
Fig. 3. Co-nbined por of -AG,,,,., versus 16xtm for 
free (open crces)  and igand-bound ( f e d  c~rces)  
anibiotcs 5 to 10 For any one antibot~c, arrows 
represent changes occurrng upon l~gand bnding 

tors) have loose structures before binding 
another protein (or 111 the  soecific case of a 
receptor, ~ t s  natural ligand or a drug), tlien 
a portion of the  binding affinity can be 
derived by t~gh tenmg of the internal struc- 
tures of the proteins in the  resulting hound 
state. Given this possibility, the thermod\;- 
~ ~ a r n i c  parameters for protein-protein asso- 
c ia t~ons,  which are perplesillg when ana- 
lvzeJ in  terms of interfac~al interactions 
( 14 ) ,  can be seen to have much Inore c o n -  
ples origins. T h e  f~ndings  may also be rel- 
evant to translnelllbrane aignal transduc- 
tion, most obviously when signal activation 
is coincicjent with receptor dimerization 
(16). Suppose a liigand b ~ n d s  strongly to the 
mono~ner ic  for111 of a receotor (\vliich itself 

L ,  

dimerizes weakly in  the  absence of a ligand) 
and binds coooerativelv to the dimeric for111 
of tlie receptor. Such a systen~ is well con- 
stituted to produce a tightening of the  
structure of the  receptor at its dimer inter- 
face and hence to assist in ligand-induced 
changes in geometry (even witliout obvious 
alloster~c changes) at p o ~ n t s  remote from 
ligand b~nd ing .  

REFERENCES AND NOTES 

1. L Staler, B1oc!ier7?/srJy (Freeman. Kew York ed. 3. 
1988), pp. 82, i5*-156, 23*  2*0, 267, and 290 

2. D. H. W~ll~ams a i d  M. S \!\!estweIl, Ci-err BI~!,  3. 
6953 (I 996). 

3. D. H. Vdil~ams e r a /  ,I. A m  Chem. Scc 113, 7020 
(1991). 

4. M. S Searle er a!. , J Chem Scc P e r h  Tens 7 X, 
2781 (1996) 

5 D. H. V5/~Ilams et a!., CPe,r. 6101. 4, 507 (1 997) 
6 J. P Mackay er a!.  Am Chem. Scc. 11 6. 4581 

(1994). 
7 D A. Bea~.regard D H. V~/~ lams,  M. N. Gviynn, 

D. J C Knowles. A /~ r l , r~c i cb  Age;irs Ci-emct'ier- 
39 781 (1 995) 

8 G. M. Si-edrck, E Padus, L. Veresy, F tiai-ti. Acta 
Crysra!/cgr. 6 51. 89 (1 995) 

9. M Schafer. T R. Schneder, G M Shed,~ck. Stmc- 
rii:-e 4 11309 :I 996) 

10 P. J L o  A. E. Bev~ilino. B. D. Korty. P. H. Axelson 
J. Am Clisln. See. 119 151 6 (1 997) 

11. Before we recorded the NRlR spectra, we lyoph~l~zed 
t i e  gycopeptdes twce from D,O A samples were 
prepared at pD 3.7 by adj~.stme?t w~ri- NaOD and 
CD,CO,D or DCI. A pD sample readngs were mea- 

sured w~ti- a Cornng pH lneter equpped w~ th  a 
colnb~nat~on glass electrode, and no corrections 
were lnade for an Isotope effect. NMR spectra were 
recorded on Bruker DRX500 spectrometers, and 
one-d~menslona ( ID)  and two-d~mens~o~ial  (2D) 
spectra were recorded w~ti- 16.000 or 8000 data 
points, respecti\iely. Ci-emca si-fts were measured 
wlti- respect to iliterna sod~um 3-tr~methyls~lyl- 
2,2 3.3-o',-prop~onate at 300 K. 

