
0.80 mol) were added and the mxture was strred 
for 30 m n  at room temoerature 3BA3H2 ;4.60 g ,  
20 mmol) and p-chlorobenzyl alcohol (57 0 g, 0 40 
m o )  were added success~vely, and the mxture ??,as 
heated for 1 5 hours on an 01-bath between 80" to 
30°C w h e  O2 was gently bubbled through the 
reactlon mlxture. After c o o n g  to room tempera- 
ture. the mxture ??,as d u t e d  by addtlon of Et,O 
id00 ml, Et ethyl) and flltered through a pad of 

C e t e  The solut~on was washed success~vely 1 ~ 1 t h  
water ;200 ml) 1 M H C  i200 ml) and 200 m of 
saturated aqueous N a C  solut~on, drled over 
MgSO-, and evaporated In vacuo. The resulting 
resdue was d s t l e d  ; b o n g  cont  between 35" and 
98=C, 18 torr) to afford 46.5 g (835;) of p - ch  oro- 
benzaldehyde 'H nuclear magnetlc resonance 
iNMR) ;CDCl,. 300 MHz) 6, 9 38 i l H ,  s), 7 82 i2H, 
d coucl~ng constant J = 8 4 Hz).  7 50 ;2H. d .  J = 

8 4 Hz) '3C NMR (CDC13 75 5 MHz) 6c 191 3, 
141.5 1 3 5 4  13' 5 ,and  1 3 0 0  

18 Dedcated to the memow of Zdenek Janousek FI- 
nanca s~poo r t  of th~s,,vork?vas orov~ded by Zeneca 
Llmlted, through the Zeneca Strateg~c Research 
Fund I E M IS grateful to Zeneca for recelvlng the 
Zeneca Felowshp 11 994-' 997) 
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Formation of Chiral lnterdigitated Multilayers 5 ' )  The ma~or too1 applied fol struct~lre 

at the Air-Liquid Interface Through 
elucldatlon was grazlng-lncldence x-ray dlf- 
fractlon (GIXD), vrrhlch allowed us to probe 

Acid-Base hteracti~ns the molecular packlng arrangements of the 
crystallme film to near-atomlc resolution. 

Ivan Kuzmenko, Ronith Buller, Wim G. Bouwman, Kristian K j ~ r ,  In "prOprlate bltnO1ec- 
ular  stem that satlsfled the above crlterla, Jens Als-Nielsen, Meir Lahav, Leslie Leiserowitz* we came across the crystal structures of 
diastereomeric phenylethylamine mande- 

Thin interdigitated films composed of a long-chain, water-insoluble chiral acid (p-pen- lates ( 2 .  3). The structure colnposed of 
tadecylmandelic acid of absolute configuration R) and a water-soluble chiral base (phe- phenylethylamine (PEA) and mandelic 
nylethylamine, R') were constructed at the air-solution interface. The (R, R') structure was acid (MA) molecules of the same handed- 
characterized to near-atomic resolution by grazing-incidence x-ray diffraction (GIXD). ness, either (R, R') or (5, S t ) ,  is character- 
The two diastereomeric systems, (R, R') and (R, St), demonstrate similar surface pres- ized by rigid hydrogen-bonded bilayers (Fig. 
sure-molecular area isotherms, but their structures are completely different on the 1A). The phenyl rings within each layer are 
molecular level, as monitored by GIXD. Complementary data on these two architectures oriented and positioned in a way that is 
were provided by atomic force microscopy. compatible ~ ~ i t h  the fortnation of an inter- 

digitated arrangement as in Scheme 1, 
where only the phenyl ring of the mandelic 
acid is modified by attaching a long hydro- 

