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Single molecules of double-stranded DNA (dsDNA) were stretched with force-measuring 
laser tweezers. Under a longitudinal stress of -65 piconewtons (pN), dsDNA molecules 
in aqueous buffer undergo a highly cooperative transition into a stable form with 5.8 
angstroms rise per base pair, that is, 70% longer than B-form dsDNA. When the stress 
was relaxed below 65 pN, the molecules rapidly and reversibly contracted to their normal 
contour lengths. This transition was affected by changes in the ionic strength of the 
medium and the water activity or by cross-linking of the two strands of dsDNA. Individual 
molecules of single-stranded DNA were also stretched giving a persistence length of 7.5 
angstroms and a stretch modulus of 800 pN. The overstretched form may play a significant 
role in the energetics of DNA recombination. 

T h e  elastic properties of cisDNA (bending 
and twisting rigiiiity) affect h o ~ v  DNA ~vraps 
arounii histones, packs into phage heads, s~r- 
percoils in vivo, heniis upon interaction with 
proteins, and 1i)opsto connect enhancer and 
promoter regions. A si~nple aa\ -  to explore 
DNA elastlclty is to stretch a single macro- 
molecule fro111 both ends, tne~lsuring the force 
F as a function of its enii-to-end iiistance (or 
estension Ex). In this exaeriment, the te~lsion 
experienced by each subunit in the chain is 
equal to F applied at the polymer ends, while 
the local deforinatlon of each subunit adds to 
yield a macroscopically observable change in 
Ex. The  type of polymer and the range of 
forces used deterlnine the nature and size of 
the chain subunits that are involved in the 
elasticit\- response of the molecule, anci the 
t\-pe of elaaticity being investigateii. 

T h e  entropic elasticit\- of a stiff chain 
involves siuall deviations of the molecular 
axis due to thermal fluctuations. T h e  direc- 
tlon of such a chain is correlated oI.er a 
span calleci the persistence length, P, ~ h i c h  
defines the size of the s ~ ~ b u n i t s  relevant in 
entropic elasticity. For cIsDNA, P in 10 mbl  
Na' is -150 base pairs (bp) .  Relatlvel\- 
small forces are reiluired ti) align elastic 
units of these dimensions (-/<,TIP, where 
k ,  is the Boltzmann constant and T is tein- 
perature). T h e  entropic elasticity of si~lgle 
dsL)NA molecules has been espli~red in the 
range from 0.01 to 10 pN ( 1 ,  2 ) .  Intrinsic 
elasticity, however, entails much larger de- 
viatii)ns of the mc>lecule's local structure. 
T h e  elastic units are t11uc11 smaller ion the  
scale of the polyiner units) and larger forces 
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must be used. Typicall\-, the i~l t r i~ls ic  elas- 
ticity heco~nes eviiient i)nl\- lvhen the tnor- 
rnal contour l e~ lg th  of the  tnolecule is ap- 
proached or exceeiied. 

Optical trapping of polystyrene heads (3,  
4 )  is used here on X-phage D N A  to charac- 
terize the intrinsic elasticity of ilsDNA. Ln- 
iier high forces, the D N A  can be stretcheii 
l>e\-ond its B-form contour length, anci a 
remarkable discontinuit\- in the elastic re- 
sponse eof dsDNA occurs at 65 pN. A t  this 
force, the molecule abruptly, but reversibly, 
assumes an extended form about 1.7 times its 
B-form contour length. Moreover, single- 
stra~lded D N A  (ssDNA) molecules lvere pre- 
pared and their elastic properties \\ere char- 
acterizeii for forces of 0 to 80 pN. 

A iiual-beam laser tran i n s t r ~ ~ n e n t  was 
useci to carry out these studies (Fig. 1A) .  Use 
of lolv numerical aperture ( N A )  lenses made 
it possible to hold heads deep inside a fluid 
cell, 100 p n  alvay fro111 the glass suriaces. 
Each enii of a single X-phage dsDNA mole- 

