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Solid friction between a charged polymer and fixed gel points can dramatically affect 
polymer mobility in gel electrophoresis. The effect is present when a polymer chain is 
entangled over many gel points along a portion of its length, leading to significantly different 
behavior than predicted by conventional theory: the mobility of the chain decreases and 
exhibits a stronger length dependence, which separates long linear charged polymers of 
different molecular weights. 

There  is considerable interest in under- 
standing (1) the mechanism of DNA elec- 
trophoresis because of its importance to 
molecular biology [for recent reviews see 
( 2 - 4 ) ] .  In electrophoresis, the success of 
the separation of the charged polymer 
chains of different lengths is directly related 
to the time required for the external electric 
field E to drag the chain through the fixed 
obstacles that characterize the gel. In pre- 
vious theoretical work (5-1 7) and comput- 
er simulations (18-25), the mechanism re- 
sponsible for the movement has been attrib- 
uted to viscous friction between the chain 
and the solvent as the chain moves along a 
random path defined by its conformation 
among the fixed obstacles of the gel net- 
work. The gel itself is not treated as a 
friction source. 

At the molecular level, the electric field 
forces polymer segments against the gel 
fibers, which dissipates energy by distortion 
of the gel fibers, displacement of solvent, 
and transfer of mechanical energy between 
local vibrations. These effects are manifest 
as friction in addition to the friction that 
exists between the polymer and the solvent. 
We examined the consequences of friction 
between the moving segments of the poly- 
mer chain and the fixed gel based on a 
simple model of solid friction. For impor- 
tant configurations of the polymer chain, 
the solid friction dramatically changes the 
dynamics of the polymer chain. Experimen- 
tal results for the mobility of polymer chains 
as a function of length in pulsed electropho- 
resis cannot be understood without consid- 
eration of solid-like friction. 

Solid friction arises when an object 
moves across a surface (Fig. 1A). On a 
macroscopic scale, the frictional force Frub 
is directed opposite the direction of the 
chain motion v and is equal in magnitude 
to the normal force N exerted by the object 
on the surface times a dimensionless coeffi- 
cient of sliding friction k ;  this solid friction 
force is independent of contact area (26). 
For a polymer chain entangled in a gel, this 
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normal force is orouortional to the tension 
on the chain a id  ihus greatly modifies the 
chain dynamics. 

In the conventional picture of electro- 
phoresis, an extended polymer chain, 
which is assumed to be uniformly charged, 
is dragged free from entanglement about a 
fixed gel point by the action of the external 
electric field E (Fig. 1B). In the absence of 
solid friction. this uicture is similar to a 
rope being pulled over a frictionless peg 
through a viscous medium; the velocitv 
with which the rope is withdrawn is deter: 
mined by a balance of the viscous drag and 
the tension imposed by the external field. 
In the presence of solid friction, this veloc- 
ity is reduced by the rubbing force exerted 
at the point of contact between the moving 
rope and the fixed peg. 

An interesting configuration is that 
which is "U" shaped (12, 16) (Fig. 2), 
which is believed to be important in pulsed 
electrophoresis (12, 15, 16). The contribu- 
tion of solid friction is sensitive to the 
configuration, but the viscous drag, in the 
absence of hydrodynamic interaction, is 
not. In this configuration. the arms of 
length L, and L, a;e leaking from an en- 
tangled region of length LZ, oriented for 
simplicity perpendicular to the external 
electric field. This physical situation is en- 
visioned in most off-lattice computer simu- 
lation studies (1 0, 15, 18-22), and similar 
configurations have been observed experi- 
mentally (27, 28). 

As the polymer chain is dragged through 
the gel points, the tension along the chain 

T(r) must overcome the solid friction that 
arises from the chain segments rubbing over 
the fixed gel points. Not every segment will 
be in contact with a gel point if the polymer 
segment size b is smaller than the charac- 
teristic separation between gel points a. In 
the entangled region, the polymer chain is 
extended among many obstacles of the gel 
(Fig. 3). The chain makes different angles 
at the interaction points, 0 < 6, < n, and 
the local cos(8,/2) is always positive. 

