (27-29). The data indicate a rise per base 
pair between 3.4 and 3.5 A. The three oligonucleotides have a 
hydrodynamic diameter equal to 20 r 1.5 A, an indication of the 
consistency of the relations through the homologous series. This 
diameter is about the same as that obtained for the extent of the 
phosphate groups from x-ray diffraction of solid DNA. It does not 
include the water of hydration, which is often presumed to rotate 
with the DNA in solution. Thus, our result is less than the value of 
24 to 26 A usually given for the hydrated diameter of DNA in 
solution (30). This discrepancy may indicate that the water of 
hydration does not stay on the DNA long enough for the DNA to 
rotate through an appreciable angle. It is also possibly due to an 
error in the hydrodynamic relations, which may not be accurate even 
though they are consistent. The recent theoretical work of Pastor 
and co-workers (31) that uses a more precise model of the surface of 
the solute molecule may prove useful in elucidating these points. 
The Pastor model, which has been applied to proteins, but not yet 
to nucleic acids, takes into account the actual atomic surface area of 
the solute that is accessible to the solvent. 

It should be noted that most studies on the hydrodynamic 
diameter of DNA use longer oligonucleotides than those described 
above. The rotational and translational difision coefficients of rods 
are, however, more sensitive to the diameter the shorter the rod. 

These methods are applicable to other small rodlike molecules. 
For instance, the Tirado-Garcia de la Torre relations may be applied 
to similar optical studies of model compounds (analogs of the repeat 
units) for rigid rod polymers to obtain "hydrodynamic diameters" 
that may be then be used to interpret experiments on the polymer. 

Dynamics of Restriction Fragments 
The strategy in using DNA restriction fragments as model systems 

is to first use genetic engineering techniques to clone a DNA 
fragment into a bacterial plasmid DNA (9) .  The bacteria containing 
the modified plasmids are then allowed to multiply, and the plasmids 
are extracted. The desired fragment is then cut out of the plasmid 
with various restriction enzymes, separated from any remaining part 
of the plasmid that may be present, and prepared for the appropriate 
experiment. This procedure may be repeated to produce fragments 
of different lengths. In some cases to increase the yield, more than 
one copy of a fragment can be inserted into a given plasmid (9). 
These methods have been developed by and are familiar to molecular 
biologists. 

The fragments that are being used in the majority of experiments 
in our laboratory are 367, 762, 1010, and 2311 bp in contour 
length. These lengths were chosen so that they could be convenient- 
ly studied by both polarized DLS photon correlation spectroscopy 
and TEB and still be used to elucidate the role of stiffness in the 
dynamics of the molecules. Superhelical, relaxed circle, and linear 
B-duplex forms of the 2311-bp fragment have been under study. 
The 367-, 762-, and 1010-bp fragments are all in the linear B-DNA 

22 FEBRUARY 1991 ARTICLES 895 



Table 1. DNA restriction fragments. 

DNA Molecular weight* 'Ontour 
Radius of 

fragment ( lo6 daltons) lengtht LIP* gyrations 
(bp) (4 (A) 

*Based on 660 daltons per base pair. t A  rise per base pair of 3.4 is 
assumed. *The ratio of contour l e n d  to  oersistence l e n d  for an assumed 
persistence len of 500 A. ~ ~ a l c u l ~ e d  for'a wormlike c$l with a persistence 
length of 600 $ 

form. Some of the chain parameters of the linear forms are shown in 
Table 1. The number of persistence lengths per molecule (a measure 
of the flexibility) and the-radius of gyration of the chain are given for 
the high-salt condition of the DLS experiments, where the persis- 
tence length of DNA is 500 A. 

Both DLS (32) and TEB (20, 33-35) experiments have been 
performed on the linear forms of all four fragments. The DLS 
experiments have been done on the relaxed circle form of the 2311-bp 
fragment (36), and both DLS and TEB have been performed on the 
superhelical form of this same fragment (11). The TEB studies were 
generally done at low ionic strengths (1.5 to 3 mM in sodium) and low 
concentrations (about 5 to 10 kg mlp'), whereas most of the DLS 
studies were done at higher ionicstrengths (100 mM in sodium) and 
higher concentrations (about 100 p,g ml-l). Note the small amounts of 
DNA needed for these experiments, especially TEB. Since the persis- 
tence length depends on ionic strength, it is likely that in the DLS 
experiments a fragment of a given molecular weight is more flexible than 
in the corresponding TEB experiment. The results of DLS experiments 
at lower ionic strengths (as well as at higher concentrations) would be of 
much interest. 