Fig. 1. (A) Two diode lasers w~th 100-mW power 
and 800-nm wavelength (SDL-531 I -GI) are ori- 
ented with orihogonally polar~zed beams These 
beams converge to a common focus by means of 
two objective lenses (Nikon CF Plan Achromat 
BOX with correction, NA = 0.85), thus formng an 
opt~cal trap. Only the rays exiting the trap are dl- 
rected to poston detectors (UDT SC-I OD) by po- 
lar~zing cube beamsptters (only right cube and 
detector are shown). Wh~teight illum~nation and 
video camera (not shown) are coupled through 
the ob~ectves with dichroc beamspitters, thus 
allowing measurement of the distance between 
bead centers The molecular length IS Inferred 
from a set of such d~stances (27) (B) Bead-DNA 
assembly from solut~on Arrows ind~cate buffer 
flow inside the flu~d chamber (1)  DNA molecules 
are compact random coils n solut~on except 
when one attaches by an end to the bead on the p11 
IS caught by the laser trap. (3) The pipette is movec 
presence of the invsble DNA is evident because it 
away from the trap (28). 

cule (48.5 kbp) was attached to a separate 
microscopic latex bead (Fig. 1B). One head 
was held b\- suction w t h  a glass micropipette 
while the other bead lvas held in the optical 
trap, mliicli also functioned as a force trans- 
ducer. The  DNA molecule was exteniied b\- 
moving the pipette relative to the laser trap. 
The  extension of the DNA was deter~nined 
fro111 the distance between the beads with a 
video camera. The  force acting on the DNA 
corresponiiing to each extension was inferred 
from the displacenlent of the laser beains on 
position-se11siti1.e photodetectors. T h e  force 
transiiucer was calibrated against the ~.iscous 
iirag on a head by using Stokes' law but, 
alternatively, use of a dual beam trap ~nakes it 
possible to callhate it from first principles 
(conservation of light momentum) (5). 

T\-pica1 F-Ex iiata are shown in Fig. 2 for 
a single molecule suhjecteii to an  extension- 
relaxation cycle in 150 mbl  NaCl  buffer. 
T h e  c2ntour length of X-DNA, assuming 
3.38 A/bp, shoulii be 16.4 pm.  For lesser 
extensions, (10 to 15 pm),  a snlall contrac- 
tile force ( < 5  pN)  represents the entropic 
elasticity of ilsDNA, in accordance with 
earlier stuclies (1 ). T h e  force rlses rapidly 
when the contour length 1s approached. 

A t  forces <50  pN,  in ~ v h i c h  the  D N A  
is still 111 its B form, the  molecule iiisplays 
a n  elastic stretch modulus, as e~. idenced b\- 
the  difference he t~veen  the  tlleoretical be- 
11ar.ior of a n  inestensible chain  ( 2 )  
(dashed line) anii real D N A  (dotted line) 
in  Fig. 2 .  This elasticity, as averaged for 10 
individual molecules in 150 inM N a f  buff- 
er, corresponds to a Young's modulus of 
3.46+'- 0.3 x 10"a, ~ v h i c h  \vould imply 
that  P is 1 9 1  hp for dsDNA, assuming its 
radius is 10 A (6-8). Because the  accept- 
ed value from electric birefringence and 
light-scattering methods (9 )  is - 150 hp a t  
0 .1  b l  N a f ,  P a i ~ u l d  seem to be overesti- 
mateci by the  present nlethoii (117, 11) .  

A Liquid 
chamber 

detector 
6 

~ e t t e  t ~ p  (2) Extra beads are carried by buffer and one 
i closer to the trap so DNA can span the gap (4) The 
pulls the bead upstream when the ppette IS lnoved 
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When F ^65 pN (Fig. 2), the molecule 
suddenly yields, lengthens, and eventually 
overstretches to —1.7 times its B-form con
tour length, corresponding to an increase in 
the rise per phosphate from 3.4 to 5.8 A. This 
transition occurs over a very narrow force 
range (~2 pN). The force rises rapidly again 
at extensions greater than 28 |xm, indicating 
that the molecule is entirely converted to the 
overstretched form. The stretching cycle is 
reversed before 100 pN force is reached be-
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Fig. 2. Stretching of \ -phage DNA (NEB) in 150 
mM NaCI, 10 mM tris, 1 mM EDTA, pH 8.0. The 
"inextensible wormlike chain" curve is from Bus-
tamante et al. (2) for a P value of 53 nm and 
contour length of 16.4 jxm. 
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Fig. 3. (A) During the stretching part of a stretch-
relaxation cycle, tension is applied to a nicked 
dsDNA molecule (* denotes nick). At some critical 
tension, dsDNA undergoes an overstretching 
transition. Two possible forms for overstretched 
dsDNA are shown. (B) The bases might unwind 
and unstack into a parallel ladder. Alternatively 
(B'), the bases could retain some partial stacking 
by slanting as in the "skewed ladder" model of 
Calladine and Drew (27). (C) If the overstretched 
dsDNA remains in low-salt buffer for more than a 
few seconds, then the nicked strand melts and 
frays back from both sides of the nick. (D) When 
the tension is released, the regions which have 
remained base-paired rapidly contract to B-DNA 
but the frayed regions take several minutes to 
reanneal, perhaps due to secondary structure in 
the frayed strands. 