12 Vdhen monomer alid dilner forms of ti-e an tbo t c  
were n fast exci-ange on the NMR t m e  scale, 6x, 
was typcaly followed n 1 D spectra obtained oiler a 
concentraton range (3 mM to 25 or 100 mM, de- 
pens11-g on the antb~otlc!, and monomer and dimer 
ci-emca shfts obtaned from cuwe f~ t t ng  (Smpex 
least squares cuwe-fittlng program) ofti-e data were 
extrapolated to inf~nltely d u t e  and nf'n~tely large 
concentratons. V"i-en peak o\ierap precluded ti-e 
follow~ng of x, In I D  spectra, appropr~ate cross 
peaks In 2D spectra were used, in the cases n whci- 
a large dlner~zat~on constant resulted n slow ex- 
change between the lnonolner and d~mer on the 
KMR t m e  scale, the x ,  scnas  froln ti-e monomer 
and dilner were correlated by prerradaton of ti-e 
dmer sgnal. whci- resulted n a reducton n ntensty 
of the s~gnal due to x,, In ti-e monomer For ti-ese 
antbot~cs,  appearance of ti-e monomer sgna  could 
be followed n tlie 5 viM to 10 y M  concentrat~on 
range Ti-e sgna  i r o n  x,, n ti-e lnonomer of 8 and 9 
in -i-e presence of d1-A!-acetyI-Lys-D-Aa-0-Ala could 
not be unamb~guously assgned because of overlap 
~511th other s~gnals n ti-s regon and the need for 
except~onally ov! concentrations 'i-e antb~otlcs 7, 
8, and 9 haile ti-e same x,, ci-emca shft for ti-e 
monomer in the absence of dl-I\!-acety-Lys-o-Aa- 
o-Ala [+0.02 pa rs  per m~l l~on (ppm)]. Cons~dering 
the structural silnlar~t~es of 7,  8 .  and 9 t was con- 
sdered reasonable to take ti-e x, ci-emca ski t  for 

ti-e monomers of 8 and 9 bound to dl-A!-acety-Lys- 
o-Aa-0-Aa as equal to ti-at for 7 

13 Forantbotcs n wi-ici- ti-e monomer and dmer spe- 
cles were n fast exchange on the NMR rlme scale, 
tile chemca shin of x, was followed at different 
an tbo t c  concentratons From a plot of 8x,versus 
concentration ti-e dimer~zaton constants and Imit- 
n g  chemca sl71fts could be calculated (6) For ant-  
b ~ o t ~ c s  n wi-ici- the monomer and d mer species 
were n sow  exci-ange on the NMR tme  scale, at 
suffcenty o w  concentrations of antibotc (1 0 to 100 
y M )  boti- nonomer and dmer states were popuat- 
ed, lntegrat~on of appropriate peaks y~elded K,,,,. 
For 7, 8 and 9 in ti-e presence of a lgand, KG ., was 
calculated from ti-e rate of exci-ange (H 3 D) of the 
NH (w,, see 11) at the antblotc interface (6) n com- 
parison ~511th ti-e rate of exchange of this same NH in 
7 to 9 (In the absence of a gand),  where K,,,, is 
known 

14 For a recent review of proten-proten interactons, 
see V'/. E Sttes. Chem Rev. 97. 1233 (1 997) 

15 H -J, Bohm J Co'npi?t.-Alded /'do!. Des. 8, 243 
(iaonr j 8 V Y 7 , .  

16. F. Canas, Bioci-em~st~y 31, 4501 (1992). 
17. We ti-ank BBSRC forfinanca suppor A.J M grate- 

fully acknowledges Sm~ti-Kl~ne Beecham, and 
M S.Vd thanks GlaxoV~/ellcome Research and Lln- 
c o n  College, Oxford Vd T ti-anks ti-e Natona nsti- 
tute of Food Research. Mnstry of Agrculture, Food, 
and Fsheres, Japan Vancomycn, deci-oro?/anco- 
mycln (LY223997) ci-loroere~iomyc~n (LY264826), 
and phenylbenzylchloroeremor;iyc~n (LY307599) 
were generously donated by E l  L y  ~ndanapols ,  
IN) Eremomyc~n was a giT from Sm~thKl~ne 
Beecham (Harlow. UK) 

20 Januar$ 1998, accepted 10 March 1998 

Elucidation of the Chain Conformation 
in a Glassy Polyester, PET, by 

Two-Dimensional NMR 
K. Schmidt-Rohr," W. Hu, N. Zumbulyadis 

The chain conformation of glassy poly(ethy1ene terephthalate) (PET) was characterized 
by two-dimensional double-quantum nuclear magnetic resonance (NMR). In amorphous 
carbon-13-labeled PET, the statistics of the 0-13CH2-13CH2-0 torsion angle were 
determined, on the basis of the distinct shapes of the two-dimensional NMR patterns of 
trans and gauche conformations. In crystalline PET, the trans content is 100 percent, but 
in the amorphous PET it is only 14 percent (i5 percent). An average gauche torsion angle 
of 70 degrees (=9 degrees) was obtained. Implications for materials properties of poly- 
esters are discussed. 

