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from spectral data. Excitation through a res
onance level, however, should be energy- 
dependent (19) .  Electronic structure calcu
lations (17,  23)  and experiments (24,  25)  
point to the onset of a cr*(Si-H) empty 
level in the relevant energy range, roughly 2 
to 3 eV above the Fermi level. The inelastic 
tractions that quantitatively account for the 
experimental observations, as indicated in 
Fig. 4, are in rough agreement with expec
tations based on the profile of this reso
nance. W e thus conclude that the H atom 
desorption mechanism in the energy range 
from about 2 to 5 eV can be described as 
resonantly enhanced multiple-vibrational 
excitation.

The use of tunneling electrons in place 
of field-emitted electrons to desorb H atoms 
makes possible STM lithography with 
atomic resolution. A n example involving a 
pattern of parallel lines at 30 A pitch writ
ten with Vs =  + 3  V is shown in Fig. 5. The  
lines are, for the most part, composed of 
single Si atom dangling bonds or Si dimer 
dangling bonds corresponding to a resolu
tion of < 1 0  A. Fig ure 5 shows that the 
vibrational mechanism can lead to single H 
atom desorption. However, because of their 
close proximity and the high current den
sities utilized, often both H atoms on a 
single dimer are desorbed (see arrows).

Dangling bond patterns such as that in 
Fig. 5 can be converted to chemical modi
fication patterns if the selectively depassi
vated surface is exposed to reactive gases 
(7). Vibrational excitation of adsorbates 
with atomic resolution opens up many oth
er possibilities for selective activation, e i
ther directly or through subsequent energy 
transfer to other degrees of freedom, of pro
cesses such as adsórbate dissociation, bimo- 
lecular reaction, and diffusion (26).

Fig. 5. An STM image (150 A by 150 A, 1/ = -1 .4
n  ^

V, I = 0.1 nA) showing a pattern of 30 A pitch lines 
of dangling bonds written with Vs = +3 V, I = 4.5 
nA, and Q =  6 x  10-4 C/cm. The arrows point to 
sites at which both H atoms of an Si dimer have 
been desorbed.
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Polystyrene-Dendrimer Amphiphilic
Block Copolymers with a 

Generation-Dependent Aggregation
J. C. M. van Hest, D. A. P. Delnoye, M. W. P. L. Baars,

M. H. P. van Genderen, E. W. Meijer*

A class of amphiphilic macromolecules has been synthesized by combining well-defined 
polystyrene (PS) with poly(propylene imine) dendrimers. Five different generations, from 
PS-c/er?c/r-NH2 up to PS-dendr-(N\-\2)32, were prepared in yields of 70 to 90 percent. 
Dynamic light scattering, conductivity measurements, and transmission electron micros
copy show that in aqueous phases, PS-c/endr-(NH2)32 forms spherical micelles, PS- 
dendr-(NH2)16 forms micellar rods, and PS-c/enc/r-(NH2)8 forms vesicular structures. The 
lower generations of this class of macromolecules show inverted micellar behavior. The 
observed effect of amphiphile geometry on aggregation behavior is in qualitative agree
ment with the theory of Israelachvili et al. The amphiphiles presented here are similar in 
shape but different in size as compared with traditional surfactants, whereas they are 
similar in size but different in shape as compared with traditional block copolymers.

T h e  synthesis and characterization of new 
amphiphilic structures is one of the most 
daring and promising approaches toward a 
better understanding of the structure-prop- 
erty relation of amphiphiles (I ). Historical
ly, the field has been subdivided into tradi
tional surfactants and amphiphilic block 
copolymers. Both classes have been subject
ed to extensive studies (2- 4), but a detailed 
comparison between surfactants and block 
copolymers that would make it possible to 
understand the effect of increasing size and
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shape on aggregation has not been possible, 
because of distinct differences in the polar 
segments. The low-molecular weight sur
factants have a compact polar head group, 
whereas the block copolymers known thus 
far have linear, extendable polar chains.

