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Comparison of the high-pressure and low-temperature structures of ethanol and acetic acid
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We have determined the high-pressure crystal structures of ethanol and acetic acid, including the positions
of the hydrogen atoms, using a combination of single-crystal x-ray-diffraction techniqued amitio pseudo-
potential calculations. We find that in the high-pressure structure of ethanol the molecules are arranged in
infinite hydrogen-bonded chains that adopt a structural conformation that is distinctly different from that of the
low-temperature form. The hydrogen-bond lengths and bond angles within the chains are equal by symmetry
and, as the molecules also have an alternating alignment to the chains, the molecular chains are relatively
unstrained. It is proposed that this uniformity and lack of strain within the chains enables ethanol to crystallize
much more readily than methanol at high pressure. For acetic acid we find that the molecules are also arranged
in infinite hydrogen-bonded chains that are essentially identical to those in the low-temperature structure.
However, they adopt markedly different relative orientations, which leads to a more efficient molecular pack-
ing and a radically different methyl-methyl contact motif between adjacent molecular chains. The calculated
enthalpies of the high-pressure and low-temperature structures show that the high-pressure phase is the most
energetically favorable. We find a relatively small 0.056 eV/molecule enthalpy difference between the two
structures and this is reflected in the very low freezing pressure of approximately 0.2 GPa at room temperature
compared to the freezing temperature of 16 °C at ambient pregS0#63-18209)03233-4

[. INTRODUCTION The linear alcohols H(C}E),,OH interact through a com-
bination of a short-range repulsive force, a steric interaction,
The range of intermolecular interactions, in conjunctiona weak van der Waals attraction, and relatively strong direc-
with molecular form and symmetry, are strongly coupled totional hydrogen bonds. As the relative influence of hydrogen
the structure and dynamics of molecular solids. As these inbonding is expected to decrease with increasing molecular
teractions strongly depend on intermolecular distances, higlength, competition between these forces is expected to vary
pressure provides a powerful probe for the study of molecuwith n. This competition can result in a variety of interesting
lar solids as these distances, and hence the interactions, catructural effects and for other monoalcohol systems
be altered substantially. In order to develop a systematic un-C,H,,OH) chain, ring, and dimer conformations can reéult.
derstanding of hydrogen-bonded molecular systems at high For methanol, which is the simplest linear alcohol with
pressure, it is vital that a range of hydrogen-bonded smalln=1 (H(CH,);OH), two orthorhombic crystalline phases
molecule systems are studied. We have recently presentede formed on cooling—th@ phase crystallizes below 175
the high-pressure structures of methanol and formic?gcid K and transforms to ther phase at about 157 K on further
where we demonstrated that the structures are not only sulbooling®® For ethanol [H(CH,),OH], only a single-
stantially different from those formed at low temperature butcrystalline phase, with the monoclinic space grdep, is
also in methanol the potential for vitrification at high pres-observed on cooling below the freezing temperature of
sure is related to the increased strain the molecular chains 156 K (Ref. 7 at atmospheric pressure. The low-
and for formic acid the molecular orientations in the high-temperature structures of both methanol and ethanol are
pressure crystal structure offers a clear route to dimer formaeharacterized by infinite hydrogen-bonded molecular chains
tion at more elevated pressures. with the molecules arranged in an alternating sequence.
Here we present the high-pressure structures of ethanol At ambient temperature, the equilibrium freezing pressure
and acetic acid. The low-temperature structures of both obf methanol is 3.5 GPa, although, in practice, it is very easy
these systems are composed of linear hydrogen-bonddd superpress the liquid phase. The nucleation rate for crystal
chains of molecules and they are the last in their respectivgrowth rises to a maximum near 7 GPa before vanishing at
series to do so; in the linear monoalcohols the larger mol10.5 GP&?° If the liquid is rapidly compressed beyond 10.5
ecules all form glasses on cooling, and in the linear monoGPa, crystallization does not occur and the liquid becomes a
carboxylic acids all the molecules larger than acetic acicdbressure-induced gla&s. However, at ambient pressure
form crystal structures composed of isolated dimers. methanol cannot be vitrified by rapid cooling of the bulk
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liquid, but only by vapor deposition on a cold substregee, DFT calculations are required to obtain accurate atomic co-
e.g., Ref. 10 The high-pressure crystal structure of metha-ordinates of the hydrogens.