cause the biotin-streptavidin bond often 
breaks after a few seconds at this force. 

Recently, several groups have stretched 
dsDNA far beyond B-form length using hy-
drodynamic or meniscus forces and leaving 
the stretched molecules adhered to a solid 
substrate. Using atomic force microscopy, 
Thundat etal. (12) observed X-DNA on mica 
surfaces that had been stretched up to 1.8 
times its B-form length during deposition. 
They proposed that the molecules unwound 
and the bases unstacked into a flat parallel 
ladder in which the bases pairs remained in
tact. The maximum length of such a ladder, 
obtained by optimizing backbone torsion an
gles while not opening tetrahedral angles 
(such as phosphate), is 2.1 times the B-form 
length. Other groups have observed dsDNA 
stretched up to 2 times (13) and 2.14 times 
(14) B-form length after deposition on a sur
face. The single-molecule manipulation ap
proach used in the present study makes it 
possible to control the extension of the mol
ecule and measure the equilibrium force need
ed for this extension. Under these conditions, 
overstretching is a highly cooperative, revers
ible transition (15). 

During relaxation, the F-Ex curve often 
displays hysteresis (Fig. 2). This response is 
displayed repeatably by any given molecule 
but varies considerably between different mol
ecules. As diagrammed in Fig. 3, a possible 
hysteresis mechanism may involve the pres
ence of ss nicks in the DNA which allow a 
strand to melt and fray with time in the 
overstretched molecule (16). The existence of 
ss regions could account for the lower forces 
displayed at the same extension in the return
ing part of the stretching cycle. [Consistent 
with this model, a 1 M Na+ buffer nearly 
eliminates the melting hysteresis without no
ticeably changing the force or cooperativity of 

80 

70 

60 

50 

g' 40 
E 
O 
u_ 

30 

20 

10 

!%» • ' 

the transition (see below).] To further test 
this model, the strands of dsDNA were cross-
linked with 4,5',8-trimethyl psoralen (one 
psoralen per —20 bp). As seen in the top 
curve of Fig. 4, the intercalated psoralen elim
inated the hysteresis in 150 mM Na+ buffer, 
in support of the fraying model. 

The effect of ionic strength on cross-
linked molecules is also shown in Fig. 4. 
Very low ionic strength monovalent buffers 
had a marked effect on the transition force. 
The lower curves in Fig. 4 show the transi
tion force dropping to ~45 pN in 0.6 mM 
Na+ buffer. Smaller overstretching forces 
may be required at low ionic strengths be
cause the electrostatic repulsion between 
phosphates favors the longer overstretched 
state. In 1 mM Mg2 + , however, the transi
tion force remained high (65 pN), perhaps 
because condensed divalent counterions 
(17) more effectively reduced the DNA's 
charge. Hysteresis behavior reappeared in 
cross-linked molecules at very low salt. This 
behavior may simply involve melting of the 
unstacked bases without strand fraying. 
Base re-pairing might proceed slowly be
cause repulsion between the phosphate 
backbones keeps the strands bowed out
ward. For most molecules, 1 mM Mg2+ 

buffer allows about as much melting hyster
esis as 150 mM Na+ buffer. 