Recently, dendrimers, which are well- 
defined and highly branched macromole- 
cules that emanate from a central core, 
have begun to receive scientific attention 
(5). These spherical structures have been 
proposed as precise nanoscopic building 
blocks (6). New architectures have been 
synthesized (7), including unimolecular mi
celles and structures containing dendrim ers 
and linear macromolecules (8). C hapm an#  
al. (9)  presented hydra-amphiphiles that
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Scheme 1. Synthetic route toward PS-dendr- 
(NH ,)32: (i) cyanoethylation with acrylonitrile in wa
ter oluene, catalyzed by acetic acid; (ii) hydroge- 
nat ;n at 80-bar H2 pressure, with Raney cobalt 
as catalyst.

ps- nh2— * PS-N

nh2
4 times --  » 1 »

consist of a dendrimer as the apolar part and 
a poly(ethylene oxide) chain as the polar 
part. The amphiphilic polymers described 
by Zhong and Eisenberg ( 2 0) can be regard
ed as the first approach toward PS-den- 
drimer structures with variable polar head- 
group size. Poly(propylene inline) dendrim- 
ers are very hydrophilic (11). These sphere- 
like structures with diameters of 1 to 4 nm 
arc synthesized in a reaction sequence con
sisting of two steps: a double cyanoethyla
tion of primary amines with acrylonitrile, 
followed by Raney cobalt hydrogenation of

the nitriles to the primary amines. The  
combination of hydrophilicity and a highly 
branched structure makes these dendrimers 
interesting building blocks for use as the 
polar part in amphiphilic block copolymers. 
We report on the synthesis and character
ization of a well-defined class of hybrid 
PS-dendrimer block copolymers for which  
the head-group size is varied. The structures 
presented here can be seen as a type of 
amphiphiles intermediate between the tra
ditional organic surfactants and amphiphi
lic block copolymers, with the size of the 
latter and the shape of the former.

Our first target molecule was a block 
copolymer with a PS chain of low molecular 
weight and a poly(propylene imine) den
drimer of the fifth generation, in this case 
with 3 2  primary amine end groups. The syn
thesis we used is depicted in Scheme 1. For 
the PS part we applied the anionic polymer
ization technique, which gives full control 
over molecular weight and allows the intro
duction of a reactive end-group functional
ity. The starting point of the divergent den
drimer synthesis, the primary amine end 
group of PS, was successfully introduced 
through an indirect method starting from 
OH-functionalized PS (Mn =  3 X 10 3 g/mol, 
Mw/M n = 1 .05 , where M n is the number 
average molecular weight and M w is the 
weight average molecular weight). The use 
of amine-functionalized PS as the core mol
ecule for the poly (propylene imine) den
drimer synthesis, in combination with the 
amphiphilic character of the intermediates, 
required the reoptimization of most of the 
reaction steps in the dendrimer synthesis.

The choice of solvent combination for 
the cyanoethylation was of considerable im
portance. The reaction proceeded best when 
a heterogeneous system of toluene and water 
was used, with acetic acid as catalyst. Purifi
cations could be performed by precipitation

techniques and by column chromatography 
up to PS-ifendr-CN16. All of the nitrile in
termediates could be synthesized quantita
tively with yields after work-up between 70 
and 90%. W e performed hydrogenations in 
an N H 3-saturated toluene-methanol mixture 
at an H 2 pressure of 80 bars, using Raney 
cobalt as catalyst. To obtain yields after 
work-up of more than 90%, we found it 
necessary to work at a scale of at least 5 to 10 
g; in that case, difficulties in the character
ization were prevented as well (12). All of 
the spectroscopic data are in full agreement 
with the structures presented. Proton nuclear 
magnetic resonance ('H  NM R) measure
ments could be performed in CDC13. Only 
with PS-cten£ir-(NH2)32 were significant sol
ubility problems encountered. With 13C  
NMR, it was possible to distinguish between 
the different dendrimeric layers of the mol
ecules. Electrospray mass spectroscopy was 
used to establish an overall purity of more 
than 95% for PS-d£ruir-(NH2)8. Energy-min
imized structures, determined from 
CHARM m  molecular mechanics calcula
tions of PS-<ien£ir-(NH2) 16 and PS-dendr- 
(N H 2)32, are presented in Fig. 1. Obviously, 
only one of the possible conformations is 
visualized (13).

