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Protonated and deuterated ices (H20  and D20) compressed to a maximum pressure of 
21 0 gigapascals at 85 to 300 kelvin exhibit a phase transition at 60 gigapascals in H,O 
ice (70 gigapascals in D,O ice) on the basis of their infrared reflectance spectra deter- 
mined with synchrotron radiation. The transition is characterized by soft-mode behavior 
of the v, 0-H or 0-D stretch below the transition, followed by a hardening (positive 
pressure shift) above it. This behavior is interpreted as the transformation of ice phase 
VII to a structure with symmetric hydrogen bonds. The spectroscopic features of the 
phase persisted to the maximum pressures (210 gigapascals) of the measurements, 
although changes in vibrational mode coupling were observed at 150 to 160 gigapascals. 

T h e  high-pressure hehavior of ice is fun- 
damental to a number of problems in chem- 
istry and physics. In particular, research has 
focused o n  the  behavior of the hydrogen 
bond in materials under compression for 
many years. O n  the basls of the  behav~or  of 
water-containing systems, the concept of 
symmetrization of the  0 - H .  . .O bond was 
developed, ~vh lch  implies that at some crit- 
lcal value of the distance betweeno two 
neighboring 0 atoms (d,,,, = 2.42 A), a 
proton i~ccupies the lnidpoint hetween 
them (1) .  Under snff~cient compression, it 
has been nreciicted that ice will transforln 
from a molecular solid into a n  ionic mate- 
rial with symmetric hydrogen bonds (2-4). 
Experimental evidence of the transforma- 
tion of high-nressure ice VII (VIII at low - .  
temperatures) to such a state have been 
inconclusive. Moreover, theoretical calcu- 
lations nreciict transitions to still denser 
fcorms a t  higher pressures (5-7). Here, we 
report synchrotron rnfrared reflectivity 
measurements to 210 GPa  12.1 Mhar) to 
explore theoretically predicteci phase tran- 
sitions in nrotonated and deuterateci ices. 
Phase transitions were ohserved at 60 and 
70 GPa  for H,O and D 2 0 ,  respectively, 
which nrovlties evidence for svrnnletric 
hydrogen-honded states in ice. 

Above 2 GPa  at room temnerature, ice is 
reported to have the  hody-centered-cul2ic 
(hcc) structure with water molecules ~iisor- 
dered around their center of mass. In  thrs 
structure, each 0 atom is bonded to four of 
the  eight nearest neighbors by 0 - H .  . . O  or 
0-Ll. . . O  bonds in a tetrahedral arrange- 
nlent (ice VII; Fig. 1).  T h e  structure can 
also be visualized as two interpenetrating 
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Ice I, ( c ~ ~ b i c )  lattices. T h e  disorder in this 
structure changes with pressure at 300 K 
from rotatio~lal to proton tunneling along 
the 0 -H.  . .O or 0-Ll. . . O  bonds (8) .  T h e  
low temperature-ordered Ice VIII has the 
same atomic arrallgernent as Ice VII, except 
that the two Ice I, sublattices now have 
opposite dipole moments. As the  0-0 dls- 
tance decreases with an  Increase in pressure, 
the harrier between two potential wells for 
the 0 -H.  . . 0  coordinate (where the  pro- 
ton can he found with a maximum proha- 
bilky) decreases and the proton tunneling 
frequency increases. It has heen predicted 
that Ice will transform to a symmetric form 
(ice X) when the probability of finding a 
proton at the  midpoint hetween two 0 
atonls hecomes eclual to that near the po- 
tential wells (2) .  T h e  tlme-averaged sym- 
metry does not change a t  this point and is 
equivalent to that of ice VII. Further com- 
pression leads to suppression of proton tu11- 
neling and formation of the structure ~ v i t h  
static, symmetric hydrogen bonds. 

Fig. 1. Idealized structure of Ice VII. As in normal 
Ice, at low pressure the H IS covalently bonded 
(solid n e )  to an 0 of the same molecule and 
weakly bonded (dashed line) to an 0 of a negh- 
boring molecule. The symmetr~cally hydrogen- 
bonded state is predicted to occur wlth decreas- 
ing 0-0 distance on compresson when the point 
of maximum probability of finding the H moves to 
the middle (solid crcle) (2). 