The narrow range of forces over which the 
overstretching transition occurs in native 
dsDNA (~2 pN in Fig. 2) indicates a highly 
cooperative process. Cooperativity implies 
that the overstretched regions are large and 
homogeneous and that they expand or con
tract only by converting base pairs at their 
boundaries with normal B-form regions; in 
other words, it must be energetically easier to 
spread an existing region than to nucleate a 
new one. The width of the overstretching 

- » • * 

Fig. 4. Stretching of cross-linked 
dsDNA molecules in 150 mM NaCI, 
10 mM tris, 1 mM EDTA, pH 8.0 
buffer (black curve), Na25EDTA 
buffer (pH 8) with Na + concentra
tions of 5 mM (red curve), 2.5 mM 
(green curve), and 0.625 mM (blue 
curve). For labeling dsDNA at both 
ends but on opposite strands, bio-
11-dCTP (Sigma), dATP, dGTP, 
and dUTP were polymerized oppo
site \ ' s 12-bp sticky ends using 
Klenow enzyme. For cross-linking 
studies, DNA was exposed to a sat
urated solution of 4,5',8-trimethyl 
psoralen and irradiated with ultravi
olet light according to the method 
of Ussery et al. {29). This method 
should produce 5% intercalation of 
psoralen {30), and indeed the con
tour length was increased by - 5 % 
over the molecule in Fig. 2. 
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transition is -40 times narrower (in terms of 
force) than would be expected from a totally 
uncooperative process and -3 times narrower 
(in terms of free energy AG) than thermal 
denaturation of dsDNA (18). The stretch 
transition must involve something more corn- 
plex than simple base pair melting because 
opposite strands do not break apart. The mol- 
ecules, which are attached by opposite strands 
to beads and often contain nicks, could not 
support stress when fully overstretched if 
large-scale melting occurred. Significantly, 
cross-linking reduced the cooperativity of the 
transition, as seen by the increased slope of 
the plateau of the top curve in Fig. 4 com- 
pared with the slope in Fig. 2. Psoralen sites 
may restrict the free movement of boundaries 
between B-form tracts and tracts of over- 
stretched DNA, thus requiring extra nucle- 
ation sites to complete the transition. 

The simplest model for the overstretch- 
ing transition involves unwinding of the 
two strands to form an unstacked parallel 
ladder (Fig. 3B). However, the stacking in- 
teraction in mononucleotides and ssDNA is 
known to be noncooperative (19), so other 
molecular processes must be responsible for 
the high cooperativity of the transition. 
The cooperativity might arise by the prop- 
agation, throughout the molecule, of 
changes in its state of hydration, or its ionic 
atmosphere, or both. In this model, struc- 
turally relevant water on the surface of the 
molecule (20) may only form on long runs 
of B-form dsDNA. If the transition of a base 
pair into the overstretched form causes a 
long-range disruption of the water structure, 
then overstretching a neighboring base 
would be favored relative to creating a new 
disruption nucleus somewhere else in the 
molecule. Another model of the stretched 
form involves both unwinding of the chains 

5 M Betaine 

60 ,G..,.-*C' 

Extension (pm) 

Fig. 5. Overstretching of A-phage dsDNA in 5 M 
betaine (1 -carboxy-N,N,N-trimethylmethaminium 
hydroxide inner salt), 1 mM MgCI,, 1 mM tris, pH 
8. Inset: Overstretching of cross-linked A-phage 
dsDNA in 60% ethanol, 2 mM NaCI, pH 8. 

and slanting of the bases relative to the 
helix axis (Fig. 3B'). This "skewed ladder" 
proposed by Calladine and Drew (21) al- 
lows the bases to remain partially stacked. 
A considerable steric clash would then de- 
velop at the boundary with normal dsDNA; 
a molecule with mixed overstretched and 
unstretched regions would have higher en- 
ergy than a molecule in which these regions 
have segregated to minimize the total num- 
ber of junctions between regions. 

An alternative source of cooperativity 
could involve changes in the ionic interac- 
tions of the molecule. Overstretching 
dsDNA will necessarily reduce its linear 
charge density resulting in the release of a 
number of ions from the condensation layer 
into the solution (1 7). Because ion conden- 
sation is a property of long charged poly- 
mers, the ionic release could couple adja- 
cent and even distant parts of the molecule 
into a concerted transition. The molecular 
processes described above to explain the 
cooperativity of the overstretching transi- 
tion are not exclusive of one another. All of 
them could, in fact, contribute to the sharp- 
ness of the transition. 