Over a coarse-grained distance alone the 
c7 c7 

chain, the average solid friction rubbing 
force changes the tension alone the chain. 

c7 " 
The magnitude of the average rubbing fric- 
tion force Frub can be approximated as 
k~T[ r (n ) ]2  (cos(6,/2)), where E is a factor 
that takes into account the likelihood that 
segment n interacts with a gel point and the 
angular bracket indicates an average of the 
possible angles of the chain rubbing against 
a particular gel point. Strictly, the value of 
the average cosine depends on the history 
of the chain in the electric field. In a pulsed 
electro~horetic exueriment. the chain has a 
random orientation at the beginning of the 
pulse, and (cos(6,/2)) is approximately 
2 1 ~ .  After a long time in a large static field, 
the chain approaches complete elongation 
and (cos(6,/2)) approaches zero. One could 
design a pulse sequence that would make 
this average large. 

We consider a polymer chain that is 
stretched in a randomly configured tube 
within the gel, which is appropriate for the 
pulsed or small constant field experiments, 
and introduce a constant factor cw = E 

(cos(6,/2)). Accordingly, the magnitude of 
the solid friction force arising from the 
chain passing through this coarse-grained 
distance is 

The steady flow of the charged polymer 
through the gel is determined by balancing 
the forces over a small interval (26r in Fig. 
3) along the entangled chain. The change 
in tension along the chain balances the 
external force, the frictional force from the 
solvent, and the rubbing friction. With the 
sign conventions as presented in Fig. 3, the 
pertinent equation is 

Fig. 1. (A) Mechanical concept of slid~ng solid A 
friction. The solid object is pulled across a flat 
surface with velocity v. There is an opposing 
friction force, independent of the velocity and 
surface area that equals )LN. The reaction force 
N is equal and opposite to all forces that act on 
the object perpendicular to the plane. In our 
case, for an entangled polymer chain, the mag- 
nitude of this force N will be proportional to the 
local tension T(r ) .  (B) An extended polymer chain configured about a single, fixed gel point. The 
chain is pulled by the force an external electric field exerts on the charge distributed along the 
polymer segments. The local tension T(r )  that presses the polymer chain against the gel point is 
indicated. 
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where B is the friction coefficient of each 
segmen;, q is the charge per segment, p is 
the segment density along the stretched 
chain (assumed constant), and 0 is the 
angle between the external field and the 
tangent to the polymer chain at point r. 
This is the central equation of our analysis; 
it includes the effect of the solid friction in 
the term that is proportional to the sliding 
friction coefficient p. The equation is only 
valid for positive u because the solid friction 
force acts oo~osite the direction of motion. 

A. 

The effect of intersegment forces can also 
be included (29). In the absence of solid 
friction, Eq. 2 is the commonly accepted 
equation of motion with thermal fluctua- 
tion omitted (1 0, 12). A detailed deriva- 
tion of a general expression for the steady 
state of an entangled chain in an arbitrary 
configuration (30) is possible. 

For the U-shaped configuration (12, 16) 
(Fig. 2), the effect of solid friction is only 
present in the central arm, which is perpen- 
dicular to the electric field. The steady- 
state flux u is found by solving Eq. 2 subject 
to the boundary conditions T(0) = p(Eq - 
Pu)L, and T(L2) = -p(Eq + Pu)L,. The 
result is only valid for u greater than or 
equal to zero. 

Several cases follow from Eq. 3: 
1) If L, > L3 exp[appL2], the chain 

moves with a velocitv that extends the 
larger arm L1 until the entire chain leaks 
from the entangled region. However, if L, 
< L, < L, exp[appL2], then the solution to 
Eq. 2 is u = 0, which indicates that the 
chain is frozen (3 1). There is no value of 
the external electric field that can over- 
come the solid friction from the entangled 
region given the lengths of the entangled 
region (L,) and the advancing (L,) and 
receding (L3) arms. Solid friction predicts 

I I 

Fig. 2. Polymer chain in U-shaped configura- 
tion with unequal arms caught over several gel 
polnts. The external electric field E IS directed 
downward. The distance from the end of the 
chain, r, is indicated at four points. 

freezing of chain configurations; this freez- 
ing does not arise in the conventional 
picture. 

