
tallize (partly because of 7-7 overlap betsveen 
biphenyl units). Hon-e~,er, the sh~~ctura l  diver- 
sity of the trihlock molecules prevents the for- 

Clusters t~ Macrom~%ecuLar marloll of tluee-d~menslonal crystals As pie\ 1- 
ouslq suggested (j), the ollgostylene segment 

Objects 
prov~des steric elelnellts that limit the size of the 
aggregates. An i~nportant feature of lnolecules 
1 is their CF--ternlinus las ouuosed to the OH- 

L L L  

Eugene R. Zubarev, Martin U. PraBLe, Belrnis~g Li, Samuel Q. S%upp"-? tel~ninus of the lnolecule reported in (41, \vhich 
has a v e v  large dipole nlonlellt and is also an 

In a reaction proceeding within a nanoscopic volume, supramolecular clusters exeemely hydrophobic functional group (13). 
were transformed to polymer objects while retaining their shape and size. The CF, gsoup also appears to p ro~ ide  an ad- 
Spatial isolation of the cross-linltable blocks of oligobutadiene that were in- ditional driving force for self-assen~bly. 
volved in .this stitching reaction was achieved by self-assembly of the molecules An~lealing precursor 1 i11 a liquid clystal- 
that made up the clusters. Thermal activation of cross-linking yielded macro- line (LC) phase at 250°C (14)  under a nitro- 
molecules (molecular weight of 70,000) with a narrow size distribution that was gen atnlosphere for several hours resulted in 
similar to that of the supramolecular clusters. The macromolecules obtained the formation of a product with a high molar 
have an anisotropic shape ( Z  nanometers by 8 nanometers), as determined by mass. a narrow polydispersity, and a MIA7 of 
electron microscopy and small-angle x-ray scattering, and form materials that -70.000. Gel peru~eation chromatography 
exhibit a liquid crystalline state. (GPC) traces (Fig. 1) of samples that were 

alnlealed for different periods of time and 
A key difference het\\,een synthetic polymers Our first approach to creating shape-in- the11 dissol~.ed i11 retrahydrofura~~ (THF) (1 
and proteins is the xell-defined folded shape of 1-ariant molecular objects a-as to synthesize weight 9'0) shon- thar an~lealing time strongly 
proteins in solution; polymers. with their sim- nlolecules that organized into two-dimen- affects the yield, ~vhich can be as high as 80 
pler composition. tend to exhibit highly sym- siollal (2D) structures \\-it11 the proper orien- weight '36 after allnealing for 20 hours. X 
nletrical llanostructures ( I .  2) .  Polymers ~vith ratio11 to react (I). Cross-linkable groups in slight increase in >I\?' and polydispersity [the 
more sophisticated fullctiolls might be realized these supramolecular stmctures offer the pos- ratio of vveight average (luiI) to nunlber av- 
if sqatheric pathnays vr ere found to create mac- sihiliry of covalently locking the aggregate's erage MLVs] occurred wit11 further an- 
romolecules with distinct and pemlanent shapes original shape. hut in Illany cases. such reac- nealing. However. the calculated degree of 
(regardless of srate) or to create Ion--symmetr\- tions resulted in either insoluble materials or polymerizatio~~ n-it11 polystyrene standards 
object5 that n-ere different fronl highly synunet- ia polqmer products nit11 1 ery broad hlLV re~nained collstallt at 22 i- 2 (I\/ILT7 =70,000). 
rical clendrimers (3). Molecular object polymers distrihutio~ls (1  ). This is dile to the difftculty Moreover. the Inaterial was completely solu- 
(1. 4) 11al.e a perlnanent cl~emical map on their of controlling the planar dimensions (.];I.) of ble (even after 20 hours of allnealing), and the 
surfaces and pack in specific a.ays to f o ~ ~ n  cross-linkable regions in these 2D structt~res. f o r n ~ a t i o ~ ~  of a11 insoluble gel-fraction n-as not 
condensed phases. Self-assembl!. is a rapid Thila. it is impolta~lt to collrrol the size of observed. The GPC traces also shon- that 
pathnay from snlall molecules to supramolecu- cross-lillkable regions by preassemhled llano- products wit11 a MIA7 less than that of the 
lar na~lometer-sized objects that cannot be s y -  s t ~ ~ ~ c t u r e s  ia a nay  thar limits the ~ ~ o l u n ~ e  of precursor do not forln, suggesti~lg that de- 
thesized by con\ enrional cl~emical reactions (5 ,  reaction and the extent of inrercom~ection. This colnpositioll reactions do not occur. The use 
6). We recently synthesized ~ i h l o c k  rodcoil goal requires spatial isolation of cross-lillkable of conventional flash chromatography result- 
molecules that self-assemble into muslroom- segments nrithin one supran~olecular unit. ed i11 the co~llplete isolation of the new prod- 
shaped nanostmctures ( 5 ) .  nhich exist in the We sy~lthesized n.ihlocl< rodcoil nlolecules uct because it has a considerably lower reten- 
solid atate but could disassemble in solution or that had the srmcture sho\\n in Sche~ne 1. The tion factor relative to that of precursor 1 i11 
in the melt. Here, \vc report 011 tlle synthesis of synthesis and complete characterization of this most organic sol~,ents. The GPC traces of 
soluble aanostl-~~ctures n ith a molecular weight 
(hIW) of -70.000 through cross-linking of su- 
pra~nolecular clusters. 7112 co~alenr polymers 
obtained are highly anisotropic, n-ith an aapect 
wrio of 4. and 11al.e a characteristic shape that 
resembles a musl~roo~n. Fmthennore, the pre- 
cursor molecular aggcgates and the result- 
ing macromolecules appear identical when 
\.icn.cd n it11 an electron microscope, vr hich Scheme Triblock rodcoil molecules 1, 
suggests thar this cross-linking reactioll is es- 
scntially a size- and shape-invariant chemical molecule n ill be reported elsen.here ('). Rod- starting material and isolated product re~.eal  
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coil n~olecules 1 are colnposed of tlree differ- 
ent hlocl<s: a blocl< of aracric oligostyrene: a 
block of oligobutadiene with a rand0111 se- 
quence of 1.4- and 1.2-addition units, based 011 
nuclear magnetic reaoIlance ( S h l R )  data; and a 
rodlilie block that is identical in all of the n~ol-  
ecules. The butadiene block sen  es as a segment 
in n hich carboll-carbo11 double bonds call gen- 
erate cross-links at high temperatures (8-12). 
The aro~natic identical segments ia all mole- 
cules are stro~lgly driven to aggregate and clys- 