The suggestion that the cooperativity of 
the transition mav involve chanees in the - 
hydration of the molecule is supported by 
the effect of ethanol and betaine. The re- 
duced water activity in 60% ethanol almost 
eliminates the cooperativity (Fig. 5, inset). 
In 5 M betaine (Fig. 5), the molecule dis- 
plays two transitions. The first involves 

-40% of the molecule and takes place at 
-52 pN; the second occurs at -60 pN. A X 
DNA molecule is uniquely segregated into a 
left half with a -55% G C  content and a 
right half with a -45% G C  content (22); 5 
M betaine could preferentially destabilize 
AT-rich regions over GC-rich regions (23). 
The first transition would then corres~ond 
to overstretching of the A T  regions whereas 
the second would involve the overstretch- 
ing of the GC-rich region. 

In the stretch part of the stretch-relax- 
ation cycle, certain molecules were perma- 
nently altered. Initially, a molecule would 
follow a dsDNA curve similar to that in Fie. " 
6 inset (orange) (where high salt eliminates 
hysteresis) but, after a few cycles in low salt 
buffer, the molecule would permanently 
switch to a different behavior (Fig. 6 inset, 
purple). Presumably these molecules had 
more than one nick in the same strand and 
under strain a whole section of one of the 
strands was lost. These molecules thus be- 
have as ds and ss regions arranged in series. 

These observations both confirm the 
molecular origin of the hysteresis behavior 
and suggested a way to study the elasticity 
of ssDNA molecules. In the experiments 
described above. the dsDNA molecules 
were biotin-labeled on opposite strands so 
that if the two strands separated completely 
by melting, the experiment ended. Chang- 
ing the biotin label to opposite ends of the 
same strand, made it possible to melt off the 
unlabeled strand (with distilled water or 

Fig. 6. A A-phage ssDNA 
molecule was stretched in 
150 mM NaCI, 10 mM tris, 1 
mM EDTA, pH 8.0 (green 
curve). A different ssDNA 
molecule was stretched in 1 
mM Nq,,EDTA, pH 8,20% 
formaldehyde (red curve). 
The dashed line represents 50 
the elasticity of afreely joint- 
ed chain (FJC). The continu- 
ous line represents an FJC 40 

with stretch modulus. For la- 
beling a ssDNA at both 
ends, two oligonucleotides 

30 

were constructed, a 20-nu- 
cleotide (nt) strand comple- 20 
mentary to the right over- 
hang of A, and a 5'-biotiny- 
lated 8 nt complementary to 10 
the remaining 8 bp of the 20 
nt. These oligos were hy- 
bridized to each other and to 0 

0 5 10 15 20 25 30 
the right end of A and then 
ligated with T4 ligase. The Extension (pm) 

left end of A was then biotinylated with Klenow enzyme and bio-1 1 -dCTP. Inset: Results from three 
different molecules tested in 1 M NaCI, 10 mM tris, 1 mM EDTA, pH 8.0. Orange curve: stretching of a 
A-phage dsDNA molecule; purple curve: a molecule (previously stretched in low-salt buffer) that became 
partially ds and partially ss; and blue curve: stretching of a ssDNA molecule previously denatured in 20% 
formaldehyde, adjusted to pH 7 with 10 mM tris and NaOH. Note that at any given force, the extension 
of the ds-ss hybrid is the linear combination of the ds (orange) and ss (blue) forms (70% and 30%, 
respectively). 
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formaldehyiie), leaving only a si~lglc p11os- 
phodiester pol\-mer chain con~lec t i~ lg  the 
heads. T h e  elasticit\- of such ssDNA ilo\vcr 
curves, Fig. 6 ,  and blue curve, inset) IS 

markedl\- different from that of dsDNA. 
Because it is ver\- flexihle, ssDNA is Illore 
co~ l t r ac t~ lc  than dsDNL4 at low extenslolls 
( 1 ) .  Notice, however, that the curves for 
ssDNA and JsDNA (overstretched form) 
are asyillptotic to the salllc leilgth at high 
forces. Therefore, the t\vo strands in over- 
stretched dsDNA probably cannot reinain 
twisted arol111d each other or else they vvollld 
not he ahlc to exte~ld as far as ssDNA would 
c3o ~111der the same force. Un.ivinding is pos- 
sible because of the Drescilce of nicks in the 
chaiils and the ability of the linker arm that 
tethers the biotin to act as a slvivel. 