nol has recently been solved and has been used to determineWe find that the ethanol structure is monoclinic with
which structural aspects may explain why methanol is diffi-P2,/c symmetry and the hydrogen-bonded chains adopt a
cult to crystallize at high pressure and so readily forms delatively unstrained 1-1-1 arrangement. We propose that the
glass? The most striking feature of the high-pressure strucelative uniformity and lack of strain within the chains al-
ture was found to be the conformation of the hydrogenlows ethanol to crystallize much more readily than methanol
bonded chains of molecules. The molecules are sequenced &b high pressure. Although the distribution of bond angles
that two neighboring molecules are aligned parallel to ondl-€- the strain in the hydrogen bondscreases for methanol
another, forming a hydrogen-bonded pair, while a third isat high pressure the contrary is found for ethanol where the

aligned antiparallel and correspondingly shifted by its ownydrogen-bonded chains are more regular than those of the
length to form a hydrogen bond between each pair. ThidOW-témperature phase. Unlike the behavior of methanol, this
“2-1-2-1” sequence is unique to the observed chain conforobservation is the reverse of what is expected from the com-

mations in monoalcohol systems and leads to considerabRH€r simulation results of Root and Be?ﬁmat predict that
strain within the high-pressure methanol structure. the range of hydrogen-bond angles increases with pressure.

Ethanol, in contrast, crystallizes readily at high pressure, FOf acetic acid, we find that, despite the low-freezing
with Raman-scattering studies indicating that the highPressure of only 0.2 GPa, the high-pressure crystal structure

pressure phase is stable from about 1.9 GPa to at least ¥ Quite different from that formed at low temperature. Al-
GPall'2 shimizu et al!? observed remarkable negative though the hydrogen-bonded molecular chains of the high-
shifts in the OH stretching frequencies with pressure, whictPressure structure are virtually identical to those of the low-

they interpreted as being due to the increasing strength of tHgMPerature phase, the relative orientations of the chains are
hydrogen bonds in the chairsr the increasein the O-H markedly different. The chains reorient in such a manner that

bond length. The negative values adv/dP for the O-H puckered molecular layers are formed, providing a more ef-

stretch frequencies were found to be smaller than those of ficient molecular packing, and so that a substantially differ-
other molecular solids with one-dimensional chains. It want methyl-methyl contact motif is created between adjacent

suggested that nonbonding interactions involving the larg&n®lecular chains. The calculated enthalpies of the high-
CH5CH, group in ethanol impede the compression of thePréSsure and Iovy—temperature structures shows that the high-
chain — although this notion was based on ethanol retainin§"€SSuré phase is the most energetically favorable. The rela-
the low-temperature structure at high pressure. Ively small 0.056 eV/molecule enthalpy difference between
The monocarboxylic acids formic acitHCOOH) and the two structures is reflected in the very low freezing pres-

acetic acid (CHCOOH) distinguish themselves from the sure of approxma_dely 0.2 GPa at roomo temperat_ure com-

other, larger molecules in the series in that they form crystaP2re€d to the freezing temperature of 16 °C at ambient pres-

structures at low temperatures with infinite hydrogen-bonded!"®:

molecular chains rather than isolated dimer pairs linked by

relatively weak intermolecular bonding. Both formic acid Il. STRUCTURE SOLUTION AND AB INITIO

and acetic acid crystallize in tHena2, space group at tem- CALCULATIONS

peratures of 8 °C and 16 °C, respectively, with remarkably

similar conformations of the carboxyl groups within the For the ethanol and acetic-acid studies the experimental

chains—the structures being essentially identical with the exprocedures were essentially the same. In both instances the

ception of the methyl group in acetic acid. liquid was loaded and pressurized in a Merrill-Bassett
In a recent study of the high-pressure pRaseformic  diamond-anvil ceff’ that had been equipped with 6Qom