A n  important goal of supramolecular chem- plane (Scheme 1). Both the acidic (A)  and carbon chain in the para position. 
istry is to find methods to control and stabi- The surface pressure-molecular area (T-  

liie the assembly of molecules into larger '4) isotherms of (R)-pentadecylmandelic 
structures. One approach is to use the air- acid [p-Cl,H,1-C,H4-CH(OH)COOH (Cl,- 
solution interface to regulate the assembly MA) (4)] were measured on Millipore-fil- 
process by incorporating strong directional tered LTater and on aqueous 0.008 Iv1 solu- 
interactions for the generation of ultrathin tions of (R)-  and of (5)-PEA (C6Hj- 
films. The formation of multilayer films from 

Scheme 1. 
CHCH3NH2) (Fig. 2A). The isotherm on 

long-chain molecules with polar head groups LTater demonstrated regular behavior with 
by the Langmuir-Blodgett (LB) method is basic (B)  head groups are attached to a an extrapolated A of 24 to 25 A'. The 
straightfonvard, but the films must be trans- chiral carbon center, and the layering and isotherms for the solutiol~s of t~vo PEA en- 
ferred to a substrate and are not especially ordering in these films differ greatly be- antiomers have peculiar but sitnilar shapes. 
stable even after transfer. Such a fortnation tween acids and bases of the same handed- Both isotherms are expanded and reach a 
process is governed by relatively weak hydro- ness (R, R') versus opposite handedness (R, plateau at A - 40 A' and .rr = 42 to 43 
phobic and hydrophilic interactions. 

We have considered the effect of using 
stronger acid-base interactions to control A&13%? 

e 
assembly and have constructed an interdig- 
itated film at the air-solution interface akin 

/ $$pJ$2, 
to that of a natural membrane (1) .  We did 
this by spreading a water-insoluble, long- 

23%?? 
%%%% ci?".,'o,j%j % " ipm 1- U px%RL 1 

chain acid on an aqueous solution contain- 
ing the complementary amine. Compres- 

En $hp:2peib 
sion of the film causes alternating acid-base 
groups to emerge at either side of the mem- 
brane, whereas the central part contains the 

/ j 3 2 A  
interdigitated hydrophobic groups of the C b  b+3h --------- 
acid in space-filling contact across a central .i $ '"S '@ , - 

a 
1 .  Kuzmenko. R.  Buler. M, Lahav. L. Lesero?vtz. 3eoari- 
ment of Materials and Interfaces, \W?,ezmann nsttute of 
Sc~ence, Rehovot 76100, Israel. 4- b 
\Y. G. Bouwman and K. K=r, Deoartment of S o d  State 
Physics. RISB Natlona Laboratory DK-4000 Roskde 
Denmark. 

I Fig. 1. (A and B) Molecular packng ar- 
rangements of the three-d~mens~onal 

- crystals of (R-MA R-PEA) (A) and (R-C,,- 
MA, R-PEA) (B) vewed aonq the a axls 

J. Als-Nlesen, N e s  Bohr nsttute, H. C. 0rsted Labors- (6) Packing arrangement of the nterdgitated (R-C,,-MA, R-PEA) triayer \ ~ e w e d  along th;b axis. The 
tory. 3K-2100 Cocenhagen, Denmark amorphous and crystalline parts are ndcated by the upper and lower arrows at the right: the dashed Ine 
-70 whom correspondence should be addressed represents the ar-water nterface. 
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mN/m (5). The kink preceding the plateau 
region appears to be sharper for the amphi- 
phile and solute molecules of the same 
handedness. A pronounced difference be- 
tween the two isotherms exists in the region 
of low A. The isotherm for the (R, R') 
system displays % second rise in the IT-A 
curve at A .J 13 A2, whereas the plateau for 
the (R, Sf)  system extends to the end of the 
isotherm measured. 

