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Nonequili brium Self -Assembly 
of Long Chains of Polar 

Molecules in Superfluid Helium 
K. Nauta and R. E. Miller* 

It is shown that in the low-temperature (0.37 kelvin) environment of superfluid 
helium droplets, long-range dipole-dipole forces acting between two polar 
molecules can result in the self-assembly of noncovalently bonded linear chains. 
At this temperature the effective range of these forces is on the nanometer 
scale, making them important in the growth of nanoscale structures. In par- 
ticular, the self-assembly of exclusively linear hydrogen cyanide chains is ob- 
served, even when the folded structures are energetically favored. This suggests 
a design strategy for the growth of new nanoscale oligomers composed of 
monomers with defined dipole (or higher order) moment directions. 

It is xc l l  knonn that as two point dipolcs 
approach from long range they prefer to ori- 
ent in a head-to-tail collfiguratioll ( I ) .  An 
analogous and pcrhaps more familiar case is 
that of tn.0 approaching magnets that orient 
such that their north poles point in the samc 
direction. These sinlple ideas \vould lead one 
to predict that highly polar monomer units 
might assemble head-to-tail to fort11 linear 
polyn~cr chains. However. at room tempera- 
ture the average rotational energy is large 
rclativc to the dipole-dipole interactions, such 
that the 1.R' interaction ( R  being the distancc 
bct\\ccn thc dipoles) motionally a\ erages (in- 
tegrated obcr all angles) to 1 R" (3). gleatly 
reducing its range. As a result, dipole-dipole 
forces gcncrally play only a minor role in 
detellnining the local "struchlrc" of simplc 
liquids ( 2 ) .  Chainlike structures are sccn in 
sornc polar solids, such as crystalline HCN 
( 3 ) .  Hoxvever. the lateral dispersion intcrac- 
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tions between chains (the crystal forcc field) 
arc important in stabilizing such structures, 
and it is not obx.ious that they will be stable in 
the gas phase. \vhcrc more compact stn~cturcs 
bcttcr optilnizc thc weal< illteractiolls between 
the molecules. Wc might therefore expect 
that the strong dipole-dipole interactions will 
dominate only for short chains and that thc 
energy penalty for keeping thc systcln linear 
will increase xvith chain length to thc point 
x5here the system evenhlally folds. Ab initio 
calculations have been pcrfollncd for isolated 
HCN complcxcs that confirm this general 
trend (4-6).  

In this study we show that polar mono- 
mers call self-assemble cxclusivcly into cx- 
tended linear chains in supcrfluid liquid hcli- 
um droplets. These droplcts represent a spcc- 
troscopic matrix (7)  with many interesting 
propelties; illcludillg a low-tcmpcraturc (0.37 
K)  ( 8 )  and a wcal<ly interacting and homoge- 
neous enx.ironment that results in slllall vibra- 
tional frcqucncy shifts and high spectral res- 
olution (sufficient to shonr rotational struc- 
turc) for solvatcd lnolecules (8-11). Hydro- 
gen cyanide was chosen for this s h ~ d y  

selecting, isolating, and aligning t w o  vesicles o f  dif- 
ferent contents before fusion, however, requires 
some skill and experience. This procedure might be 
simplified by using micromachined channels and wells 
as conduits for selection and isolation of vesicles. 
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bccause of its largc dipole momcnt (3 D )  and 
the existence of previous gas-phase studies of - .  
its complcxcs (12-15). 

In our cxpcrimcntal apparatus (Fig. I ), thc 
helium droplet source consists of a 5-bm- 
diameter nozzle operated at about 20 K. 
through \v l~ic l~  ultrapure helium is expanded 
from a pressure of 50 bar. Under these con- 
ditions helium droplets xvith a mean diameter 
of' about 7 11111 (4000 atoms) are formed. 
Thcsc droplcts then pass through a pick-up 
cell nlailltaincd at an HCN pressure bctwccn 
lop" and lop'  mbar. In this region, HCN 
l~~olcculcs  arc captured individually by the 
hclium droplcts and cooled to 0.37 K ( 8 .  10).  
The seeded droplcts then pass through the 
laser excitation region and arc dctcctcd by 
either thc bolometer (16)  or mass spectrom- 
ctcr. Vibrational excitation and relaxation of 
the n~olcculcs in the helium droplet result in 
the evaporation of scx.cra1 hundred hclium 
atoms, reducing the total flux to the detectors. 
Thc clcctrodcs shon~n in Fig. 1 nTcrc used to 
apply a large electric field to the laser exci- 
tation region. The resulting pendular-state 
spectroscopy (17) xvas an essential past of 
assigllillg the spectra of the polar chains. 