acid, it was found that the molecules also form infinite culet diamonds and a steel gasket. After the nucleation of

hydrogen-bonded chains although they adopt bothdise many crystallites the temperature was cycled close to the

andtrans conformers rather than only theansform of the ~ melting curve, in order to reduce the number of crystallites,

low-temperature phase. The molecules are arranged in paiis a manner similar to Ref. 16. Finally, a single crystal was

on symmetrically flat layers so that “near dimers” are cre- obtainedat 3.01) GPa for ethanol and at 0.2 GPa for acetic

ated between adjacent molecules in the same chain—thougieid] that entirely filled the 20Qwm gasket hole.

the required bond lengths for “true dimer” formation are  The setting angles of 25 strong reflections were deter-

significantly shorter than those observed. We anticipate thanined for both samples on an Enraf-Nonius CAD4 diffrac-

the transition observed at 4.5 GPa, in the high-pressure R&meter(equipped with a Mo x-ray tubeand a least-squares

man study of Shimizt? on the deuterated for@DCOOD), is  fit gave the monoclinic unit-cell parameters of ethanol to be

due to the creation of either bonds between these neighboa=7.602(3) A, b=4.767(3) A, ¢=7.265(3) A, and

ing molecules so that dimers are created or between adjacefit=114.8¢3)° with a volume V=239.0(4) &; and the

chains so that a hydrogen-bonded network is formed. monoclinic unit-cell parameters of acetic acid to be
Here we report the first high-pressure structure determia=4.0365(12) A,b=13.2234(13) A,c=5.6979(8) A and

nations of ethanol and acetic acid where we use a combingd=91.912(17)° with a volum¥ =303.96(13) &. Compar-

tion of single-crystal diffraction andab initio density- ing the unit-cell volume of the high-pressure phases with

functional calculations. Both methods are required to fullythose of the low-temperature phaséswe expect there to

determine the structures since the x-ray diffraction methodbe four molecules in the unit cell for both ethanol and acetic

determine the space group, unit cell, and C and O positionacid.

that are unlikely to be found frorab initio methods and the Intensity data were collected for both samples with the
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TABLE I. Fractional coordinates of the 3.0 GPa ethanol structure obtained froabthrétio calculations
(second set of coordinateand, for comparison, the coordinates of the C/O atoms obtained from the single-
crystal x-ray resultgfirst se}. The ESD’s from single-crystal refinements are shown in parenthesis. The
numerical accuracy of thab initio calculations is within the number of decimal places quoted. & , H,,
and H; form the CH; group, G, H,4, and H; form the CH group; and @ and H; form the OH group of an
ethanol molecule.

Experimental Theoretical
Element X y z X y z
0O, 0.93236) 0.302213) 0.16186) 0.9429 0.2763 0.1750
C, 0.6985%9) —0.021921) —0.05549) 0.6950 0.0142  —0.0704
C, 0.7525811) 0.275425) —0.002510) 0.7691 0.3003 0.0076
H, 0.6629 —0.1058 0.0385
H, 0.5575 0.0344  —-0.2112
Hs 0.7995 —0.1006 —0.1067
H, 0.7877 0.4222  —0.1103
Hs 0.6631 0.4124 0.0456
He 0.9872 0.4627 0.2312