No GIXD peaks were observed for both 
diastereomeric systems (6) at two poicts 
along their isotherms, A = 60 and 50 A2, 
corresponding to the expanded region be- 
fore theoplateau. Further compression to 
A = 30 A2, corresponding to a point on the 
plateau, gave rise to a strong diffraction 
signal only for the (R, R') system (Fig. 2B). 
Five observed reflections were ingexed for a 
rectangular cell with a = 8.32 A and b = 
6.82 A. From the width of the Bragg rods (7, 
8) we estimated the thickn$ss of the crys- 
talline layer to be 32 to 35 A (Fig. 2, C to 
G). The (R, Sf)  system did not diffract at 
the same point of the isotherm (A = 30 

A ..... R-Cl,-MA on water 

80 - - on SPEA (0.008 M) 

p - 7. - + - on BPEA (0.008 M) C15H31 

10 - 
" 
0 20 40 60 80 100 

Area per molecule (A2) 

A'), nor did it diffract on further coypres- 
sion to a molecular area of A = 20 A2. 

Complementary information on the 
thickness of the (R, R') and (R, Sf) films was 
obtained by atomic force microscopy (AFM) 
(Fig. 3, A and C, respectively) (9). The 
films were tr~sferred in a compressed state 
at A = 20 A2 onto mica by the LB tech- 
nique (10). The (R, R') film consisted of 
patche? with two typical heights, 15(2) and 
38(4) A (numbers in parentheses are stan- 
dard errors in the last digit). Friction-type 
measurements had shown that the surfaces 
at both heights are hydrophobic (they have 
the same friction coefficient, which is small- 
er than that of mica) (Fig. 3B) (1 1 ). The (R, 
Sf)  sample consisted of layers yith two typ- 
ical heights, 16(2) and 32(4) A. According 
to the fri~tion~type measurements, the sur- 
face at 16(2) A appears to b~ hydrophobic, 
whereas the surface at 32(4) A demonstrates 
friction values almost as high as for mica, 
indicating a hydrophilic character (Fig. 3D). 

The GIXD and AFM data suggested the 
formation of an interdigitated molecular ar- 

rangement for the (R, R') film at the air- 
liquid interface. We thus anticipated a sim- 
ilar motif for the corresponding macroscopic 
crystal. A single crystal of (R-C15-MA, R- 
PEA), grown from tetrahydrofuran solution, 
was subjected to an x-ray structure analysis 
(12). The crystal has orthorhombic s p m p  
try [space grovp P2,2,2,, a =08.347(1) A, 
b = 6.864(2) A, c = 51.84(1) A, Z (number 
of formula units per cell) = 41 (Fig. 1B). The 
head groups [-C,H,CH(OH)COO- and 
C,H5-CH(CH3)NH3+] form hydrogen- 
bonded bilayers, as in the analogous crystal- 
line complex (R-MA, R-PEA). The packing 
incompatibility between alternating C15- 
MA and unsubstituted PEA molecular ions 
within a layer is compensated by interdigita- 
tion of the hydrocarbon chains from neigh- 
boring bilayers related by twofold screw s p -  
metry along the a axis. 

The match in lattice dimensions of the 
crystalline thin films of (R-C15-MA, S- 
PEA) on the liquid surface to those of the 
corresponding three-dimensional (3D) crys- 
tal structure and the thickness of the crys- 

- @ ! , O - c ~ O  

'OH 

PEA 

Fig. 2 (left). (A) Surface pressure-area (n-A) isotherms of R-Cl,-MA on 
Millipore water and PEA aqueous solutions. The arrows show the states at 
which GlXD patterns were recorded and AFM measurements for the cor- 
responding LB films were performed. (B through G) The GlXD pattern of 
R-C15-MA spread over 0.008 M aqueous solution of R-PEA and com- 
pressed to an areaA = 30 A2 per molecule at a temperature of 5°C. Shown 
in (B) are the observed GlXD Bragg peaks with assigned (h,k) indices, 
where 28 corresponds to the q, in-plane component of the wave vector q 
(wavelength A = 1.339 A). The corresponding measured (crosses) and 
calculated (solid line) Bragg rod intensity profiles in (C) through (G) are 
based on the molecular model described in the text; q, is the out-of-plane 