It is often assumed that the  elastic l ~ c -  
havior of a single-chain polymer call he 
moilelcd as a frccly jointed chain (FJC) of 
oriclltatioilally i i~dcpendent Kuhn seg- 
ments. T h e  green curve in Fig. 6 (150 mM 
N a - )  can he fit onl\- a t  low Ex hv the  FTC 
inodel b\- using a contour length L,, of ;/ 
ptn and a Kuhn segment length b of 15 '4. 
This Kuhn l e ~ ~ g t h  implies P lx ing only 7.5 
A ,  which is shorter than commonly he- 
lieved for ssDNA (24) .  Hou~ever,  the  high- 
force behavior coulci not he matcheci with 
the  simple Langcvill f~lnct ion iierived from 
this ~llodel (dashed curve in Fig. 6 ) .  A 
modified FJC ~llodcl that i~lcorporatcs Kuhn 
segments that can stretch as \veil as align 
under force lvas tllcn tested ( 1 ) :  

rvhere L,. is a contour length, h is a K~111n 
length, anid S is the stretch mod~ulus ?t 
ssDNA. For L,, of 27 pm anii a b of 15 A, 
this expressio11 fits the data \\,it11 S = 890 piY 
(soliii curve, Fig. 6 ) .  This observation sug- 
gests that the molecule ~u~nclergoes a contin- 
~ ~ o u s  conformational change throuahout the 

u 

exte~lsion cycle. One  possible expla~~at iol l  is 
that the sugar pucker in ssDNA start? out as 
C3' endo \vhich usually gives -5.9 A inter- 
phosphate distance (as in R N A )  anii ac- 
co~ul~ts for the 27-pm contour le~lgth. T h e  
hackhone transf;)rms under tellsio~l intp 
C2'-cnclo pucker which ~ ~ s ~ ~ a l l y  has -7 A 
between phosphates (19). This change 
n ~ ~ u l d  account for the eventual stretch to 2.1 
times B-form length as observed before ( 1  3 .  
14). T h e  same high-force stretchi~lg is evi- 
dent in the reel curve of Fig. 6 (taken in l 
mM Nat  buffer). T h e  model described 
above could not fit these lorv ionic strength 
data, which iiisplayed a very low contractil- 
ity at lo\\, forces. Electrostatic re~uls ion and 
excluded-vol~~me probably account for this 
lorn-force behavior. 

The sharp o~~erstretclh~ng transition cle- 
scribed here may have important i~nplications 

in the energetics of molecular processes that 
~nvolve the cieformation of the DNA molc- 
culc beyo~lii its contour length. One  such 
example is the energetics of the bindiilg of 
RecA to dsDNA (25). T o  fo r~n  the Rcc 
A-DNA filament, RecA nust  pay the energy 
cost required to overcome the entropic elas- 
ticity of the lnolecllle and ~ t s  overstretching 
to 1.5 t m e s  its contour length. Because 
biilci~ng of RecA ciocs not require adcilosiilc 
triphosphate hydrolysis, the energy to stretch 
the D N A  molecule ~ l l ~ ~ s t  be d c r i ~ n l  from the 
binding energy of the high-affinity for~ll  of 
the protein for DNA. Analysis of Fig. 2 
indicates that the existcllce of the over- 
stretching transitioil call greatlj- reduces the 
energ\- cost (the area uncier the F-Ex curve) 
to (overstretch the DNA.  \Sicre the D N A  
molccule not to displav tllc cooperative tran- 
sition described here, hut simply deforlll 
along a line extrapolated froin the linear 
rcgimc b c t w e e ~ ~  20 to 55 pN (Fig. 2 ) ,  an 
aciditioilal62 x 10-" J (-l ik,T) per RccA 
protein rn~oluld he required to stretch D N A  to 
1.5 tlilles its contour length. This ellcrgctic 
aiivantage is analogous to that suggested for 
the generatio11 of kinks in D N A  as an  alter- 
native to slnooth hcndi~lg dcforlllations (26).  
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= FiS, where S = 1087 pN \n:o!~Id be an ntrnsic 
force modulus for s n g e  dsDNA molecules of any 
length, In terms of elastic deformat~on theon], a 
dsDNA molecule mght be t ho~~gh t  of as a rod v,:ith 
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On the Nature of Water Bound to a 
Solid Acid Catalyst 

L. Smith, A. K. Cheetham," R. E. Morris, L. Marchese, 
J. M. Thomas," P. A. Wright, J. Chen 

The nature of the species formed when water interacts with Br~nsted acid sites in a 
microporous solid acid catalyst, HSAPO-34, was studied by powder neutron diffraction 
and infrared spectroscopy. Prev~ous infrared and computational studies had failed to 
unambiguously establish whether water is protonated to form hydronium (H30+)  ions or 
is merely hydrogen-bonded to acid sites inside the zeolite. Our experiments clearly 
showed that both specles are present: An H30+ ion is found in the eight-ring channel of 
the zeolite and a second water molecule is hydrogen-bonded to an acid site on the 
six-ring. 