Identification of such a transition has 
been inconclusive because of the diffic~rlty 
of probing the H (or D) sublattice at the 
recluisite pressures ( 9 ,  10).  X-ray diffractloll 
data were obtained to 128 GPa ( I  I )  hut 
provided no  i~lforlnation about the proton 
suhlattlce. If we assume that the lattice 
c o n t i ~ ~ ~ ~ e s  to tie hcc, the positions of the  0 
atoms obtained (largely on the basis of the  
110 reflection) Lvere found to be consistent 
with a u~llforrn cornpression of the 0 sub- 
lattice. Neutron diffract~on studies, which 
are capable of locating the  positions of the 
H and 0 atoms, have been reported only to 
10 GPa  (12).  

Vibrational spectroscopy provides crucial 
information o n  the behavior of ice at ultra- 
high pressure, 111 particular, the evolution of 
the hydrogen bonds. For example, the Ra- 
man-active syrnrnetric 0 - H  stretching 
mode ( v , )  and the infrared (1R)-active an- 
tisymmetric Inode ( v j )  will soften with pres- 
sure helow the symmetrization transition 
and harden thereafter (13).  Raman-active 
f~undamentals in ice VII (ice VIII at low 
temperature) could he measured only up to 
25 and 50 GPa for protonated and deuter- 
ated Ice, respectively (1 ,  8 ) .  These measure- 
ments revealed a softening of 0-H stretch- 
ing modes that is consistellt with the ap- 
proach to~vard symrnetrlzation, but the ill- 
tensities of Raman spectra decreased 
nlarkedly with increasing pressure. 

With  IR spectroscopy, there is the oppo- 
site problem; with increasing pressure, the 
exceedingly intense 0-H absorption results 
in a broad hand, which makes deterlnination 
of peak positions difficult. Moreover, the 
diamond win~io~vs of the pressure cell are 
nearly opaque in the frequency range from 
1800 to 2400 c m p ' ,  a critical interval for 
studying the softening of the 0 - H  stretch- 
111g LIIOC~~S. TO reduce the absorption to a 
measurable range, dll~lte so l~~ t ions  of H D O  
in D,O ice VII have heen studied up to 18.9 
GPa (14) and 45 GPa (15) ,  and these show 
the softening of the ~rncoupled 0 - H  stretch- 
ing vibrations. For higher pressures, these 
meas~rrements are co~nplicated by the strong 
ahsorptlon of ciialnond anvils and the D,O 
f~undarnental stretching mode. T h e  IR ah- 
sorption meas~~rements  of a thin H 2 0  film 
L I L ~  to 110 GPa  at room temperature showed 
enormous llne broadening [f~ull width at half 
masirnun (FWHM) 2500 cmpl]  above 40 
GPa (1 6), which precl~tded identification of 
possible bond symmetrization. 

Here we used ultrahigh-pressure synchro- 
tron IR reflectivity spectroscopy, which is 
ideal for strongly absorbing or opaque sam- 
ples (17) .  In addition, w ~ t h  observation of 
the reststrahlen band, reflect~vlty measure- 
ments constrain the  dielectric f~lnct lon 
even outside the  measured frequency range 
(18) .  H,O and Ll,O ice VII samples were 
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prepared at high pressure (2  to 3 GPa)  at 
room temperature from doubly dlstilleci, 
deionized water and L120 (99.9 mol% puri- 
ty). Three separate experinle~lts were done, 
two for H,O and one for D1O. Water sam- 
ples together with small ruby chips for pres- 
sure deterininatioll (19) Lvere loaded into 

high-pressure chambers 25 to 40 p m  In 
dia~neter  and 15 to 25 pin in thickness 111 a 
stainless steel gasket between two tvpe IIa 
diamonds. Rheni~uin was used as gasket ina- 
terial for thc  run reaching 210 GPa. A 
c~~stom-hui l t  crvostat with KC1 windows 
was used to study the effect of temperature, 
as used recently for measnreinents o n  H, 
over a similar pressure range (20). Reflec- 
tivity spectra were lnorlnalized to  the dia- 
mond-air interface, and reference spectra 
for ahsorption were deterinlned from mea- 
surements through the  empty diainond cell; 
all reference spectra were ~ n e a s ~ ~ r e d  at am- 
bient pressure and temperature. 