5 urn 

component of the wave vector q in units of A-l. Fig. 3 (right). AFM 
images and the corresponding height profiles of the (R-C15-MA, R-PEA) 
and (R-C15-MA, S-PEA) films transferred onto mica by the LB technique at 
a molecular area A = 30 A2 per molecule and surface pressure 7~ 40 
mN/m: topography (A) and friction-force map (8) for (R-C15-MA, R-PEA); 
topography (C) and friction-force map (D) for (R-C15-MA, S-PEA). The 
vertical lines are a guide for the eye. 
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talline part of the  films, as determined from 
the  Bragg rod ~vidtha together with AFLI 
l l e~gh t  and f r ic t~on analys~s, indicated for- 
rnatioi~ of a composite trilayer in  the  pla- 
teau region of the  isotherm (Fig. I C ) .  This 
film consists of a crystalline interdigitated 
bilayer as in the corresponding 3 D  cr\-stal 
structure and a partiall\- disordered inono- 
layer o n  the top. This monolayer is crystal- 
line at the level of the MA and PEA units 
by virtue of the  hydrogen-bonding bilayer 
network and is disordered o n  the  top level 
of the  alkyl chains because of the  gaps 
created by the  in te r l ea~~ed  PEA units (13) .  
This molecular   nod el (14)  oroved to be 

, 

most satisfactory, fitting the  observed 
GIXD data xel l  (Fig. 2, C to G ) .  T h e  one 
noticeable nlisfit in scale between the  ob- 
served and calculated (11,l) Bragg rods arises 
fro111 bean1 damage of the  sample during the  
GIXD measurements (1 5).  

In  terms of molecular reorgani:ation, the 
absence of diffraction in the first part of the 
T-A isotherm before the  olateau can be at- 
tributed to incompatibilit\- between the Cl j- 
MA and PEA molecules: when the  latter are 
incorporated in the monolayer, they create 
gaps between C, ,-hydrocarbon chains. This . - 
alternating juxtaposition does not perinit 
close packing and crystalline organization of 

the monola\-er. T h e  plateau r;glon of the 
lsothernl a t  13 A' < A < 4C '4' per mole- 
cule for R-C,.-MA soread o n  R-PEA solu- 

I, 

tion reflects a phase transition corresponding 
to the  gradual transformation of the amor- 
phous luonolayer into the  composite inter- 
dioitated trilaver. T h e  second rise of the 

L. 

surface pressure at 13 '4' per molecule re- 
flects a higher compress~b~lit\- of the trila\-er 
phase that should completely cover the liq- 
uid surface at this area (this estimate IS based 
o n  the cell dimei~sions of the crystalline 
film). In Schelne 2A we suggest a simple 
lnechanisln for the  for~nation of such a 
trilaver. Lyle assume that the crystallization 
starts at the folding stage by virtue of the 
formation of a stable hydroeen-bonded bilav- . " 

er, which is nlaintained upon further coin- 
pression, leading to  a n  interdigitated trilayer. 

T h e  process of molecular reorgai1i:ation 
along the isotllerm for the (R, S ' )  system is 
less well understood. Our  esplanation relies 
primarily o n  the AFM analysis and the  ab- 
sence of diffraction in the GIXD measure; 
ments. T h e  two typical heights of 16(2) A 
(hydrophobic surface) and 32(3) A (hydro- 
philic2urface) suggest that,  after the kink at 
-411 A' per molecule, the  disordered mono- 
la\-er transforms into an  amorphous bilayer. 
W e  speculate hon. it lnay be generated in 

A (R-C, ,-MA, R-PEA) B (R-C,,-MA, S-PEA) 

Compression Amorphous 8 mNlm r n c  @ mNlm Amorphous 
monolayer - monolayer 1 Compression 

Compression 1 I stage- I 
7 I 4 Compress~on 

Amorphous 
monolayer lcrystalline segment/ 

Composite 
trilayer 

Scheme 2. 