T o  ~~ni iers tand Inore about the nature of 
the acid sites o n  solid catal\-sts IS of both 
funilamental and profo~u~~cllI\- pract~cal 1111- 
portance. A probe molecule of Inore than 
acaclelnic interest in ascertain~ng the 
strength of the Brgnsted aciciit)- (proton- 
d o ~ l a t i ~ l g  power) IS water. Altlhough the 
ilonating propensity ot a briLigillg hyi i r~xyl  
111 alurn111i)silicate anii s ~ l i c o a l ~ u n i n o ~ ~ h o s -  
phate (YAPO) catalysts (Ycheme I )  is 

copy, that H,OL and hydrogen-bonded wa- 
ter coexist a t  the ~nter ior  surface of a p o w  
erful new s)-nthetic catal\-st, HSAPO-34, 
\vhich is str~ucturally analogous to, liut corn- 
positionally i i~stinct from, the seolitic min- 
eral chabazite (5). Whereas in  chabalite all 
the tetrahedral ( T )  sites are t e ~ l a ~ l t e d  b\- 
either S14' or A13+ ions, Al anil P ions 
occupy the T sites alternately in HSAPO- 
34, and some Si  lolls reside in the sites 

Structure I -H,O 

Structure II Structure Ill 

Scheme l 

known to be h ~ g h ,  the lnost sophisticateel 
q u a n t ~ l ~ n  ll~echanical conlputat~ons reveal 
( 1 )  tlhat no hydron i~ l~n  ions (structure 111, 
Scheme I) form, just I~yilrogen-boniled spe- 
cies (structure 11, Scheme I ) .  Altlho~lglh 
some experilnental studies may be inter- 
preted in these terlns ( 2 ) ,  others (3 )  point 
strongly to the formation of H , O t .  Because 
solid (molecular sieve) catalysts are exten- 
sively useil petrochemically (4 )  and are cen- 
tral in the desigrcn of superior m~te r i a l s  for 
converting allcanes to brancheel-chain iso- 
mers of higher octane nunher ,  it is impor- 
tant to elucidate their Brcinsted acidit).. 

Here we show, by a combination of neu- 
tron diffraction anil infrared (IR) spectrus- 
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normally occup~ed by P. HSAPO-34 is ac- 
knolvledged to he a powerf~ul catalyst, with 
gooil performance in converting methanol 
to Ilght alkenes (6) .  

I11 HSAPO-34,  there are two ilisti~lct 
k i~ lds  of liriiiging hydroxyls, characterizeii 
by IR s t r e t c h i n  frequencies at 3615 c m P 1  
( the  so-called hig11-fre~luency nlode) and 
a t  3600 c m P '  ( the  lo\v-freiiue~lc)- mode) 
(Fig. 1 ) .  This  finding is in  agreement with 
recent neutron diffraction stuilies of Llel~y- 
drateil HSAPO-34,  w h ~ c h  revealed pro- 
tons a t  four-ring anii six-ring oxygen sites 
(7). Our  earlier iiiff~lse reflectance IR Fou- 
rier transform spectroscopy (DRIFTS) 
ineasuremellts ( 3 ) ,  allied to quantitative 
n~icrogravimetr)- on progressively iiehy- 
ilrated HSAPO-34,  indicated that,  a t  
roo111 temperature, there is a stoic11ii)met- 
ric proton t ra~lsf i r  from one  of the  Brgn- 
s teJ  sites to  bound water, thereb\- forming 
H,O (structure 111). Our  i~lterpretation 
concurreil \vith tlhat of Jentys et  i l l .  (8) but 
it co~ltradicteci that  of Parker er i l l .  (9), 

SCIENCE \'OL 271  '1 FEBRUriRI 1996 