Both the polarized DLS intensity autocorrelation functions and 
the TEB decay functions are exponential or sums of exponential 
decays. The standard methods of analyzing them are embodied in 
the widely used data analysis programs CONTIN and DISCRETE 
(37, 38). These programs represented an important advance in 
analyzing data that are not single exponentials. They contain 
generally accepted algorithms that allow the program to choose 
relaxation time distributions that are consistent with the DLS or 
TEB decay functions and the noise in the data. 

The TEB experiments on dilute restriction fragment solutions 

Fig. 2. The two slowest 
decay times obtained 
from the transient elec- 
tric birefringence decay 
curves for the four re- 
striction fragments. Data 
from: (A and e), my lab- 
oratory (20); (O), Hager- 
man (18); and (A), Stell- 
wagen (19). The slowest 
decay time (upper points) 
is normally interpreted as 
a rotational relaxation 
time and the fastest time 
as a combination of rota- 
tion and internal rear- 
rangement. [Reprinted 
from (20) with permis- 
sion O American Chemi- 
cal Society.] 

o a00 1600 2400 
DNA length (bp) 

generally show more than one relaxation process, an indication that 
intramolecular flexing motions contribute directly to the spectra. A 
plot 6f the two slowest times versus fragment length extracted from 
the TEB decays is shown in Fig. 2. Along with the slowest times for 
the smallest three fragments are shown previous data obtained from 
the pioneering experiments of Stellwagen (19) and Hagerman (18) 
on similarly sized fragments. If it is assumed that the slowest time 
represents rotational diffusion of the molecule, then the data may be 
used as a test of theories of rotational motion of semistiff wormlike 
coils (39, 40). Based on the known contour lengths and the 
measured slowest relaxation time, the theoretical formulas may be 
used to extract values of the molecular persistence length. This 
procedure, as pointed out by ~ a ~ e r m a '  (18), gives pkrsistence 
lengths that vary with fragment length. The persistence lengths at 
low ionic strengths found by this method vary from about 500 for 
the 367-bp fragment to 1000 A for the 1010-bp fragment (20). It is 
possible that the persistence length of small fragments may vary with 
contour length because of electrostatic end effects. There are, 
however, also indications that the TEB slowest relaxation time is not 
a pure rotation, but includes contributions from the fluctuations in 
the molecular shape as the molecule rotates (35). The ratio of the 
slowest relaxation time to that of the next faster mode, as well as the 
magnitude of the slowest mode, indicates that the largest fragment 
under these conditions behaves very much like a free-draining 
Gaussian coil (41, 42). The ratio for the smaller fragments at these 
low salt conditions shows the effects of stiffness. 

At low scattering angles, the time correlation functions from 
DLS-photon correlation spectroscopy are single exponentials as 
expected from theory (12, 43), but at high angles they are generally 
composed of two or more significant exponentials. The time con- 
stant for the low-angle decay is proportional to the macromolecular 
mutual diffusion coefficient. (The mutual diffusion coefficient is 
e ~ u a l  to the self-diffusion coefficient when the macromolecule 
concentration is low.) The bi- or multiexponential decay function at 
higher angles is an indication that rotational or intramolecular 
flexing motions or both are influencing the time correlation func- 
tions. With the use of a combinatibn of studies varying the 
scattering angle and simulations of the relaxation time distribution 
for models (32), it is possible to obtain the translational diffusion 
coefficient and the reiaxation time of the first normal relaxation 
mode of the fragment. 