2) In the limit of no solid friction ( p  + 
O), Eq. 3 leads to the expected result (15, 
16, 18) 

which shows that the flux is proportional to 
the difference in length of the dangling 
chain ends along the field direction. If L, + 

0, the expression for u in Eq. 3 reduces to 
the form of Eq. 4 without solid friction and 
L2 = 0, as expected from simulation results 
of chains trapped about a single gel point 
(15. 16. 18). Solid friction slows down ~, , , 

chain leakage only when there is entangle- 
ment over a finite distance (32). In orevi- . ' 

ous work it was assumed that slow mobility 
arises from a small net electric force that is 
attributable to nearly identical initial 
lengths of the arms of the chain wrapped 
about a single gel obstacle. However, Smith 
and Bendich (27) observed directly that 
such configurations soon slip off. In con- 
trast, open circular DNA migrates much 
more slowlv (33). which we attribute to , . ,, 

entanglement and resulting solid friction. 
3) The exoerimental significance of sol- 

id friction is ciearly illustrated by the results 
of leakage from U configurations. Success- 
ful separation requires length dependence 
of the mobility pmOb, SO that solid friction 
discriminates chains of different lengths. 
The mobility is GlE, where CJ is the average 
velocitv over the leneth L, as the chain " ' 
leaks frbm the entangled region. This aver- 
age velocity is 

L 

where L,,, is the minimum length for 
which leakage along L, begins, and L is the 
total polymer chain length. 

Consider the limiting case where L3 = 0 
and L,, = 0. If there is no solid friction, 

Fig. 3. The direction of various forces acting on 
a coarse-grained element of the polymer chain. 
The steady-state segment velocity is in the ( - r )  
direction, so the frictional forces F,,, and F,,,, 
are in the ( + r )  direction. The distance 6r  is 
along the coarse-grained polymer chain. 

then pmOb = G/E = q/2P according to Eq. 5 ,  
which is of the same order as the value for 
a free-draining solution and is independent 
of chain length. On the other hand, if solid 
friction is present, then according to Eq. 4, 
there is significant reduction in this average 
velocity and mobility, and they are both 
length-dependent (Fig. 4). Available ex- 
perimental information (34) at low static 
fields but high gel concentration, where 
strong entanglement is expected, indicates 
a decline of mobility with long chain length 
greater than that predicted by biased repta- 
tion theory (6-9, 13). 

The existing model of gel electrophoresis 
is based on several simple qualitative ideas 
that are evident simolifications in that the 
stiffness of the charg'ed particle chains, the 
hydrodynamic interaction between the gel 
and polymer segments, and the finite size of 
the polymer segments are ignored. Our pur- 
pose here is to point out a qualitative effect 
that, even when treated simply, leads to very 
different behavior than is predicted by the 
standard picture. Insight will undoubtedly 
come from comDuter simulations that in- 
clude explicitly some inelastic interaction 
between the moving polymer chain and the 
background gel network (35). 

We exoect the effect of solid friction on 
mobility to be most pronounced in pulsed 
alternating electric field electrophoresis, in 
a regime where the chain length is large 
compared to the average distance between 
gel points. This prediction should be con- 
firmed by future experimental or simulation 
studies. Further, we speculate that solid 
friction is less important in polymer melts 
in which individual chains can move more 
freely than in a fixed gel network. In real- 
ity, solid friction could be mitigated by 
deformation of the gel fibers by the polymer 
chain or lubrication by the solvent (36). 
However, if present, the influence of solid 
friction should lead to quite different ef- 

L = L , + L ,  

With solid friction 

0.04 20 40 
60 80 

Length ppL (dimensionless) 