nalsow polydispersities, ~vhich  are on the or- 
der of 1.08 and 1.1 1, respectively (see Fig. 2). 

Small-angle x-ray scattering (SAXS) re- 
\-ealed thar hot11 the lnollolneric precursor 1 and 
the isolated macromolecular product have lay- 
ered structures in the solid srate n-ith a primal7 
t i  spacing of 81 A. Nonlinear optical experi- 
lnellts shon-ed that supramolecular clusters 
have a noncentrosymmllerlic smlchlre (15).  and 
therefore the molecules lnust pack in a parallel 
(musl~oomlilie) manner and not in an antipar 
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allel (dumbbell-like) manner. Most important, 
the layer periodicity and narrow polydispersity 
suggest a strong correlation between the cova- 
lent structure of the product and that of its 
supramolecular precursor. Moreover, the poly- 
merization is apparently confined to the volume 
of the supramolecular cluster and is therefore 
nanoscopic, connecting a nearly discrete num- 
ber of molecules. Because precursor 1 is in an 

Fig. 1. CPC traces of precursor 1 samples that 
were annealed for different periods of time. 
Each trace shows the peak corresponding to  1 
(M, = 3200 and MwlMn = 1.08). Molecular 
weight and polydispersity of the rnacromolec- 
ular product (relative to  polystyrene standards) 
were found to be M, = 63,000 and MJM, = 
1.07, after 5 hours; M, = 67,800 and MJM, = 
1.11, after 8 hours; Mn = 72,600 and MJM, = 
1.21, after 11 hours; and M, = 75,200 and 
MJM, = 1.35, after 20 hours. 

LC phase at the polymerization temperature, 
the spatial isolation of cross-linkable blocks that 
is required to form well-defined objects must 
prevail in the mesophase. 

Transmission electron microscopy (TEM) 
studies of triblock molecules 1 revealed a 
solid state structure consisting of aggregates 
-2 nm in diameter (Fig. 3A). Other similar 
molecules that were synthesized in our labo- 
ratory also formed aggregates but had larger 
dimensions (5,  16). Similar structures of 2 
nm were observed for the isolated polymer 
object material (Fig. 3B), which indicate that 
aggregation and rod packing were not altered 
by polymerization. The thickness of layers (8 
nm) revealed by SAXS is four times the 
diameter of the aggregates (2 nm). Thus, the 
supramolecular units are highly anisometric 
in shape (8 nm by 2 nm). More important, the 
electron diffraction patterns show the crys- 
tal's primary spacing to be 4.5 A, which is 
presumably the distance between biphenyl 
groups. On the basis of this number and the 
cross section of nanostructures observed by 
TEM (20 A), we estimated that there are (on 
average) 23 ? 2 molecules in each supramo- 
lecular aggregate. On the basis of the electron 
diffraction pattern, we found that the rod axes 
in the cluster are normal to the layers and are 
perpendicular to the plane of the TEM micro- 
graphs (before and after polymerization). The 
combination of SAXS, nonlinear optical ex- 
periments, and TEM suggests that triblock 
molecules 1 pack into the mushroom-shaped 
nanostructures that lack D,, symmetry (5). 