PET (Fig. 1 )  and related arornatlc polyes- 
ters find m~despread uses in tough, transpal.. 
ent  pacltaging materials with good barrier 
properties, 111 polyester fibers, and 111 thin 
films for photograpliic or magnetic-tape ap- 
plications, w h ~ c h  represent multibil l~on 
dollar industries ( 1 ) .  T h e  degree of crystal- 
linity can vary fro111 L1 to 50°b, and noncrys- 

K. Schm~dt-Rohv and \!\! Hu, Department of Polylner 
Scence and Eng~neerng, Unvers~ty of Massaci-usetts, 
Ami-erst. MA 01 003. USA. 
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'To whom correspondence si-auld be addressed 

talline glassy polyesters can be obtained by 
quenching from tlie melt, which produces 
transparent films. T o  understand details of 
the  Inaterials properties of alnorphous and 
semicrystall~lle polyesters, such as glass- 
tralnsition alnd melting temperatures, crys- 
tallization rates, maximum crystallinities, or 
gas-barrier propertie" kkno\vledge of their 
microscopic structure is required. Although 
the  chelnical and the  crystal structures of 
PET are well known (Fig. 1)  ( 2 4 ) ,  the 
chain conformations 111 the atnorphous 
state are poorly character~zed. T h e  torsion 
around the OC-CO s~ng le  bond (Fig. 1)  is 
the  nlajor degree of freedom; bond lengths 
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and alngles vary only sl~ghtly,  and the  sp2- 
hvbridired  units are exrectecl to be rnostlv 
coplanar. In  the probability d ~ s t r i b u t ~ o n  of 
the  OC-CO torsloll angle 4, maxima are 
expected near 180°, the  trans conformation 
(5 ) ,  and near ?60°, the  gauche conforma- 
t ion (2 ,  3, 5 ) .  

1\/lany groups have attempted to estllnate 
the  positions and populations of the  trains 
and gauche conformations for PET (2, 3, 
6-9), rvhich are important parameters In 
r~7tatioilal-isomeric-state IRIS) models (2.  , , 

3) .  Calculations unconstrained by experi- 
mental data tend to ~ x o d u c e  relative117 hieh 
trans pop~~la t ions  ( 2 ,  7), which prehict' a 
larger extension of PET chains in solution 
than is obserl-ed experimentally (2 ,  3 ) .  
Therefore, the  choice of RIS parameters is 
usually guided by dipole moments or J cou- 
plings of low-molar-mass model compounds 
(2,  3, 6-1C). Nevertheless, these procedures 
ha\-e failed to produce a consistelnt pararn- 
eter set. T h e  predicted trans populations 
ranee from 6 to 36'~b~ and the  b of the  
gauche state has been treated as an  adjust- 
able parameter, ranging bet~veen 40" and 
80" (8). In  addition, most of the  data used 
in the anal\-ses were ~lerlved from ethers, 
uolvethers, or esters of low molar mass. 
A ,  

rather than from the  polyesters themselves. 
T h e  transfer of these results to PET is ques- 
tionable because of the  substantial effects of 
solvent or long-range chelnical structure 
( 9 ) .  . , 

L71hratlonal spectroscopy is sensitive to  
molecular conformation, but auant~fication 
is often difficult because of severe peak 
overlap, poorly known oscillator strengths, 
and the  overly localized or delocalized na- 
ture of many nornlal modes. T h e  assign- 
ment  of bands to trans and oauche confor- - 
mations 1s mostly empirical. For a m o r p h o ~ ~ s  
PET, tralls contents of 5 ( I  11, 'i (1 2 ) ,  15 
(13) ,  21 (14), and 14 or 2 4 O . b  (15)  have 
been estimated b\- extrapolation in a series 
of samples with var5-ing degrees of crystal- 
llnity. T h e  average torsion angle of the 
gauche state IC ) has so far not been deter- 

Y 

mined experimentally. It is also uncertain 

Fig. 1. Chemca structure of PET The repeat u n ~ t  
IS demted by the dashed n e s  For smplc~ty the 
planar all trans conformat~on IS shown The 
0- -CH,-'-CH -0 segment for whch the confor- 
mat~onal stat~st~cs were determned In ths report IS 

emphas~zed In bold The bold arrows ndcate the 
u_, prncpa axes of the chemcal-sh? tensors 
One arb~tray B f~eld orlentaton IS ndcated 

tvhether the  maxima in the  4 distribution 
are sharp enough to \t7arrant the description 
by RIS models, which disregard the poten- 
tial scatter of b values. This issue has re- 
cently been raised h\- the  results of fully 
atomistic simulations including intermolec- 
ular Interactions, which show very broad 4 
d~stributions (1 6) .  