The developing amphiphilic character of 
the intermediates was clearly noticed during 
the cyanoethylation experiments. In the het
erogeneous reaction system, the cyanoeth
ylation takes place at the toluene-water in
terface. A t higher generations, the increas
ing polarity of the head groups made it nec
essary to adjust the toluene-water ratio from 
2:1 to 1:1 by volume. The role of N H 3 
during hydrogenation is crucial; it displac
es primary amines from the catalyst sur
face, which results in an enhanced reac
tion rate. Furthermore, it prevents the 
intramolecular side reaction of an amine 
with an imine, leading to the formation of

Fi9* 1. Images of (A) PS-cfenoMNH2)32 ancl (B) 
pS-denc//--(NH2)16. We obtained the three-dimen
sional images by modeling with Quanta 3.3 and 
subsequently performing minimalizations with 
ĤARMm 22, using the steepest descent fol

lowed by the conjugate gradient methods. Green 
Morris: carbon; white atoms: hydrogen; blue: ni
trogen; and red: oxygen.

Toluene (% by volume)

Fig. 2. Conductivity measurements of toluene-water systems in the presence of PS-dendr-[N\-\2)n, (O: n 
= 2, □ : n = 4, O: n = 8 and A: n = 16). The inset is an enlargement of the area from 0 to 20%  toluene 
by volume.
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secondary amines. W ithout N H V it was 
impossible to hydrogenate even PS-dendr- 
( C N )4 quantitatively.

W e studied the amphiphilic behavior of 
PS-dendr-(NFT)n by making conductivity 
measurements and by using, dynamic light 
scattering (DLS) and transmission electron 
microscopy (TEM). Conductivity measure-

100 nm ►

100 nm

100 nm h
Fig. 3. T EM images of the aggregates. Aggre
gates of (A) PS-c/encfr-(NH2)8 (negative staining, 
x  107,000) exhibit vesicular structures. Aggre
gates of (B) PS-denc/r-(NH?)16 (negative staining, 
x 84,000) take the form of micellar rods. Aggre
gates of (C) PS-der?dr-(NH2)32 (negative staining, 
x  135,000) appear as spherical micelles.

ments were performed to study the am
phiphilic properties in toluene-water mix
tures. A 3 X  10 4 M amphiphile solution in 
toluene was added dropwise to an aqueous
0.01 M KC1 solution, in which 3 X  10 4
mol of amphiphile was dispersed per liter. 
By measuring the conductivity of the sys
tem as a function of the toluene/water ratio, 
we could identify the point of phase inver
sion from water to toluene as the continu
ous phase (Fig. 2). All lower generation 
amphiphiles showed a strong tendency to 
stabilize toluene as the continuous phase. 
The PS-dendr-(NH-,)2 system even showed 
a remarkable phase inversion at 2% by vol
ume of toluene. W e found that PS-dendr- 
(N H 2),6 has the highest inversion point, 
well beyond 50% toluene by volume; the 
inversion point of PS-dendr-(NH2)32 could 
not be measured in the same way, because 
this block copolymer is insoluble in toluene.