w-scan method at the position of least attenuation of theeters and the C and O positions are used as a starting point
pressure cell, according to the fixgdtechnique'® All ac-  for the calculations and approximate positions for the hydro-
cessible reflections were measured in the dhettk, =1 for  gen atoms are assumed. We then perform calculations based
0 A~1<sin@/A<0.71 A1, The intensities were corrected on the density-functional formalism within the generalized
for absorption, averaged over Friedel pairs, and then used fgradient approximation for the exchange and correlation
structure solution by direct method$The systematic ab- potential?®® The valence electron wave functions are ex-
sences of the reflections indicated that the structure of ethgpanded in a plane-wave basis to an energy cutoff of 700 eV
nol hasP2,/c symmetry and a trial solution in this symme- that converges the total energy of the system to better than 1
try was found to be acceptable. TH&2,/c model was meV/molecule. Q.-tuned pseudopotentials of Liet al?* in
refined using therFINEQO suite of progrant§ and the final  Kleinman-Bylander forrff are used to describe the ion elec-
structural parameters to the fiR(v=0.17, GoF=1.48 for  tron interactions. Integrations over the Brillouin zone are
487 reflectionsare presented in Table |. For acetic acid, theperformed using a Monkhurst-Pack setkopoints. We find
systematic absences of the reflections indicated that themat fourk-points for ethanol and sik-points for acetic acid
structure had th&2, /n space group and trial solutions were again converge the total energy of the system to better than 1
attempted in this symmetry. The final model was refined usmeV/molecule. The total energy of the system is minimized
ing the RFINEQD suite of program&’ after averaging the re- by varying the plane-wave coefficients using a precondi-
flections over symmetry equivalents, and the final structurationed conjugate gradients schefiézrom a given relaxed
parameters to the fitRw=0.14, GoF=1.30 for 605 reflec- electronic configuration thab initio forces on each atom and
tions) are presented in Table Il. the stresses on the unit cell are calculated and relaxed under
The x-ray-diffraction results give a reliable model for the a conjugate gradients algorithm. We consider the calculation
high-pressure structures. However, from the available dataonverged when the components of all forces are below 0.01
we are unable to determine the position of the hydrogensV/A. We also simultaneously perform relaxation of the
Therefore a series adb initio calculations have also been unit-cell parameters usingb initio stresses and an external
performed to calculate the full structure including hydrogenpressure set to the experimental value. For this, a Pulay cor-
positions. The experimentally determined unit-cell param+ection is required to maintain a constant energy cutoff for

TABLE Il. Atomic coordinates of the high-pressure structure of acetic acid found by both x-ray diffrac-
tion andab initio calculations at 0.2 GPa. The lattice parameters are given in the main text.

Experimental Theoretical
Element X y z X y z
C, 0.369125) 0.41313) 0.224714) 0.3589 0.4128 0.2249
C, 0.267@22) 0.33523) 0.391913) 0.2648 0.3329 0.3980
(o)) 0.349815) 0.24762) 0.388110) 0.3482 0.2505 0.3778
0O, 0.098215) 0.37042) 0.56848) 0.0907 0.3621 0.5635
H, 0.7231 0.6091 0.9457
H, 0.7390 0.5135 0.7268
Hs 0.3770 0.5833 0.7930

Hy 0.9820 0.6923 0.3239
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FIG. 2. The nature of the hydrogen-bonded chains in liath
FIG. 1. The structure of crystalline ethanol at 3.0 GPa is shown.the low-temperature angh) high-pressure structures of ethanol are
A clearer illustration of the hydrogen-bonded chains is given inllustrated here. In the low-temperature structure the H bonds are

Fig. 2 strained, while in the high-pressure structure the molecules are ar-
T ranged so that the H-bond angles are close to an ideal 180°.

the basis set expansion of the wave function due to the o o )

changing unit-cell parameters. From this we are able to de- Within each chain in the hlg_h-pressure structure the moI-_
termine the fully relaxed structural parameters includingECules are coplanar and are aligned parallel to one another in
unit-cell parameters and the positions of the hydrogen atom@n alternating 1-1-1 sequence. This arrangement is strikingly
of the high-pressure ethanol and acetic-acid structures. As dfjfferent from that of the low-temperature phase, shown in
additional test of the experimental results, we also performeffid- 2@ where pairs of molecules are linked together in
the ab initio calculations without constraining the structures frans and gaucheconformers with the carboxyl groups of
to any space group to look for any deviations from the al-each molecule dlreCFed away from the center of each pair.
lowed structural parameters of tiR2, /c and P2, /n space These m(_)lecular pairs alternate so that the molecules are
groups for ethanol and acetic acid, respectively. It was foundTanged in a 2-2-2 sequence along the chain. In contrast, the

that the symmetry of the structure was preserved to withiqnolecules of the high-pressure phase, shown in Hp), 2
the accuracy of the calculations. have only therans conformation and they are linked in each