The translational diffusion coefficients obtained from these studies 
as well as a comparison with various theories is shown in Table 2. 
The Yamakawa-Fuiii theow, which includes chain stiffness, does the , , 
best in predicting the diffusion coefficient, although significant 
deviations remain, possibly due to the neglect of fluctuations in 
chain conformation-as the molecule translates (44). 

hi example of an analysis performed with the CONTIN program 
of a DLS time correlation function from the 762-bp DNA fragment 

Table 2. Translational diffusion coefficients. The experimental values 
(Expt.) are from (32). The nondraining Gaussian coil values were 
calculated with the values for the radius of gyration given in Table 1. The 
rigid rod values were calculated by using the contour length given in 
Table 1 as the rod length. The Yamakawa and Fujii values were calculated 
with the formula given in (44) and the parameters given in Table 1. 

DNA Translational diffusion coefficient (lo-' cm2 s-I) 

length 
(bp) Expt. Gaussian coil 
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is shown in the middle portion of Fig. 3. The scattering angle is 
123". The plot shows the fraction of the scattered correlation 
function (actually the scattered electric field correlation function) 
that relaxes with a given apparent hydrodynamic radius. The 
hydrodynamic radius Rh is simply defined in terms of the reciprocal 
of the apparent diffusion coefficient D through the Stokes-Einstein 
relation: 

where k ,  is Boltzmann's constant, T is the temperature in Kelvin, 
and q is the solvent viscosity. The large peak with -90% of the 
scattered intensity represents the translational diffusion of the 
molecule. The peak with -9% of the area represents both transla- 
tional difision of the molecule and a further. fastep contribution 
from rotational or long-range internal motion of the chain or both. 
It is from this peak that the value of for the longest mode internal 
relaxation time of the chain may be obtained. The third peak at very 
small hydrodynamic radius (not included in the calcula- 
tions of the other peaks) is less than a few percent of the total 
relaxation function and is possibly an artifact of the data analysis 
method. A peak of this t v ~ ~ i s  often observed in both simulated ind , L 
real data for a wide variety of systems at the low Rh end of the 
CONTIN window. If the CONTIN window is moved to even 
lower Rh values, this peak usually follows it. 

Also shown in Fig. 3 are CONTJN analyses of calculated corre- 
lation functions for a rigid rod model (top) and a free-draining 
Gaussian coil model (bottom) of this fragment. These models have 
as inputs the measured value of the translational diffusion coefficient 
from low-angle DLS (for both the rod and coil), the theoretical 
radius of gyration for a wormlike coil based on the persistence 
length (coil model), and the length and rotational difision coeffi- 
cient calculated for a straight rod with the given number of base 
pairs (rod model). Note that the free-draining Gaussian coil distri- 

=-. - .- 
ul 

Fig. 3. Distribution of 
hydrodynamic radii (pro- o 
portional to the relax- 
ation times) from CON- 
TIN analysis of the DL§ ,O 
time correlation function 
for the 762-bp linear, B- 
DNA restriction fragment 
(middle; charge times ra- 
dius of gyration equals 
1.5). Also shown are 
CONTLN analyses of cal- 
culated time correlation 
functions for a rod model 
(top) and free-draining 
Gaussian coil model (bot- 
tom) of the same frag- 
ment. [Reprinted from 
(32) with permission O 
American Chemical Socie- 
ty.] 
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bution gives good agreement with experiment. 
In general the DLS experiments for all four restriction fragments 

give translational diffusion coefficients that are in reasonable agree- 
ment with those predicted by the Yamakawa-Fujii theory for 
translational diffusion of wormlike chains. The internal times for the 
longest three fragments (the 367-bp fragment is too small to 
measure internal times by DLS), however, are in best accord with 
those predicted by the free-draining Gaussian coil model with input 
parameters consisting of the experimental translational diffusion 
coefficient and the radius of gyration of a wormlike coil with the 
persistence length and contour length of the given DNA. In fact, as 
illustrated in Fig.3, the entire relaxation time distribution is well 
approximated by this model. This apparent agreement with the 
free-draining model is likely to be the result of an approximate 
cancellation of effects due to hydrodynamic interaction and chain 
stiffness, both of which are included in free-draining Gaussian coil 
model calculations in a rather indirect way (45). The TEB studies 
show similar agreement with the free-draining model for the 
2311-bp fragment, but, as mentioned above, the shorter fragments 
show significant deviations from free-draining Gaussian coil behav- 
ior. These deviations are most likely due to the TEB studies being 
done at lower ionic strength, where the persistence length of DNA 
is higher and the molecules are stiffer. 