The differences in amphiphilic behavior 
suggested differences in the type of aggrega
tion of these amphiphiles, and DLS and 
TEM were used to investigate these aggre
gates. The DLS measurements were per
formed on aqueous aggregates of PS-dendr- 
(N H ,)m (where n =  8 to 32) and on PS- 
dcndr-{N H O 4 *n toluene. The latter showed 
inverted micellar behavior with a radius of
3.4 nm. For PS-dendr-(NH0i6» complicated
structures were observed that could be iden
tified as large threadlike structures with a 
hydrodynamic radius of 120 nm. DLS mea
surements on the other generations in water 
were hampered by clustering between the 
aggregates. Therefore, we used TEM to ob
tain the ultimate evidence about the aggre
gation behavior. The aqueous aggregates of
PS-dendr-(NH2)n (n =  8, 16, or 32) (3 X
10 4 mol/liter) (14) were studied with three 
different techniques: negative staining with 
uranyl acetate, Pt shadowing, and freeze 
fracture. All three techniques showed the 
same results. On examining PS-dendr- 
(N H J o  to PS-dtmdr-(NH7) , 7, we found
that the aggregates change from vesicles
[PS-de?idr-(NH0lS] (15) through micellar 
rods [PS-dendr-(NH2) 16, 12 nm in diame
ter], to spherical micelles [PS-de?idr- 
(N H i )37, 10 to 20 nm in diameter] (Fig. 3).

The aggregation behavior observed is 
well described by the theory of Israelachvili 
et al. that relates amphiphile molecular 
shape and type of aggregation (3). Almost all 
of our aggregates, from spherical to inverted 
micelles, were formed by structures that dif
fer only in the number of generations and 
hence in the size of the amphiphilic den- 
drimer head group. The measured diameters 
(10 to 20 nm) are the same order of magni
tude as the estimated bilayers of the PS- 
dendrimer block copolymers. The stability of 
the aggregates formed is remarkable: Even 
spherical micelles could be made visible with 
the TEM techniques used (16). Dilution of

the micellar cylinders did not yield a transi
tion toward micelles, a phenomenon well 
known for traditional amphiphiles (2). 
Moreover, the results of the conductivity 
experiments are in agreement with the ob
served aggregation behavior. The lower gen
erations exhibit reversed micellar properties 
in toluene, and their amphiphilic behavior is 
predominantly determined by the apolar PS 
chain. The cylindrical micelles of PS-dendr- 
(N H 7)|6 make it possible to stabilize both 
toluene and water as continuous phase, and 
therefore, a phase inversion point is observed 
that is strongly shifted toward higher volume 
fractions of toluene.

The aggregation phenomena described 
for our series of amphiphilic block copoly
mers with a polar head group that is con
fined in space show that, as the size of the 
head group increases, the polymers follow 
the theory of Israelachvili et al. qualitative
ly. The highly hydrophilic poly (propylene 
imine) dendrimer can be used as an amphi
phile head group, thereby offering the op
portunity to study a series of amphiphiles 
for which the chemical nature of the head 
group is unchanged and only the size and 
hence the shape is altered.
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EUVE Observations of Jupiter During the 
Impact of Comet Shoemaker-Levy 9

G. Randall Gladstone, Doyle T. Hall, J. Hunter Waite Jr.

The Extreme Ultraviolet Explorer (EUVE) satellite conducted extensive observations of the 
jovian system before, during, and after the impact of the fragments of comet Shoemaker- 
Levy 9 in July 1994. About 2 to 4 hours after the impacts of several of the larger fragments, 
the brightness of the neutral helium (He I) resonance line at 58.4 nanometers temporarily 
increased by a factor of about 10. The transient 58.4-nanometer brightenings are most 
simply explained by resonant scattering of sunlight from the widespread high-altitude 
remnants of the larger impact plumes. Other possible sources of emission, such as 
electron impact excitation of He or radiative recombination of He+, may contribute to the 
observed signal.

Observations of extreme ultraviolet (EUV) 
emissions from the neutral helium reso
nance line at 58.4 nm were recognized years 
age') as an excellent means tor studying the 
upper atmosphere of Jupiter (1). The H e  I
58.4 -nm line on Jupiter is principally excit
ed by resonant scattering of sunlight (2), 
and its brightness depends primarily on the 
relative abundances of helium and hydro
g e n  in  t h e  jovian upper atmosphere. Both 
molecular and atomic hydrogen are strong 
absorbers of 58.4-nm radiation; because
they are both lighter than helium, their 
relative abundances increase in the region 
above the well-mixed part of the atmo
sphere, and the probability of absorption for