chain so that their carboxyl groups are aligned in the same
direction along theb axis—so that an “interlocking” ar-
Ill. RESULTS AND DISCUSSION rangement is formed.
A. Ethanol In Table Ill we give a selection of bond lengths and
angles of the 3.0 GPa structure of ethanol as found by both
We performedab initio calculations with full structural
relaxation of all internal and unit-cell parameters at 3.0 GPa  1ag_E jiI. Selected bond angleén degreesand bond lengths

to give a direct comparison to experiment. The unit-cell pa<jn A) of the high-pressure structure of ethanol from the experimen-
rameters were found to ba=7.606 A, b=4.754 A, ¢ tal studies and thab initio calculations. We have also performed an

=7.278 A, and 5=116.92 giving a unit-cell volume of ap initio calculation using the same techniques on an isolated mol-
234.68 B. This is in excellent agreement with the experi- ecule to show the distortion of the molecule in the crystal as com-

mental unit-cell parameters presented above. pared to the ideal gas-phase structure.
The full structure of ethanol at 3.0 GPa, including the
positions of the hydrogen atoms, is shown in Fig. 1. It canbe  Bond Experimental Ab initio  Isolated molecule
seen that the molecules form linear hydrogen-bonded chains;,
parallel to theb axis, consistent with the formation of one 1+ He 1.626
hydrogen bond per molecule. 01~ Hs 0.970 0.958
To make a quantitative comparison between the high- C=0, 1.3938) 1.336 1.403
pressure and low-temperature structures of ethanol, we have C1~C2 1.48119 1.484 1.498
also performed amb initio calculation of the low tempera- ComHa 1.097 1101
ture structure. The unit cell is found to have lattice param- C2—Hs 1101 1.101
eters(at 0 GPa of a=5.527 A, b=7.000 A, c=8.227 A, Ci—H; 1.091 1.092
andB=98.44 giving a volume of 314.83%per unit cell. As C;—H; 1.087 1.092
the volume per molecule of the low-temperature and high- Cy;—Hs 1.091 1.092
pressure phases are experimentally 74%aAd 59.8 &, re- Anal
spectively, (and 78.7 B and 58.7 &, theoretically, the ng'e
high-pressure arrangement provides a more efficient molecuo, —Hg- - - O, 178.8
lar packing. Compared to the high-pressure structure, theH,—0,-C, 132.5 110.0
alignment of the carboxyl groups is reversed in neighboring o,-c,-c, 112.18) 108.5 108.3

chains so that the centrosymmetry is preserved.
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the experimental and theoretical methods. To illustrate the
distortion of the molecules within the crystal we have also
performedab initio calculations to obtain the structure of the
gas-phase ethanol molecule. A comparison of the structures
is also presented in Table IIl. It can be seen that the major
distortion of the ethanol molecule away from its gas-phase
structure occurs in the length of the CO bond where it in-
creases by~10% and also a distortion in the HOC angle.
This angle opens by a relatively large amount, but the cost of
this if offset by reducing the length of the hydrogen bond and
also in a reduction of the H-bond strain angle.

As the space-group symmetry of the low-temperature
phase requires two molecules in tRe asymmetric uni{the
trans and thegaucheforms) its molecular chains are more
irregular than those of the high-pressure phase where only
one molecule is required in tHe2,/c asymmetric unifthe “
trans form). For the low-temperature structure the C-C and  FiG. 3. Schematic illustration of the high-pressure structure of
C-O bondlengths are 1.5@@ A and 1.4993) A for thetrans  acetic acid at 0.2 GPa and room temperature. The dashed lines
conformation and 1.422) A and 1.4312) A for the gauche  indicate hydrogen bonds.
conformations, while the C-C-O bond angles are 108.8° and

112.0°, respectively. As expected, the corresponding bond 910 A and 166.6° for the high-pressure structure and
lengths are somewhat smaller in the high-pressure phasepy1 A, 1.642 A, and 164.8° for the low-temperature struc-
where the C-C bondlength is 1.484 A while the length of they,re _ revealing, again, no substantial differences. For the