Solid-state lnuclear magnetic resonance 
(NhfR) can be used to quantify local struc- 
ture and dynamics In both ordered and 
disordered solid polymers (1 7-22). Through 
anisotropic nuclear-spin interactions and 
the  resulting angle-dependent NbIR fre- 
quencies, the  nuclei act as local probes of 
segmental orientations in space, with the  
strong external magnetic field B5 serving as 
the  reference axis (1 7). In tlvo-dimensional 
(2D) double-quantum NhlR experiments 
that \\-ere introduced recently (20, 21 ), the  
torsion angle betxveen two bonded "C-la- 

u 

beled segments is determined by measuring 
their relative orientation, with the  angle- 
dependent chemical-shift frequencies w', 
and ob of the  two I3C nuclei as the  orien- 
tational probes. In Fig. 1, 4 and the  tensor 
orientations are ilndicated for PET wit11 a 
doubly "C-labeled O-13CH,-1iCH2-0 
unit, produced by p o l - i c o ~ ~ d e n s a t i ~  of dou- 

bly "C-labeled ethylene glycol and unla- 
beled terenhthal~c acid. 

In the  version of the  2D double-quan- 
turn experiments (21 ) that yields the  sim- 
plest spectra, INADEQUATE-type double- 
q u a n t ~ ~ m  evolution (23, 24) is combined 
with complete dipolar decoupling dur i~lg  
detection (21).  In  the resulting 2D spec- 
trum, the chemical-shift sum freauencv w_ , d + ot. of the  double-quantum coherence in 
the first spectral dimension ol is correlated 
with the  individual chemical shifts o. and 
o,, of the  nuclear magnetization observed in 
the  second dimension o , .  W e  ob ta~ned  sim- 
ulations of the  resulting spectral patterns for 
trans (Fig. 2A)  and gauche (Fig. 2B) con- 
formations in  PET (22) by numerical sutn- 
matlon over the  full range of segmental 
orlentatlons. T h e  2D natterns 125). as me11 , , ,  

as their integral projections onto  the  dou- 
ble-quantum ol axis sho\vn o n  top (Fig. 2, 
A and B), were drastically different for the 
two types of conformations. 

T h e  experimental 2D double-quantum 
spectrum of O-'3CH,-13CH,-O-labeled, 
9j0'o amorphous (26) PET (Fig. 2C)  was 
dominated by the  compact features of the  
gauche conformation, as shown in the  sim- 
ulation in Fig. 2B. Nevertheless, a t  low 

Fig. 2. Double-quantum 
N M R  spectra of PET. (A) :i\.... A a u c h e  
S~nulated 2D spectrum of yl= 180" y = 70" 
the trans conforna;on ($ = 

1800) (5) (B) S~nulat~on of A 
the gauche conformat~on oa+ob 
(5). w~th C = 270" Projec- 
tlons onto the doube-quan- 
tun W, axis are shown at the 
top (25). (C) Experimental 
(Expt.) 2D double-quantum 
spectrum of 95% amor- 
phous PET. wth homo- - / \  / \ 
nuclear 13C-15C decoupng 
in the detecton perod (21). 
Contour levels range from 4 
to 100°3. Note the stra~ght 
r~dae of the trans conform- i.. . . . . . i. . 
er; obsewed at the right- 
hand side of the spectrum 180 