T h e  predicted t ra~ls i t io~l  to the symmet- 
ric state is related to d~splacenlents of the 
protons into the m~dpoin t  between 0 at- 
oms. Therefore, it has soine features of dls- 
placive-type phase trans~tions-namely, 
soft-moile behavior of the proton-related 
vihratio~ls. In additLon, close to the trans[- 
tion point the transition should have order- 
disorder character hecause of strong proton 
trinneling. Our  measrirements allovv us to 
ohserve colnplex details of this behavior up  
to and heyond the transition pressure. W e  
analyzed IR reflectivity spectra of HLO at  
11.7 to 5 0  GPa (Fig. 2) rising a classical 
oscillator model alnd the Kramers-Kro111g 
transfcjrmation proceilnre (21 , 22).  T h e  
0 - H  stretch near 1000 c m C '  softens with 
increasing pressure and splits in the pressure 
range of 25 to 45 GPa. In fact, ano ina lo~~s  
line broadellillg and ileviation from the 
"normal" soft-mode hehavior call he inter- 
preted as evidence of proton t ~ ~ n n e l i n g  at 
pressures higher than 20 GPa. This hroad- 
enilng IS readily observed 111 absorption spec- 
tra of the higher frequency overtone and 
comhination bands (21).  T h e  splitting of 
the  s t r r t ch~ng  inode a t  25 to 45 GPa is 
sinlilar to ~ v h a t  has heen reported for the  
 inc coupled 0 - H  vihmtions of H130 inole- 
cules in a 13L0 inatrix (15).  Moreover, \ye 
ohserved intensity exchange fi-orn the high- 
frequency (v,) to low-fi-eil~iency ( v i l )  colll- 
ponent sinlilar to the reported Ferlnl reso- 
nance phenoinei~oil (1 5 ,  23).  A t  higher 
pressures, the  0 - H  stretchilng vibration 
cont in~ied to soften to the point \\here it 
almost intersected the  rotational hand vi: at  
-1250 c inC' .  W e  cooled the  H,O sample 
to 85 K a t  55 GPa and found a inegligihle 
temperatrire effect o n  the f rey~~encies  of the 
stretching allti rotational moiies. 

A t  60 GPa the  reflectance spectra 
change abruptly: the v,  Iland hecaine much 

weaker and a strong low-freque~lcy IR hand 
was observed (Fig. 2). Wi th  further increase 
in pressure, all hands increased in freiluen- 
cy. Reflectance spectra above 60  GPa  show 
a systematic increase in reflectivity at 600 
to 2600 cm-I with increasiilg pressure. Re- 
flectance spectra of D,O at high pressures 
( to  100 GPa  at 300 K and 121 GPa  at  85 K) 
are siinilar to those of H,O except for the 
expected Illass effect on the frequencies. 
These results clearly identify a t rans~t ion a t  
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Fig. 2. Spectra of H,O at 13.7 to 80 GPa (295 K).  
(A) Representative reflectvity spectra: points, ex- 
per~menta data; n e s ,  oscillator model. Spectra 
are shifted with 0.25-unit Increments in the vertical 
direction. There are no data In the range of the 
strong diamond absorption (1 800 to 2400 c m  '). 
Spurious osclations at high frequencies originate 
from Fabry-Perot interference between the dia- 
mond anv~ls. The spectral region around 2600 
cm-' is compl~cated by the absorption of dia- 
monds. Pecular~tes in the spectra are due to n -  
complete cancellat~on of sharp features in refer- 
ence and sample spectra. (6) Imaginary part of 
the dielectrc constant E, of H,O obtaned from a 
Kramers-Kronig analys~s of reflectiv~ty spectra: 
points, Kramers-Krong transformation of experi- 
mental data; dashed lines, oscillator fit. The 
curves are offset in the vertical direction for clarity. 