The observed clusters are smaller by about a 
factor of 4 in comparison with those described 
in (5). However, their precursor differs chemi- 
cally in a subtle way (a CF,-terminus versus an 
OH-terminus). In order to understand this dif- 
ference, we synthesized and studied more than 
20 analogous molecules with varying chemical 
structure (7), many of which had the same 
structure as that of precursor 1, except for the 
terminal group. This slight structural change 
resulted in a remarkable difference in proper- 
ties, and none of the analogous rodcoils could 
be convmed to well-defined molecular objects. 
Annealing of these molecules leads to products 
that are either insoluble or have very broad 
polydispersity (MJM,, > 8). However, rodcoil 
molecules with a CF,-terminal group but with a 
different length of either the coil or rod seg- 
ments have shown similar reactive behavior. 
Their GPC traces revealed the formation of 
high-molar-mass products with a narrow poly- 
dispersity within the range from 1.12 to 1.25 
and MWs of up to 100,000. These data suggest 
that the CF, group has an important role in the 
observed phenomenon. We think that the small 
size of the aggregates, possibly as a result 
of molecular geometry or dipole moment, 
may result in the observed nanoscopic re- 
action. Substitution of the CF, group by 
other termini (such as methyl, carboxyl, 
hydroxyl, vinyl, phenyl, and chromone) 
causes a substantial change in the wide- 
angle electron diffraction pattern. This pat- 
tern shows a much higher degree of order in 
the nanosized aggregates of molecules with 

- .  < 

molecula; representation of t i e  macromolecule contains 20 molecules of 
precursor 1 stitched by covalent bonds through butadiene blocks. Fig. 3 bonds in polybutadiene segments and also by the crystalline order among 
(right). (A) A TEM micrograph at high magnification of a film that was rod segments based on the observed diffraction pattern. The diffraction 
formed by regularly sized and shaped supramolecular clusters composed of contrast should be substantial, considering the intensity of the Debye rings 
triblock molecules 1. (0) A TEM micrograph at high magnification of a film in the pattern. (C) An optical micrograph between crossed polarizers show- 
that was formed by the isolated molecular objects. The wide-angle electron ing the smectic to isotropic phase transition of precursor 1 at 330°C. (D) An 
diffraction patterns are shown in the upper right corner of (A) and (B). The optical micrograph between crossed polarizers showing the smectic texture 
contrast in the image is produced by osmium tetroxide that stains double of the macromolecular product at 420°C. 
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a CF,-terminus. As a result, the spatial 
isolation of the butadiene block is only 
achieved in rodcoils with a CF,-terminus, 
thus preventing the interconnection of 
nanostructures. 

Nuclear magnetic resonance (NMR) mea- 
surements (1 7) revealed that conversion of the 
clusters into molecular objects by cross-linking 
is accompanied by a 70% loss of unsaturated 
bonds. According to the mechanism proposed 
for this reaction (8-12), each butadiene struc- 
tural unit can produce only one cross-link. On 
the basis of this information, we ran a multilay- 
ered random walk simulation of the nanoscopic 
reaction using a program that was developed 
previously in our laboratory (I). The top view 
of the 2D projections of linked molecules for 
different numbers of layers is shown in Fig. 4. 
Matching the experimental observation, the 
cluster used in the simulation contained 25 
molecules (5 molecule by 5 molecule lattice) 
and became completely stitched by covalent 
bonds with only six layers of reactive groups 
(corresponding to six butadiene units per mol- 
ecule). Because the average number of layers in 
the experimental system is nine, the conversion 
of supramolecular clusters into polymer objects 
is feasible, on the basis of the simulation. 

Additional information confirming the 
structure of the polymer objects was obtained 
by 'H NMR experiments (1 7). On the basis of 
integration of the NMR spectrum of the 
cross-linked product, we estimated that an- 
nealing causes the formation of six cross- 
links per molecule of precursor 1. This result 
implies that the cross-linking density within 
each macromolecule is very high and that this 
feature should contribute to the shape invari- 
ance of the formed objects. Furthermore, the 
relaxation time T ,  of the biphenyl protons 
increased from 1.5 to 2.9 s after polymeriza- 
tion, and this T I  value is considerably greater 
than that of the aliphatic protons (1.1 s) and 

styrenic aromatic protons (1.4 s), whose T, 
values after polymerization remained con- 
stant within experimental error. The observa- 
tion suggests that, even in solution, rod seg- 
ments have the strongest interaction within 
the object. This interaction should also con- 
tribute to the shape persistence of the cova- 
lent objects as the solid material is dissolved. 