(D) Correspondng smula- 
tion \ ~ t h  a trans/gauche [t:g) 
ratlo of 18/82. The experl- 
ments were performed on a 
Bruker (Blerca. MassacP,usetts) MSL-300 spectrometer (13C: 74.75 MHz) in a Bru~er probe head w~th 
a 5-mm col. providng 'H decoupling B., f e d s  with yB,/2~i = 120 kHz (where y is the magnetogyric 
ratio) and % 90' pulse lengths of 2.8 ps.  Recycle delay, 5 s ;  contact trne of cross polarization, 0.5 ms: 
44 tme-data points In the evouton trne t , ,  with increments of 20 ps.  In the smulations, chemical-shift 
parameters for the crystall~ne trans conformers were princpal values of 87, 76, and 22 parts per mion 
(ppm) and polar coordnates a = 43' and P = 113' of the C-C bond in the chemical-shift pr~nc~pal-axes 
system (PAS) (22). For the amorphous trans. 89. 79. and 23 ppm and the same tensor orentaton were 
used. For the gauche conformers, prncipa values of 85, 73. and 33 ppm were estimated from 1 D and 
2D powder patterns: the PAS had an orientaton similar to that of poyjethyene oxde), w~th ct = 90' and 
p = 126' (22, 34). In these experments and In 'H N M R  of deuterated PET (33), only restricted moblity 
of the methylene groups was detected. Our expermental double-quantum spectra show substantal 
correlated nhomogeneous broadening, possibly due to susceptibl~ty effects Ths broadenng was 
taken nto account in the s~mulat~ons by con\~olut~on wth a 2D Gaussian whose wdth along the ~~2w. w) 
line was nearly twce the wdth perpendcular to that n e  
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contour levels of 4 and 9% of the  ~naxi lnum 
intens~ty, the  long s t ra~ght  ridge character- 
istic of the  trans conformations is observed. 
Analysis of the  intellsltles of the tu-o com- 
vonents in the  one-dimensional i l D )  and 
2D spectra shons that the  trans conforrua- 
tions make up 13 to 23%. T h e  best fit of the 
I D  i l o ~ ~ b l e - q ~ ~ a n t ~ ~ m  spectrum was obtained 
for a trans content of 18.i0.6 and be = 72.5" 
(Fig. 3 ) .  A spectral simulation with a trans 
fractlon of 1846 and +g = ?;a0 is shown in 
Fig. 2D. Taking into account the residual 
5 -C 2O.6 cr\-stallinit\- of the sample (26) ,  the  
trans content in the  amorphous regions was 
thus deterlni~leci as 14  ? 5O.k 127). Gil-en , , 

the  assumption that this trans/gauche ratio 
reflects the  Bol tzma~l~l  vovulations of the 
three nlillima in  the lntranlolec~llar poten- 
tial at the glass-transition teruperature TL = 
340 K, the gauche energy is 3.3 -C 1.3 
kJ/mol loner than that of the trans confor- 
mation. T h e  r e l e ~ x ~ l t  temperature of eauil- 
ihration reflected in the conformational sta- 
tistics is within the range of 342 ? 43 K, 
that is, between the  sample storage temper- 
ature of 333 K and Tg T 42 K, where 

equilibrat~on occurs o n  a submlllisecond 
time scale durlng cooling: the  variation of 
the  trans content in this temperature range 
is only ? 1.546. 

T h e  least squares fit procedure (Fig. 3 C )  
yielded a bL, of 2 7 2 "  (=9" ) ,  ruling out a 
gauche tordon angle of +, = ?4Q0, as 
assumed In (8 ) .  Informatioll ;n the  width of 
the  maxima in the  b distribution call be 
obtained hy conlparing our experimental 
spectrum \\-it11 sirn~~lations that use various 
widths of the  peaks around 182" and ?72". 
Results of a least squares analysis for full 
u-~dths at half nlaxim~lru (FWHA'l) of <5", 
52'. and 73" are s h o ~ ~ n  in  Fig. 3. T h e  
na r rows t  distribution pro\-lded the  best flt, 
confirming that a RIS model (2 ,  3 )  can 
provide a good approximation. Substantial 
deviations ne re  seen to occur for half 
xyidths >5Q0. 

T o  demonstrate hon- pronouncedly trans 
signals can show up experimentally, we 
crystallized the sample at 163°C for 2 hours. 
reaching a crystallin~ty of 3 3  ? 3% (28). 
T h e  experinle~ltal 2D spectrum of this semi- 
cr\-stalline material (Fig. 4.4) u-as dornlnat- 

Fig. 3. Deteriinaton of 
trans content p and VZLn 10 20 30 40 50 60 70Go -30' =60 :90 -120 =I50 pYln 

central r), n 950. amor ; : : F y  n::~; 
phous PET In a least 65 - OO. 
squales f ~ t  the root i I 

mean square dev~at~on 301 A C [ 
rmsd) between the ex- 
permental 1 D double 
quantum spectrum of 
F I ~  2C and calculated 