G- R. Gladstone and J. H. Waite Jr., Department of 
Space Sciences, Southwest Research Institute, 6220 
Culebra Road, San Antonio, TX 78228, USA.
D. T. Hall, Center for Astrophysical Sciences, Department 
°f Physics and Astronomy, Johns Hopkins University, 
Baltimore, MD 21218, USA.

a 58.4-nm photon increases likewise. The  
altitude separating the well-mixed lower re
gion of the atmosphere (where all long- 
lived species share a common altitude de
pendence or scale height) from the diffu- 
sive-equilibrium upper atmosphere (where 
each long-lived species has a different scale 
height, according to mass) is known as the 
homopause. The homopause level depends 
on upper atmosphere dynamics. W ith vig
orous circulation, the homopause will be at 
high altitude; with more sluggish circula
tion, it will drop to a lower altitude. 
Through absorption by the overlying col
umn of H and H : , the brightness of the He I
58.4-nm emission on Jupiter provides a di
rect indication of the altitude of the hom o
pause and thus provides information about 
the dynamics of the jovian upper atmo
sphere. The strength of the solar He I 58.4- 
nm line (3) and the chemical inactivity of 
helium (4) make the 58.4-nm brightness an

ideal diagnostic of vertical mixing in the 
upper atmospheres of the giant planets.

The Pioneer 10 EUV photometer mea
sured a 5.1-rayleigh (R) (5) signal in late 
1973 that was attributed to the He I 58.4-
nm feature (6), although in retrospect, the 
observation may have been contaminated  
by EUV emissions from sulfur and oxygen 
ions in the then unknown Io plasma torus. 
The ultraviolet spectrometer (U V S) exper
iments on Voyager 1 and 2 measured He I
58.4-nm brightnesses of 5.2 and 4-4 R, re
spectively, averaged over much of the day- 
side disk, during the 1979 encounters (7). 
The brightness differences between the two 
Voyager U V S measurements are most prob
ably caused by solar cycle variations in the 
solar He I 58.4-nm line (3).

After the Voyager flybys, there were no 
further observations of EUV emissions from 
Jupiter until the launch of EUVE in June 
1992 (8). The EUVE observations are made 
with three spectrographs that cover a wave
length band from 7.0 to 76.0 nm with a 
resolving power (X/AX) of about 200 to 400 
for point sources. The spectrographs share 
the same grazing-incidence mirror, have cir
cular fields of view about 2° in diameter, and 
are capable of imaging monochromatic emis
sions (9). For moving sources (such as plan
ets), the photons may be remapped into a 
target-centered frame of reference by using 
the arrival times and appropriate ephemeri- 
des for the spacecraft and the target (10).

Observations of the Jupiter system were
made by EUVE in April 1993, and a rich
spectmm of the Io plasma torus was ob
tained. However, no excess He I at 58.4 nm 
that could have been associated with Jupiter 
was found (11). Observing jovian He I emit
ting at 58.4 nm is difficult from EUVE’s
520-km altitude because of the resonant 
scattering of sunlight by Earth’s extended 
helium atmosphere or geocorona. The He I
58.4-nm geocoronal foreground emissions 
are mildly optically thick and depend pri
marily on solar zenith angle, but they vary 
rather slowly with look direction at the alti
tude of EUVE (12). The darkest part of the 
sky to look toward is antisunward at orbital 
midnight. During EUVE’s all-sky survey, this 
part of the sky was examined routinely for 6
months, from July 1992 until January 1993.
A  study of the geocoronal brightness in the 
antisolar direction from 25 July to 19 August 
1992 yielded an average brightness of 1.3 R 
(13). In other directions, the 58.4-nm air- 
glow is usually larger. In particular, observa
tions made from within the Earth’s shadow 
at 90° to the Earth-sun line (approximately 
the geometry during the week of the comet 
impacts) generally show helium geocoronal 
airglow brightnesses about twice those in the 
antisunward direction. The geocoronal He I
58.4-nm brightness was 2.2 R during the 
April 1993 observations, and the corre-

SCIENCE • VOL. 268 • 16 JUNE 1995 1595