C-O bond is 1.336 A. The C-C-O bond angle is 108.5% high-pressure phase, we summarize the bond lengths in
which is close to that of thérans molecule in the low- Tgpje Iv.

temperature structure. The C-H distances show litle varia- |, the high-pressure structure, however, neighboring
tion in the high-pressure structure, differing at most by 0.00&:ains are oriented in an opposite sense from those in the
A from their average value of 1.093 A. This compares favor-oy-temperature structure and, as can be seen in Fig. 4, this
ably with the low-temperature phase where a mean C-Hgags to the formation of puckered molecular layers accom-
bond length of 0.98 A is foun@ The intermolecular hydro- panied by a more efficient molecular packing: in the low-
gen bonds for the Iowjtemperature phase are also irregular @mperature structure, at 2782%Keach molecule occupies a
expected: the O-H distances vary between @ and  \olume of 78.51 & while at high-pressure the molecular
0.853) A and the H--O distances between 193 Aand  yolume is 75.99 A More significantly, though, this reorien-
1.883) A. Similarly, the O-H -- O bond angles range from 5tion of the molecular hydrogen-bonded chains leads to a
176° to 172°. This contrasts with the high-pressure phasgypstantially different methyl-methyl contact motif between
where the O-H and H - O distances and the O-H-O bond  agjacent molecular chains. As is illustrated in Fig. 5, the
angles are equal by symmetry and have values of 0.970 Ag\-temperature structure is characterized by methyl-methyl
1.626 A, and 178.8°, respectively. interactions, on the order of 4.0 A, where the axes of the
moleculegdefined by the C-C bongare approximately per-
pendicular to one another and are directed towards the me-
thyl carbon of the adjacent interacting molecule. These
Our ab initio relaxed lattice parameters at 0.2 GPa aremethyl-methyl contacts zig-zag in a direction parallel to¢he
a=4.117 A, b=13.232 A, ¢=5.740 A, and B=92.42°,
which are in excellent agreement with experimental results. TABLE IV. As Table 111, but for the high-pressure acetic-acid
The full ab initio structure is shown in Fig. 3 and the struc- structure.
tural parameters are given in Table Il along with the experi
mental C and O coordinates. We have also carried out cal- Bond Experimental Ab initio  Isolated molecule
culations of the low-temperature structure of acetic acid to

B. Acetic acid

compare with the high-pressure structure. A comparison of -G 1.4727) 1512 1.485
the high-pressure structure with the low-temperature struc- 2~ ©1 1.2056) 1.150 1.196
ture reveals that th&rans molecules in both structures are ~ €2~ 02 1.3185) 1.274 1.349
very similar and they link together in hydrogen-bonded mo- ©O2—Ha 1.021 0.974
lecular chains that are essentially identical. For the carboxyl Ci1—H: 1.063 1.093
groups in the high-pressure structure the C-O andQC Ci—H; 1.095 1.088
bondlengths are 1.274 A and 1.150 A for the high-pressure Ci—Hs 1.098 1.088
phase, and 1.321 A and 1.206 A for the low-temperature Hy---O; 1.091
phase, while the O-€0 bond angles are 120.7° and 121.9°,

. . S Angle
respectively. The C-C distances are also very similar and are
1512 A and 1501 A for the high-pressure and low- c,—C,-0,  125.24) 120.7 1253
temperature structures, respectively. The hydrogen-bond disc, - c,- 0, 114.23) 116.5 112.3

tances and angles, O-H,,OH, and O-H - - O are 1.021 A,




FIG. 4. A “ball and stick” illustration of the low-temperature
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structure of acetic acid.
axis linking molecules in adjacent hydrogen-bonded chains.

In contrast, the methyl-methyl contact motif of the high-

pressure phase involves only individual pairs of molecules,
on neighboring chains, where their molecular axis are almost
perfectly coincident and where their carboxyl groups are es-

sentially coplanaishown in Fig. 6, as well as marginally
improving the packing efficiency.