E 1 0 ~  

double quantclm spec 5". of spectrum 
__t tra i as  liiti?i~zed s~iiul 

Nnse 
'0 10 ; 0 3 0  40 '50  6 0 7 0  0 -30 : 7 8 0  

taneoc~sly as a functon Pt WI Vg 
ofp, and r),. Root-mean- 
sqc.are de\/ation cuves for dfferent FWHM 1<5", s o d  cunle: 50", dashed cunle: 70", dotted cuve) of 
tile peaks in the $ dstrbuton are compared n (A) and In (C). For each cuve,  the wdth of the spectral 
line broadenng was adlusted to m n m z e  the rmsd. The rmsd minimum positon was found to be 
independent of the Ine broadenng over a wide range. The rmsd is given in multpes of the random-nose 
value, ndcated by the dash-dotted n e .  The straight dotted Ine ndcates the level of 5% fractona rmsd 
(relative to the rms value of the expermental spectrum at 100%), whch can be regarded as the 
Inaxmum acceptable deviation between smuaton and experment. (A1 Pot of mnmum (mn) rmsd for 
a gven p, [occurrng at varous &, postons, a s  plotted n (B)], iB) Pot of the $, positon of the mnimum 
rmsd, for the trans content p; gven on thex 2x1s. The \/ariation of &, wth the trans content IS seen to he 
smaller than -t3" near the global rmsd minimum, which occurs at p; = 18.5% and r), = 70.5'. The 
quaty of ths  f ~ t  can be judged n Fg. 2D. 8)Cl Mnmum rmsd for a gven &,. iD) Value of p at whch the 
ninmurn rmsd of (C) occurs, as a functon of r),. Near the global mnmum, the \/araton of the trans 
content 1s less than -403; - 1 O O ,  

Fig. 4. Double-quantum 
NMR spectrum of serncrys- 
i a n e  PET. (A) Spectrum of 
a 3C -t 3?3 ctystall~ne PET 

A r ,  
s a m ~ l e ,  iB) Corres~ondinq 1 ', 
s~mulat~on with a trans, - J  gac.che ratlo of 47;53. The 
ntr nsc  spectral resolution 
1s sotnewhat higher than In 
F I ~  2. C and D. 

/ 

a2 

ed by the  narrow s t ra~ght  ridge characteris- 
tic of the trans conformation in the crvstal- 
lites. T h e  minimum in the  least squares fit 
\!-as obtalned for a trans/gauche ratio of 
47/53 ( ~ 6 )  (29)  2nd 4, = 72" (Fig. 4B). 

T h e  d~fference in chain conformation 
between amorphous and crystalline regions 
of PET observed here and in the vibrat~onal 
spectroscopy studies ( 1  1-1 5) rules out mod- 
els of a locally ordered bundled or llano- 
crystalline glassy state of PET. It is fully 
cons~stent  ~ i t h  Flory's prediction of unper- 
turbed random collformatiollal statistics 
and chain dinlens~olls 111 the melt (2) .  It is 
exceat~onal  that the chains in the  crystal- 
lites'of PET have a higher 1ntramo1e;ular 
energy than 111 the  amorphous state. In  inost 
other polymers, the  conformation in the 
crystals is close to  the minim~ull~-energy 
collformation of the isolated chain (3L1). 

T h e  low trans probahil~ty in  the melt 
may be the  prlmary reason for the  relatively 
low crystallization rate of PET (31 ), n.hlch 
allows it to be easily quenched into the 
amorphous state. According to Strobl, the  
rate-limiting step in crystallization is the 
straightening of the chaills on being incor- 
porated Into the  g r o ~ i n g  crystal (32) .  Our  
results imply that this transition from the  
nlostlv gauche conformation in the melt to , - 
the required all-trans c o ~ ~ f o r ~ u a t i o l l  in the 
crystal is accompa~lied by not  only a n  en- 
tropic but also a substantial enthalpic pen- 
alt\-, which increases the barrier to  crystal- 
lization. Support for our hypothes~s that the 
conformat~on in the methylene region de- 
terinilles the crrstalllzatioll rate is t~rovided 
by the  substan;ially higher crystallizatioll 
rate observed for poly(buty1ene terephtha- 
late) (PBT) (3 1 ), a polyester whose chem- 
ical structure closely rese~nbles that of PET 
except for two additiollal methylene groups 
In each repeat u~ l i t .  Because other factors 
affectino cr~.stallization, such as the differ- L, , 
ence b e t w e n  melting and glass-transition 
temperatures, are silnilar for PET and PBT, 
the  conforillatlollal dlffere~lce in  the  meth- 
ylene regions provides the  best kllo~vll e s -  
p l a~ la t io~ l  for their differe~lt crystallization 
rates. 
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Effect of Substrate Strain on Adsorption 
M. Gsell, P. Jakob, D. Menzel* 