60 GPa (70 GPa  for D,O) to a phase having 
spectroscopic characteristics of a symmetric 
hydrogen-llonded state. 

W e  pressurizeci ice far heyond the tran- 
sition reglcin up to  210 GPa  to firmly estab- 
lish the  iincreasl~lg wave nr~nnber of the 
stretching mode with pressure (Fig. 3). A t  
150 to 160 GPa,  a resonance hetween 
stretching vs and deformational v, ,  modes 

1000 2000 3000 4000 

Wave number (cm-') 

Fig. 3. t, spectra of H,O (295 K )  showng the 
pos~tive pressure shti of the stretching mode v, to 
21 0 GPa and the resonance at 150 to 160 GPa 
The solid n e  IS from the Kramers-Kronig transfor- 
mallon; the dotted line is calculated from absor- 
bance data (21); the dashed line is the osc~llator fit 
The curves are offset for clarity. 
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Fig. 4. Pressure dependence of the R-active vi- 
brational frequencies in H,O (295 K). The 0 - H  
stretchng mode is labeled V ,  amd v,' at low pres- 
sure and v, after the phase transtion. The dashed 
line corresponding to the shft of the transatonal 
mode v ,  at low pressure IS taken from (8). The 
dashed lines at higher pressure show the pro- 
posed resonance. Other modes: v,, rotation; v,, 
deformation. Uncertainties due to the broad 
bandwidth or the damond absorpt~on are shown 
as  vert~cal error bars. Where bars are not shown, 
uncertainties are less than the size of the symbols. 
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occurred, which is characterized by the ap­
proach and separation of the two vibration­
al levels and a concomitant intensity trans­
fer from v n to vs. Above this point, the 
frequency of the stretching vibration ex­
ceeded the deformational mode (Fig. 4), 
indicating that proton tunneling between 
two potential minima has been suppressed, 
which is consistent with the presence of 
static, symmetric hydrogen bonds (24). Fur­
ther information on the structure, including 
changes in hydrogen positions and possible 
distortion of the O sublattice, will be pos­
sible if synchrotron x-ray measurements on 
ice are made in this newly accessible pres­
sure range. 
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Making DNA Add 
Frank Guarnieri, Makiko Fliss, Carter Bancroft* 

Recent studies have demonstrated the feasibility of using DNA-based experiments to 
compute solutions to combinatorial problems. However, a prerequisite for designing a 
computer useful in a wide range of applications is the ability to perform mathematical 
calculations. The development of a DNA-based algorithm for addition is presented. The 
DNA representation of two nonnegative binary numbers is presented in a form permitting 
a chain of primer extension reactions to carry out the addition operation. To demonstrate 
the feasibility of this algorithm, a simple example was executed biochemically. 

In a pioneering study, Adleman used DNA 
to solve a directed Hamiltonian path problem 
(1), thus demonstrating the feasibility of a 
molecular approach to the solution of combi­
natorial problems. This approach has been 
extended by Lipton to the solution of another 
NP-complete problem, the "satisfaction" 
problem (2). These elegant studies demon­
strated how problems corresponding to Bool­
ean formulas can be solved by a massively 
parallel processing procedure that makes use 
of the ability of DNA sequences to hybridize 
specifically to their complementary sequenc-
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es. More recently, Reif has proposed an ab­
stract mathematical model for the perfor­
mance of parallel molecular computation (3). 

It is clearly of interest to design DNA-
based computers capable of performing 
search procedures. However, design of a 
versatile computer requires development of 
the bit manipulations for carrying out addi­
tion. Mathematical calculations such as ad­
dition represent a different problem than 
the solution of search problems. A search 
problem can be solved by generating all 
possible combinations and searching for the 
correct output, whereas binary operations 
such as addition require that only the cor­
rect output is produced in response to spe­
cific inputs. Consequently, the addition op­
eration requires a quite different model for 
the use of DNA in computing than that 
used previously for search procedures. As an 
approach to the development of a generally 
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