Fig. 4. Dimensionless mobility and average flux 
(JL~,,  = VIE) for leakage from U-shaped poly- 
mer configuration in the gel. The leakage be- 
gins with the entire polymer of length L  entan- 
gled in the direction perpendicular to the field 
and ends with the entire polymer aligned par- 
allel to the field. The physical situation is de- 
picted in Fig. 2 and the equation for v ( L , )  is 
given in Eq. 3 with L, equal to zero. 
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fects, such as elastic waves in the gel (mi- 
crosound) and local heating. 
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A Bimetallic Hydroformylation Catalyst: High 
Regioselectivity and Reactivity Through 

Homobimetallic Cooperativity 

Melanie E. Broussard, Booker Juma, Spencer G. Train, 
Wei-Jun Peng, Scott A. Laneman, George G. Stanley* 

The racemic and meso diastereomers of an electron-rich binucleating tetraphosphine 
ligand have been used to prepare homobimetallic rhodium norbornadiene complexes. The 
racemic bimetallic Rh complex is an excellent hydroformylation catalyst for I-alkenes, 
giving both a high rate of reaction and high regioselectivity for linear aldehydes, whereas 
the meso complex is considerably slower and less selective. A mechanism involving 
bimetallic cooperativity between the two rhodium centers in the form of an intramolecular 
hydride transfer is proposed. Mono- and bimetallic model complexes in which the possibility 
for bimetallic cooperativity has been reduced or eliminated are very poor catalysts. 

Hydroformylation (also called "oxo"), the 
world's largest industrial homogeneous cat- 
alytic process, produces more than 5 billion 
kilograms of aldehvdes and alcohols each 
year-(l). In this prdcess, alkenes react with 
hydrogen and carbon monoxide to give 
either linear or branched aldehydes (Eq. 1; 
R, alkyl). 

Rh or Co h e a r  Branched 
catalyst 

Aldehydes 

Monometallic rhodium triphenylphosphine 
(Rh/PPh3) catalysts dominate the industry, 
particularly for C3 through C6 1-alkenes, 
where reeioselectivitv in making the more 
valuable iinear aldehide products is critical. 

Demonstrating that two or more metal 
centers can cooperate in a homogeneous 
catalytic process to produce a better catalyst 
compared to monometallic systems has 
been a major goal of our research. Several 
groups have reported dimer and cluster 
catalysis of hydroformylation ( 2 ) .  None of 
these polymetallic catalysts, however, com- 
bine high product regioselectivities with 
high reaction rates, and none of them 
compare favorably to commercial RhPPh, 

monometallic catalysts. We have designed 
a tetraohosohine lieand that can simultane- 

A - 
ously bridge and chelate two metal centers 
to create bimetallic complexes with consid- 
erable conformational flexibility. This li- 
gand, (Et,PCH,CH,) (Ph)PCH,P(Ph) (CH,- 
CH,PEt,) (et,ph-P4; Et, ethyl), has racemic 
( lr)  and meso (lm) diastereomers (3). We 
have characterized bimetallic complexes of l r  
and l m  in which the two metals are separated 
or bonded to one another (4). 

Ph\ P"P /PEt2 

'Ph 
/ \ 

EtzP Ph Ph 

racemic - et,ph-P4 meso - et,ph-P4 
l r  1 rn 

The reaction of l r  or l m  (5) with two 
equivalents of [Rh(nbd) ,] (BF,) (nbd = 
norbornadiene) produces the bimetal- 
lic complexes [Rh2(nbd) ,(et,ph-P4)] (BF,), 
(racemic 2r, and meso 2m) in high yield (6). 
An x-ray crystal structure determination 
(7) of 2r (Fig. 1) shows that the et,ph-P4 
ligand bridges and chelates the two square- 
planar Rh centers, as observed in previous 
bimetallic complexes of et,ph-P4. There is 
no Rh-Rh bonding in this complex, and 
the metals are separated by 5.505 A. The 

De~artment of Chemistry Louisiana State University, 'H and 3 1 ~  nuclear magnetic resonance 
 ato on Rouge, LA 70803-1 804. (NMR) spectra for 2m point to a bridged 
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