Direct evidence for the effect of local strain at a surface on the bonding strength for 
adsorbates is presented. Scanning tunneling microscopy revealed that adsorbed oxygen 
atoms on Ru(0001) surfaces are located preferentially on top of nanometer-size pro- 
trusions above subsurface argon bubbles, where tensile strain prevails, and are depleted 
around their rim in regions of compression, relative to the flat surface. Such effects can 
be considered as the reverse of adsorbate-induced strain, and their direct local dem- 
onstration can be used to test theoretical predictions. 

I n  recent \-ears structure deterlnlnatlons of 
surfaces an2 adsorbate layers have become 
sufficiently exact to give detailed informa- 
tion about the structural changes at the 
surface compared with the bulk, and about 
the adsorntion-induced shlfts of substrate 
atolns (1 ) .  Even for surfaces nrithout major 
rearrangement of the surface atoms (recon- 
struction). both lateral and normal (to the , , 

surface) shifts are found, which can vary 
considerablv from one substrate surface 
atom to the next. Eventually the interatom- 
ic arrangements must join on to those of the 
undisturbed substrate lattice, so that con- 
siderable stress can exist in the near-surface 
region. Quite often these forces-~vhich 
are, of course, the result of the changed 
bonding situation-lead to a major recon- 
struction, releasing some of the residual 
stress. Adsorption of gases causes complicat- 
ed shifts of surface atoms (1,  2 ) ,  which 
should further modify these lateral and nor- 
mal forces and interact with them. 

O n  a more lnacroscopic scale, the devel- 
oping stress can be made visible by tracing 
the deformation of thin crystals up011 gas 
adsorption, either optically (3) or in a ca- 
pacitive way (4). Adsorption introduces 
stress in the surface region of a crystal that 
can vary strongly on an atomic scale, caus- 
ing displacements of substrate atolns from 
their original positions (strain), and the 
stress may also have an average component 
on a larger scale, allowing detection by 
rnacroscopic probes. O n  a rnesoscopic scale 
the developing stress influences the mor- 
phology of bimetallic layers and local order- 
ing (5). 
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One would then expect that strain w ~ t h -  
in the surface region of a crystal introduced 
by external influences should change its 
adsorptive properties. Theoretically, a de- 
pendence of the strength of adsorbate bond- 
ing on the surface lattice constant is expect- 
ed, which should be quantifiable with large- 
scale, total-energy calculations. Obtaining 
direct experimental proof is not easy, how- 
ever. For example, it is difficult to discern 
whether the changed adsorption strength at 
surface steps 1s primarily due to the (un- 
questionably existing) local strain or rather 
to additional electronic effects such as the 
electron redistribution under the strong 
electric field at a step. Applylng an external 
force to bend the sample seems like the 
most promising way to study the intrinsic 
effect of strain on  the adsorption properties 
of various gases. However, such macroscop- 
ically applied external forces ~vill inevitably 
lead to the creation of nulnerous disloca- 
tions that form easily, especially for metals. 
O n  the other hand, external forces that are 
sufficiently weak not to be relaxed in this 
way will probably have only sillall effects, 
which nroulil be difficult to discern. Anoth- 
er possibility, the formation of pseudomor- 
phic substrate layers with crystal lattice 
constants different from the normal surfac- 
es, has been used by Karnpshoff et nl. (6) .  
The  observed frequency shifts of the inter- 
nal C - 0  stretch Inode of adsorbed CO were 
interpreted by them in terms of lattice 
strain. Ho~vever, effects other than the di- 
rect geometry change, especially structural 
defects in the birnetallic layers or dynamic 
frequency shifts, may also have affected 
their  ribr rational line positions. 

M e  chose a way to create local strain 
fields and cornbilled it with local imaging 
with the scanning tunneling lnicroscope 
(STM).  Local strain was produced on  a 

.sclencemag.org SCIENCE \ 01. 233 1 XIAY 1993 71 7 