Prospects 
Only relatively feu experiments have been done in which well- 

defined DNA are used to model the behavior of stiff and semistiff 
rodlike molecules in solution. Most data to date have been obtained 
in the dilute solution regime. Even in this regime, there is still no 
satisfactory theory of the dynamics of semistiff molecules that 
incorporates in a unified way the translational, rotational, and 
long-range intramolecular degrees of freedom, although there are 
several intriguing models (46, 47). Other aspects of the dilute 
solution behavior, including polyelectrolyte effects, transitions be- 
tween different helical forms of DNA, and chain collapse effects 
could be profitably studied (48-50). 

Some experiments with restriction fragments and oligonucleotides 
have been done on concentration effects on the dynamics in the dilute 
regime, but usually not in a systemic manner over &I entire homologous 
series (25, 32). Pioneering experiments have, however, been done in this 
and in more concentrated regimes in which small fragments produced by 
sonication of high molecular weight DNA have been studied (22, 
51-55). ~ l t ima te l~ ,  when the costs of producing larger amounts of 
fragments are overcome, experiments can be done with monodisperse 
DNA in these more concentrated regimes. Additional techniques that 
use relatively large volumes of solution such as viscoelastic relaxation and 
dispersion also could be used. A problem of particular interest is possible 
solution ordering at low ionic strengths (52, 56) and the gel and 
cholesteric liquid-crystal phases formed under some conditions (53, 57). 
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Polymer-Polymer Phase Behavior 

- - 

Different polymers can be combined into a single material 
in many ways, which can lead to a wide range of phase 
behaviors that directly influence the associated physical 
properties and ultimate applications. Four factors control 
polymer-polymer phase behavior: choice of monomers, 
molecular architecture, composition, and molecular size. 
Current theories and experiments that deal with the 
equilibrium thermodyna&cs and non-equilibrium dy- 
namics of ~olvmer mixtures are described in terms of 

L .' 
these experimentally accessible parameters. Two repre- 
sentative molecular architectures, binary linear ho- 
mopolymer mixtures and diblock copolymers, exhibiting 
macrophase separation and microphase segregation, re- 
spectively, are examined in some detail. Although these 
model systems are fairly well understood, a myriad of 
mixing scenarios, with both existing and unrealized ma- 
terials applications, remain unexplored at a fundamental 
level. 

XING,  ALLOYING, AND BLENDING ARE FAMILIAR TERMS 

that describe the process of combining two or more 
elements, compounds, or molecular species into a single 

product. The associated mechanical, chemical, electrical, and various 
other properties are largely determined by the resulting phase 
behavior. For example, copper and zinc form a single solid phase 
known as brass that is mechanically superior to either constituent 
alone. Nonequilibrium microstructured phases in steel, produced by 
adding carbon and other elements to iron, can impart exceptional 

strength and hardness. Mixtures of oil and water that normally 
macroscopically phase separate can be finely dispersed by the 
addition of small amounts of surfactant, which can lead to gross 
changes in wetting and flow properties. ALL of these effects can be 
obtained with polymer-polymer mixtures, sometimes with the use of 
a single pair of monomeric building blocks. Such a diverse range of 
phase behaviors and the accompanying breadth of materials appli- 
cations stem from the unparalleled range of molecular architectures 
that can be realized with polymers. 

This article reviews polymer-polymer phase behavior beginning 
with a discussion of molecular architecture. Subsequently, overviews 
of equilibrium thermodynamics and phase separation dynamics are 
presented. Attention is restricted to binary combinations of amor- 
phous polymers since most of the fundamental theoretical and 
experimental efforts have focused on these materials; crystalline 
polymers and multicomponent mixtures fall outside the scope of this 
article. The subject matter can be further subdivided into two 
categories, homopolymer mixtures and block copolymers. In each, 
discussion is focused on the most basic molecular architectures, that 
is, linear homopolymers and diblock copolymers, since these have 
been studied most intensely. A summary and brief comment regard- 
ing future prospects for this field are presented in the final section. 

Molecular Architecture 
The number of molecular configurations available to a pair of 

chemically distinct polymer species (here we define a polymer as a 
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