FIG. 6. A diagram of the high-pressure structure of acetic acid is
shown with the hydrogen atoms removed for clarity. The planar
Although the molecules of the high-pressure phase of etheonfiguration of the acetic-acid molecules can be seen.
anol have a similar geometry to those of thens conforma-
tions of the low-temperature structure, the connectivityegual by symmetry and are close to the ideal value of 180°
within the hydrogen-bonded chains is markedly different.While, by contrast, those of the low-temperature structure

The O-H --O bond angles in the high-pressure structure ard/ave differing values that are significantly distorted from
colinearity. In the high-pressure phase of methaadimilar

effect was observed where the O-HO bond angles range
from 150.9° to 178.2° and it was concluded that the
hydrogen-bonded chains of methanol molecules were highly
strained relative to both of the low-temperature structures.
For ethanol, the reverse appears to be the case and the chains
of molecules in high-pressure phase are under less strain than
those in the low-temperature structure. The strain in the
high-pressure methanol phase is related to the 2-1-2-1 ar-
rangement of the molecules, which is alleviated in the low-
temperature forms by the molecules adopting the alternating
1-1-1 sequencéThis is also the case in ethanol where the
structure exhibiting the least strain also adopts the 1-1-1 ar-
rangement — although for ethanol it is the high-pressure
phase. The strained structuréhe low-temperature 2-2-2
phase of ethanol and the high-pressure 2-1-2-1 phase of
methanol both have molecules arranged in parallel within
the chains. The proximity of the GI&€H, groups in ethanol
and the CH groups in methanol lead to strong intermolecu-
lar repulsions for the parallel molecules, which appears then
to lead to this strain.

In our recent study of formic acid it was concluded that,
as for ethanol, the molecular chains in the high-pressure

FIG. 5. A comparison between the methyl-methyl interactionsStructure were under less strain than those in the low-
of the (a) high-pressure antb) low-temperature structures of acetic temperature structut@nd it was proposed that the formation
acid showing the “parallel” and “perpendicular” arrangements of of both cis andtrans conformers in the high-pressure phase
the methyl groups. is the major factor in the mediation of this strain. The high-

IV. CONCLUSIONS
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pressure and low-temperature structures of acetic acid, hovent than the behavior of the monocarboxylic acids where
ever, have only th@rans molecular conformation and, as crystallization normally occurs even for extremely large mol-
mentioned above, they exhibit very similar O-HO bond  ecules[for example valeric acid, C}€H,CH,CH,COOH
angles and subsequently virtually identical strains. The straifRef. 25]. This suggests that hydrogen bonding in the
is, however, significantly greater than the strain in both th@monoalcohols is not strong enough, even at high pressure, to
high-pressure and low-temperature structures of formigtapilize the increasingly flexible molecules into uniform
acid® This indicates that although the reorientation of theconformations within a crystalline structure. In addition, al-
molecular chains in the high-pressure acetic-acid structurghough it is also possible to predict a possible route to dimer
allows a much simpler methyl-methyl interaction motif, and formation in formic acid where “near dimers” are formed at
a more efficient molecular packing, it does not lead to ahigh pressuré,a similar mechanism is not so apparent in
reduction in the strain within the molecular chains — which gcetic acid. However, given that the strain on the hydrogen
must accommodate the relatively large methyl groups. Agonds is likely to increase with pressure, with the strength-
already stated, all the other larger monocarboxylic acidening intermolecular repulsion from the methyl groups, it is

(such as the next members the series, acrylic acid and propinticipated that this may lead to the increased likelihood of
onic acid form low-temperature crystal structures with iSo- dimer formation.

lated dimer pairs. This suggests that the “tail” on the car-
boxyl group cannot extend to more than one carbona
single methyl groupbefore the increased intermolecular re-
pulsions leads to excessive strain in the hydrogen bonds for
chain formation, and dimers result. We thank H. Vass for his help in maintaining and prepar-

Finally, it is instructive to note that the larger linear alco- ing the x-ray-diffraction facilities. We wish to thank G.J.
hols H(CH,),OH with n>2, such as propanol and butanol Ackland for useful discussions. This work was supported by
do not crystallize either on cooling or compression but in-a grant from the Engineering and Physical Sciences Research
stead they invariably form glasses. This is somewhat differCouncil.
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