Amorphous b~layer 

Scheme 7B, assuming that the bilayer a t  the 
folding stage is much less stable and is pre- 
sumably disrupted upon further compression. 
W e  propose that the contrast in structural 
rearrangements of the (R-C,,-MA, R-PEA) 
and (R-CIj-kl,4, 5-PEA) films o n  compres- 
sion arises from the different energies of the 

L7 

h\-drophilic bilayer of the  head groups a t  the 
foldino staee as in Scheme 2, and we believe 

L. " 
that this contrast correlates with the drastic 
differences in solubility, crystalli-ation be- 
havior, and heats of fusion (12.4 and 6.6 
kcal/mol) (16) of their two a-ater-soluble 
diastereonleric analogs, (R-h,lA, R-PEA) and 
(R-h,lA, S-PEA), respectively. Although for 
both diastereoineric crystals the overall hy- 
drogen-bonding arrangements are similar (3,  
17),  the  orientations and positions of the 
phenyl rings within a layer in the  (R-h,lA, 
S-PEA) salt are not compatible with the 
formation of an  interdigitated structure (1 8). 

GIXD experiments with chiral R-CI5- 
M A  o n  a racemic solution of PEA yielded a 
diffraction pattern similar to that obtained 
for the  (R-CIS-MA, R-PEA) system, but 
with Bragg peaks of reduced intensity and 
increased width, showing formation of fen-  
er trilarer crrstallites of smaller size. This 
result a&es &om the chiral discrimination 
involving a separation of (R)  and (5)  enan- 
tioiners of PEA at  the  solution interface. 
O n  the  other hand, GIXD esoer i~nents  o n  a 
racemlc Cli-?VIA monolayer, which demon- 
strated a sr-A isotherin similar to that ob- 
tained for the  (R, S f )  system over a chiral or 
racemic PEA solution, did not  yield diffrac- 
tion signals, suggesting that the  long-chain 
amphiphilic molecules did not separate into 
islands of opposite chiralit\-. 

W e  believe that the  proposed approach 
for the molecular design of thin interdigitat- 
ed filnls call be extended to other two-con- 
pollent systems composed of a water-insolu- 
ble amphiphile and a n-ater-soluble counter- 
part. Moreover, the ability of such systems to 
form stable bilayers at the air-liquid inter- 
face, and thus to be amenable to character- 
ization at the near-atomic level, may enable 
us to probe the mechanism of 1011 transport 
that occurs in natural membranes. 
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Design of Nonionic Surfactants for 
Supercritical Carbon Dioxide 

J. B. McClain, D. E. Betts, D. A. Canelas, E. T. Samulski, 
J. M. DeSirnone," J. D. Londons, H. D. Cochran, G. D. Wignall," 

D. Chillura-Martino, R. Triolo 

Interfacially active block copolymer amphiphiles have been synthesized and their self- 
assembly into micelles in supercritical carbon dioxide (CO,) has been demonstrated with 
small-angle neutron scattering (SANS). These materials establish the design criteria for 
molecularly engineered surfactants that can stabilize and disperse otherwise insoluble 
matter into a CO, continuous phase. Polystyrene-b-poly(1 ,I-dihydroperfluorooctyl ac- 
rylate) copolymers self-assembled into polydisperse core-shell-type micelles as a result 
of the disparate solubility characteristics of the different block segments in CO,. These 
nonionic surfactants for CO, were shown by SANS to be capable of emulsifying up to 
20 percent by weight of a C0,-insoluble hydrocarbon into CO,. This result demonstrates 
the efficacy of surfactant-modified CO, in reducing the large volumes of organic and 
halogenated solvent waste streams released into our environment by solvent-intensive 
manufacturing and process industries. 