In a gas-phase frcc jet expansion the most 
stable Isomer of a coinplcx tends to fornl, and 
thcrcforc thc cxpcrimcntally dctcrnlincd gc- 
omct1-y is oftcn thc samc as the ab initio 
global minimum structure. Only when there 
are a lluinber of isomers xvith similar energies 
does one expect to obserx.e the formation of 
more than one of them (18, 19). This call be 
explained by noting that thc clusters arc 
fonncd in thc high-density, relatively hot rc- 
gion of the expansion \vl~ere there is still 
sufficient energy to surmount any barriers on 
thc potential cncrgy surface to reach thc glob- 
al minimurn. Subsequent txvo-body collisions 
xvith thc carrier gas thcn cool the complex to 
the very low temperatures typical of free jet 
espallsiolls ( -  1 K), thereby trapping thc sys- 
tem in the global minimum. The HCii trimer 
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Fig. 1. Schematic diagram of 
the experimental apparatus. 
All spectra reported in  this 
paper were recorded w i th  the 
bolometer as the detector. 
The laser is a tunable, infra- 
red F-center laser. 

forms both linear and cyclic isomers in a free ramer, pcntamer, hcxaines, and hcptainer. This 
jct expansion (14, l5),  suggesting that they ass ipncnt  of thc size is collfinned by rccord- 
have coinparable energy, and this has bccn ing thc signals as a filnction of the pick-up cell 
confirmed by ah initio calculations (5). Pre- pressure (21, 22), the larger cluster peaks rc- 
sumably the strain that exists in thc cyclic quiring higher pressures. 
triiner is coinpcnsated for by the additional A plot of thc ficqucllcy shift as a fi~~lctioll 
hydrogen bond and thc (lateral) interactions of clustcr size (Fig. 3A) sl~oxvs that tl~csc 
gained from having thc marc compact stnlc- shifts begin to col~vcrgc for large clustcrs and 
turc. Largcr gas-pl~asc HCN clustcrs formcd that thc limiting shift is small wit11 respect to 
by free jct expallsion have all been shoxvn to those measured for the hgdrogen-bonded 
be nonpolar (20), suggesting the formation of modes. This observation suggests that the 
some kind of foldcd (cyclic or antiparallcl) additional monomcr units arc progrcssix,ely 
structures. Once again, this is in agreement further reinox.ed from the free C-H stretch, 
with calculations (4-6). consistent with a lincar chain. The free C-H 

Wc bcgan thc spectral search in thc l~cliuin stretching frcqucncy still depends (albeit 
droplet cxpcrimcnts by scanning thc lascr \veakly) on thc addition of mononlcr units, 
through the region corsesponding to thc non- cx,en nrhcn the chain is seven molecules long, 
hydrogen-bonded C-H strctch. Thc first bands indicating that thc frcc C-H strctch is still not 
obscl~cd were thosc associatcd with thc linear complctcly isolated from what is going on at 
dimcr (3308.06 cm-') and trimcr (3306.60 the othcr cnd of thc chain. Unfortunately, thc 
cm-'), shifted only slightly from their gas- frcquency shifts associated xvith the free C-H 
phasc positions [3308.3175 cmp'  and stretches are far too small to be calculated 
3306.8025 c m ' ,  respcctix.ely (13, 15)]. In thc xvith sufficient accuracy using ab initio meth- 
absence of an electric field. both of these bands ods to aid in the assignment. 
are rotationally resolved in thc helium droplets, The situation is very different for the hy- 
enabling a definitive assignment. It is interest- drogen-bonded C-H vibrational bands. for 
ing to notc, howex.er, that the cyclic trimer band xvhich the calculatcd frcqucncy shifts are two 
is completcly absent in thc helium droplet spcc- orders of magnitude largcr than thosc for thc 
t n ~ m .  For thc larger clustcrs of intcrcst here, thc frcc stretch. Thc ab initio frequencies and 
spectra are not rotationally resolved, and xve illtellsities calculated by Karpfen ( 6 )  for lin- 
must usc othcr mcthods to inakc thc appropriatc car chaiils of HCN up to thc hcxamcr show 
assigu~lents. that only onc of the hydrogen-bonded C-H 