Dynamic light scattering experiments for 
solutions in THF (0.1 weight %) only revealed 
evidence of nanostructures after cross-linking. 
Conversion of molecules 1 into covalent poly- 
mers results in a strong stabilization of the LC 
phase of the system. The initial precursor un- 
dergoes a phase transition from the smectic to 
the isotropic state at 330°C (Fig. 3C), whereas 
the polymerized objects form a highly birefiin- 
gent melt at 160°C, and isotropization is never 
observed before chemical decomposition at 
430°C (Fig. 3D). Differential scanning calorim- 
etry indicated that, contrary to precursor 1, the 
molecular object polymers do not exhibit any 
first-order phase transitions. The observation 
suggests that these mushroom-shaped objects 
cannot be stable in the isotropic state, possibly 
because their particular shape and surface 
chemical map would create an isotropic liquid 
of high fiee volume and fluctuations between 
favorable and very unfavorable contacts. 

In nature, there is a mushroom-shaped ob- 
ject that is formed by a heptameric aggregate of 
protein molecules (18). This supramolecular 
structure, known as a-hemolysin, can implant 
itself into cell membranes, and it is synthesized 
by the human pathogen Staphylococcus aureus. 
This molecular aggregate also contains a pore 
to transport molecules and ions across cell 
membranes (19). In contrast to a-hemolysin, 
our cross-linked aggregate could function as an 
"undenaturable" molecular object polymer, and 
with proper modification, it could serve as a 
macromolecule that modifies cell behavior or 
creates interesting materials. 

Fig. 4. Two-dimensional projections of molecules linked in the supramolecular cluster (right) based 
on a random walk computer simulation. The stitching conversion (SC), which is the percentage of 
covalently linked molecules in the cluster, increases with the number of reactive layers. The number 
of layers is equal to the number of butadiene structural units in precursor molecules (left). 
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Compensation of Horizontal 
Temperature and Salinity 

Gradients in the Ocean Mixed 
Layer 

Daniel L. Rudnick* and Raffaele Ferrari 

Establishment of the temperature-salinity relationship in  the ocean has con- 
cerned oceanographers for decades because of its importance for understanding 
ocean circulation. High-resolution measurements in  the ocean mixed layer are 
used t o  show that temperature and salinity gradients on horizontal scales of 
20 meters t o  10 kilometers tend t o  compensate in  their effect on density. These 
observations support the notion of a horizontal mixing in  the mixed layer that 
depends on density gradient. 

Temperature and salinity are the two most the ocean is concentrated in the upper 
important physical properties of seawater. ocean where sufficient sunlight is available 
First, temperature and salinity determine the for photosynthesis. 
dynamic variable density at fixed pressure. A measure of the relative effect of tem- 
Second, our understanding of the general cir- 
culation of the ocean is based to a large extent 
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perature and salinity on density is the density 
ratio 

where a and p are the expansion coefficients 
for temperature and salinity, and the temper- 
ature and salinity differences A0 and AS are 
taken over a spatial interval. A horizontal 
front that is cold and fresh on one side and 
warm and salty on the other, so that temper- 
ature and salinity have opposing effects on 
density, is often said to be compensated, hav- 
ing a density ratio of 1. The phenomenon of 
compensation is well known at certain fronts 
(8, 9). A front where the effect of temperature 
on density is twice (but opposite) that of 
salinity, and hence density varies across the 
front, has a density ratio of 2. 

The last published works of Stommel(10, 
11) suggest a regulating mechanism for the 
temperature-salinity relationship in the mixed 
layer. Stornmel observes that the mixed-layer 

tance to oceanography. Further, this rela- 
tionship is of climatic importance because 
coupling of the atmosphere and ocean takes 
place through the mixed layer, and it is of 
biological importance because biomass in 
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Fig. 1. Potential density section along 140°W as measured by a sawtooth SeaSoar tow. Data are 
averaged in bins 3 km in the horizontal by 8 m in the vertical before contouring. The white Line is 
a level tow along the 50-dbar surface. The mixed Layer as defined by a 0.1 kg mp3 difference from 
the shallowest measurement is indicated by the black line. Mixed-layer depth varies between 100 
and 150 dbar, so 50 dbar is always within the mixed layer. 
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