M o r e  than 30 billion pounds of organic agents, and dispersailts ( 1  ), and solvent- 
and halogeilated solvents are used world- iilte~lsive industries are considering alterna- 
wide each year as process aids, cleaning tives that can reduce or elitninate the  neg- 

ative impact that solvent e~nissioils can 
J. B. McCan.  D. E. Be~ts .  D. A. Caneas, E. T. Samuski. 
J. M. DeSimone, Department of Chemstr]. Unversty of the Because of its 
No-th Caro~na, CB 329C. Venabe and Kenan Laborato- low cost, wide availability, and environ- 
r~es Chapel Hill, NC 27599, USA. mentally and chemically benign nature ( 2 ,  
J. D. Londono, H. D. Cochran, G. D. W~gnall. Oak Rdge 
Natiora Laborator]. Oak Ridge, TN 37831. USA. 3),  CO,  is an  attractive solvent alternative 
D. Chu~a-Mart ino and R. Tr~olo, Depariimento d Chmica for a wide variety of chemical and industrial 
Fsca, Uriversty of Paermo, 901 23 Paermo. Italy. processes. Although CO,, ill both its liquid 

solves tnany stnall molecules (4 ) ,  it is a very 
poor solvent-at easily accessible coildi- 
tions (temperature < 100°C and pressure 
<300 bar)-for inany substances, and cotn- 
mercial applicatio~ls of pure CO, as a sol- 
vent have been infreauent. Materials that 
have disappointingly low solubilities in pure 
CO,  include most polymers [except arnor- 
phous or ion-melting fluoropoly~ners and 
silicones (2 ,  4 ,  5)] ,  waxes, heavy oils, ma- 
chine-cuttiilg fluids, solder fluxes, photore- 
s i s t ~ ,  proteins, salts, and metal oxides. T h e  
design and characterization of surfactants 
that  enhance the  solubilising properties of 
CO,  is therefore crucial for its widespread 
application. 

Block and graft copolymers conlposed of 
chain segments with dissimilar solubility 
characteristics self-assemble into well-de- 
fined structures when placed ill a medium 
that is a good solveilt for one of the  seg- 
ments ( the  lyophilic segment) and a poor 
solvent for the other segment ( the  lyopho- 
bic segment) (6-9). These nonionic sudac- 
tants are typified by rnicelles or tnore com- 
plex aggregates in which the lyophobic seg- 
tnents form a core surrou~lded bv a shell of 
the  highly solvated lyophilic seirnents that 
extend into the  contiiluous nhase (6 ) .  T h e  , , 

core regions of such ~nicelles are technolog- 
ically ~lseful, as they are canable of ernulsi- 
h i n g  otherwise iilsbluble iLaterials into a 
tnicrophase-separated environinent \vithin a 
preferred contiiluous solveilt phase (9) .  
Here, we report the direct structural charac- 
terization by S A N S  of well-defined, spheri- 
cal m~celles result~ng fro111 a serles of molec- 
ularly eng~neered block copolymer surfac- 
tants in scCO,. Our  results also detnonstrate 
the efficacy of these surfactants in emulsif7;- 
ing i~lsoluble solutes into C O T  This devel- 
ontnent mav ~~l t i tnate lv  enable surfactant- 
Iiodified CO, to  be used as a replacement 
for conventional solvent systems currently 
used in  manufacturing and service indus- 
tries, such as precision cleaning (metal fill- 
ishing, microelectronics, optics, or electro- 
plating), medical device fabrication, and dry 
(garment) cleaning, as well as in  the  chem- 
ical manufact~~ring and coating industries. 

u u 

Several laboratories have demonstrated 
nrogress in  the  in~cel l isa t~on of aqueous and 
A - 
polar materials in many dense sc fluids in- 
cludiilg alkanes, chlorofl~~orocarbons, hy- 
drofluorocarbons, and CO, (1C-15). How- 
eT7er, success in  designing generic surfac- 
tants for CO,  has been hindered by the  
challenge of identifying lyophilic segments 
for CO,. X promising lead for the  design of 
highly effective surfactants for CO,  arose 
out of two related discoveries: ( i )  that CO, 
is thermodynamically a good solvent for 
fluorinated acrylate polymers [positive sec- 
oild virial coefficieilt ( I  3 ;  16)], and (ii)  that 
these satne polymers could be sy~lthesized 'To whom correspordence should be addressed. and supercritical (sc) states, readily dis- 
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