A scan to the red of the C-H stretch of the stretching vibrations is strongly infrared ac- 
inonomer (\vhich has its vibrational origin in tive in each complex. The calculated shifts 
heliuin at 33 11.20 c m l )  was recorded in a dc 
electric field of 30 kV:cm (Fig. 2). This large 

providing thc spectral rcsolution nccdcd to scp- 
aratc the fcaturcs associated with thc larger Tetl.nniel. 

clusters. The signals in this spcctrum are also 1 :  1 1 
- - 

considerably enhanced coillpared with those 
obtained at zero field, as a result of thc com- 
pression of thc cntirc spcctrun~ into a singlc 
peal< and thc orientation of thc transition mo- 
ment along the laser polarization direction (par- 
allel to the dc field), xvhich optimizes the exci- 
tation efficiency. The frequency shifts relative 
to the inonomer are small for all of these bands, 
indicating that they are associated wit11 free 
C-H stretch vibrations. The vely regular pro- 
gression suggests the assignments given in the 
figure, namely with increasing red shift from 
the monomer, to the linear dirner, himer. tet- 

electnc field effectlx el4 coll~pses the l o t ~ t l o n ~ l  
band contoulr by orientlug the dipolcs (17). 

Fig. 2. Spectrum o f  the  free C-H stretching 
region of the HCN polymer chains, showing 
clusters up t o  at least the heptamer. A linear 
heptamer chain is shown as an inset. This spec- 
t r u m  was obtained i n  the  presence of a large 
electric field used t o  orient the polar chains 
wi th in the helium droplet, thus collapsing the 
rotat ional band contours in to a single peak for 
each cluster size. 

T I  l l l x l  Dl11121 

1 I I 

for these intense bands (open triangles) are 
cornparcd with the prcscnt experiincntal results 
(solid triangles) in Fig. 3B. For comparison, thc 
ab initio (6) C-H stretching fiequcncics are 
sho\?n as t11c solid squares in Fig. 3B for thc 
corresponding cyclic complcxcs. The single 
cross in the figure gives t11c cxperinlcntal kc- 
quency for the gas-phase cyclic hilncr (15), 
xvhich serves to provide a mcasurc of thc con- 
fidence lex.el of thc ab initio calculations. 

To scan thc large frcquency rangc 
spanned by the hydrogen-bonded C-H 
strctchcs of thc linear complcxcs efficiently. 
we tuned the lascr in 300-MHz steps. which 
xvas sufficient to find thcsc broad bands. 
Oncc found. thc individual bands wcrc 
rcscanncd by using colltilluous tuning. with 
and without the applicd electric field. All of 
thc bands (obscrvcd over a 200-cln- ' region 
to thc rcd of thc moi~oincr) x\crc stlollgly 
influenced by the electric field, indicating 
that they wcrc associated xvith polar coinplex- 
cs. Nonc of thc llonpolar con~plcxcs obscrvcd 
in frcc jet expansions, includillg thc cyclic 
trimer, \{,as observed in the helium droplet 
spcctl-um. Thc pick-up cell dcpcndcncc of thc 
signals xvas again used to assign the clustcr 
sizes. Thc agrcemcnt between thc cxperimcn- 
tal and (linear chain) calculatcd frcqucncics is 
cxccllellt (Fig. 3B), proxiding cvidencc in 
support of thc assignment of thcsc bands to 
linear chains, at least up to and including the 
hcxamer. Although thc shifts have not been 
calculatcd for largcr clustcrs, thc smootl~ncss 
of the curx.e prox.ides evidence that the other 

Cluster size 

Fig. 3. Frequency shifts relative t o  the mono- 
mer for (A) the  free C-H stretching vibrations 
and (B) the bonded C-H stretches. In (B), the 
experimental results (solid triangles) are com- 
pared w i th  the  ab init io (6) frequency shifts for 
the linear (open triangles) and cyclic (solid 
squares) complexes. The experimental value for 
the cyclic tr imer (75) (cross) is also shown for 
comparison. 
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bands corsespoad to even longer chaias. Al- we conclude that the self-assembled chains References and Notes 
though the calculated frequencies correspond 
to the chaias in the gas phase. the colnparisou 
with the helium data is still valid because the 
helium interactions are weak and the result- 
ing frequency shifts small. The smooth de- 
pendence of the frequency shifts on cluster 
size, the agreement with ab initio calcula- 
tions, the observed polarity of the complexes, 
and the assignment of their size on the basis 
of the pick-up cell pressure dependence of the 
corresponding signals colnbiile to give over- 
whelinillg evideuce that the clusters observed 
in this study were illdeed linear chains. 

The observatiou of these exteuded liuear 
chains is quite surprising given that coaden- 
sation occurs at very lotv temperatures. The 
colldeusatioll energy a i l l  be very rapidly 
quenched by the liquid helium, thus one 
might expect that the lnolecules would freeze 
on coutact aud be trapped in a range of local 
lniuilna 011 the potential euergy surface, re- 
sulting in illany diffeseut isomers. The fact 
that we only observed liuear chains implies 
that the molecules only make contact in a 
head-to-tail configuration. At the low temper- 
atures of the helium droplets, the dipole- 
dipole interaction between an HCN lnonoiner 
and an already formed chain is sufficieut at a 
distance of 3 uin to effectively cause the two 
to orient in their lnuhlal fields. 111 this strong- 
interaction regime, the dipole-dipole interac- 
tion is not motionally averaged to l:Rh. 
Therefore, when the molecules approach one 
another they are already orieuted in such a 
way as to favor the formation of linear chains. 
When the lnolecules finally aggregate, the 
condensation energy is presunlably dissipated 
so rapidly by the liquid heliurn that the sys- 
tern becomes trapped in the linear configura- 
tion, even though the dispersion interactions - 

favor the cyclic structures. The situation is 
similar to the production of a glassy or anlor- 
phous phase by rapid q ~ ~ e i ~ c l ~ i n g . ~ T h u s ,  the 
separatiou of the distance scales associated 
wit11 the dipolar ( liR3) and dispersion ( 1 :R6) 
interactious is cmcial to this very selective 
self-assembly. 

Although the ab initio calculatiolls and the 
free jet expansion data agree that the liuear 
HCN chains do uot cor-respond to the global 
millinla on the gas-phase potential energy 
surface, an iinportant question to consider is 
if this is also true in liquid heliurn. Certainly. 
in analogy with the denahlring of proteins, if 
the interaction betweell the chaius and the 
solveat is strong enough, the open chains, 
which optiinize such interactions. will be- 
coine favored. Although detailed theoretical 
calculations a i l l  be needed to include the 
effects of the helium solvent, a simple calcu- 
lation based on the relative excluded volumes 
for linear and cyclic colnplexes indicates that 
the helium solvation energy is not sufficient 
to euergetically favor the linear chains. Thus, 

observed here are fuuda~nentally different 
from nlost self-assembled structures, in that 
they are uot the miuimurn energy stixctures. 
nor are they in thermodynamic equilibrium. 

One fundalnental limit 011 the length of 
the chains that can be grown is the helium 
droplet diameter. A 10-molecule-long 
chain (-4 nrn long) is about all that can fit 
within the present droplets once the evap- 
oration of heliunl during the pick-up and 
condellsation processes is taken iuto ac- 
count. Another lilnitation for chain growth 
may have to do with the slow reorieutation 
time associated with longer chains. As the 
illolnent of inertia of these long chains 
becomes very large, the reorientation need- 
ed to continue this self-assembly process 
may uot be complete 011 the time scale for 
diffusion of the inonoiner unit. When this 
coudition is reached, additional HCN 
inoilorners rnay attach to the sides of the 
chains, resulting in the formation of 
brauched structures. Understanding these 
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Epitaxial Cubic Gadolinium 
Oxide as a Dielectric for 

Gallium Arsenide Passivation 
M. Hong,* J. Kwo, A. R. Kortan, J. P. Mannaerts, A. M. Sergent 

Epitaxial growth of single-crystal gadolinium oxide dielectric thin films on 
gallium arsenide is reported. The gadolinium oxide film has a cubic structure 
isomorphic to manganese oxide and is (I 10)-oriented in single domain on the 
(100) gallium arsenide surface. The gadolinium oxide film has a dielectric 
constant of approximately 10, with low leakage current densities of about lo-' 
to lo-'' amperes per square centimeter at zero bias. Typical breakdown field 
is 4 megavolts per centimeter for an oxide film 185 angstroms thick and 10 
megavolts per centimeter for an oxide 45 angstroms thick. Both accumulation 
and inversion layers were observed in the gadolinium oxide-gallium arsenide 
metal oxide semiconductor diodes, using capacitance-voltage measurements. 
The ability to  grow thin single-crystal oxide films on gallium arsenide with a 
low interfacial density of states has great potential impact on the electronic 
industry of compound semiconductors. 

Effective passivation of 111-V cornpound Inally applicatious in photoaic and electrouic 
semiconductors (formed from elements of devices. Intensive efforts have been made 
group 111 and V of the periodic table) fillds over the past 30 years in searching for elec- 
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