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Density functional study of carbonic acid clusters

P. Ballone,® B. Montanari,” and R. O. Jones®
Institut fir Festkaperforschung, Forschungszentrumlidh, D-52425 Jlich, Germany

(Received 24 November 1999; accepted 26 January)2000

Density functional calculations on carbonic acidgd®; are extended to clusters of up to five such
units. The most stable forms are the linear, hydrogen-bonded analogs of the dimenti#dnti
orientation. We calculate structures and vibration frequencies, as well as the energy required to bend
and stretch the linear isomers. Linear chains of up~t®0 units should be favored over ring
structures, and they have a tensile strength reminiscent of chains of water molecules. We also
discuss planar, nonlinear structures as well as three-dimensional isomerg00@® American
Institute of Physicg.S0021-960600)30615-9

I. INTRODUCTION lecular structure calculations. TheE0; dimer is a particu-

. . . . larly interesting case, as very extensive calculafiomdicate
The interaction of carbon dioxide with water plays a y 9 Y

central role in many biological, ecological extraterrestrialthat this cluster is remarkably stable. The energy difference
y gical, gical, . between the dimer and the constituent £&hd HO mol-

(particularly cometary and industrial processes. Carbonic : . .
. ; ecules is, when corrected for zero point energy differences,
acid (H,CO,, denoted CA, formed by the hydration of C£) “astonishingly close to zero.? The dimer is, therefore,

dissociates rapidly in water, so that the evidence for its ex- . L . :
istence is often indirect. There have been numerous calcul (ore relevant for investigating the stability o0, than is

tions of the eneraetics of the gas phase readton: e monomer. The stability of still larger clusters is a tanta-
9 gas p ' lizing question that, to the best of our knowledge, has not yet

H,0(g) + CO,(g)=H,CO(g). (1) been addressed. , |

. . oo ) In an earlier papet,we discussed the bonding and en-

The most extensive calculations indicate that there is an a‘é’rgy differences of numerous fragments of bisphenol-A

tivation barrier for reaction(1) of over 50 kcal/mof:® al- polycarbonate BPA—PQ, including the isomers of €O,

though it is catalyzeq by the presence of_additional watetnown in Fig. 1. The most stable is trans—trans isomer,

molecules°’. A peak with mass-to-charge ratio of 62 follow- ¢o)15\ed by thecis—trans andcis—cis forms. The calculated

ing thermal decomposition of (NJHCO; (s) has been at- o0y encies are in reasonable agreement with other calcula-

tributed to gas phase carbonic atiand other weakly bound ione and with experimental data. In the present work, we

compelsexes—such as-CO—have been found in the gas g tenq these calculations to small aggregates,6f®4 mol-
phase. _ _ ecules. It continues a study of the applicability of the density
Low temperatures would favor the formation of carboniCy tional (DF) method to organic molecules and molecular

acid, and two techniques have been used to synthesizgysiais as well as to organic polymers. In addition to the
H,CO; at low T and to detect it using infraredR) spectros- intrinsic interest in aggregates of hydrogen-bonded mol-

copy. Moore and Khanfigperformed proton irradiation on ecules, it is a challenge to theory to provide insight into the

mixed H,O and CQ ices at 20 K, and carried out IR and presently unknown structures of the carbonic acid polymor-
mass spectroscopic studies on the products. New featurescigﬁs_ Essential details of the calculations are provided in Sec.

the IR spectra of the resulting films were;vgassigned t0 soliq; and the results for the structures and vibration frequencies
H,CO; trapped in the ice matrix. Haget al.”~formed solid 516 given in Sec. 11l We discuss and summarize our findings
H,CO; by the reaction of KCO; and HCl(and HBp at 150 ;) gec. |v.

K in vitreous methanol films. Crystallization to a form de-

noted a-H,CO; occurred at 190—-200 K, and Fourier trans-

form infrared spectroscop§FTIR) measurements were per- |l METHODS OF CALCULATION

formed on it. When water was used as solvent, a second The method of calculation has been described

metastable polymorphd-H,CO;) could be identified. previously!®!! The electron—ion interaction is represented

The small energy differences involved in the formation by ionic pseudopotentials with teonloca) form suggested

of carbonic acid and the metastable nature of many of thgy Troullier and Marting2 We adopt periodic boundary con-
structures involved provide challenges to methods for moyitions with a simple cubic cell with lattice constant 36 a.u.

and a plane wave basis with a kinetic energy cutoff of 35
dpermanent address: Universitegli Studi di Messina, Dipartimento di a@.U., and the expansion of the orbitals uses a single point
Fisica, Contrada Papardo, 1-98166 Messina, Italy. (k=0) in the Brillouin zone. As in previous work in this

PPresent address: Department of Physics, Queen's University. ; ;
Belfast BT7 1NN, Northern Ireland. series, we use the exchange-correlation energy functional of

13 ik :
9Author to whom correspondence should be addressed. Electronic maiP_erdeW’ Burke, and Er_n_zerh_(iPBE), which is relatively _
r.jones@fz-juelich.de simple and free of empirical input. All structures were opti-
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particular, a thorough study of the Ih phase of ice found that
the PBE functional gave excellent results for the sublimation
energy, equilibrium volume, and bulk moduftfsEinally, a
recent study showed that this functional provides a very sat-
isfactory description of atomization energies for the extended
G2 set of molecule¥ All this experience with the PBE
functional is very encouraging for the present study of car-
bonic acid clusters.

The large computational demands of this method mean
that it does not suffice to generate starting configurations in
organic and other molecules with strong, directional bonds if
the structures are unknown. To accelerate the exploration of
the potential energy surface, we have used classical molecu-
lar dynamics with an empirical force fiefd.This allows us
to perform extensive simulated annealing on many structures
(c) . . .

and has provided input to DF calculations of structures that
FIG. 1. Molecular structuresa) trans—trans (b) cis—trans and(c) cis—cis W€ had not found with other means. Nevertheless, we have
isomers of carbonic acid. Carbon atoms are gray, oxygen atoms black, hyeoncluded that the empirical potential is of limited use for
drogen atoms white. CA, clusters, since it is difficult to incorporate simply the
pronounced tendency to planarity displayed by adjacent hy-
drogen bonds. As a result, many low-energy structures gen-
erated by this method were found to be unstable at the level
of DF calculations.

(@) (b)

mized using a combination of DF calculations with molecu-
lar dynamics(MD)***° and a simulated annealing strategy.
Optimizations were continued until the magnitude of the
maximumforce on any atom was less thaxx80 % a.u. and
the averageforce on the atoms are an order of magnitude|||. RESULTS
less.

The small energy differences involved in hydrogen
bonding have provided a challenge for all methods of mo-  In Fig. 1 we show the structures of tlf@ trans-trans
lecular structure calculations. Tests on the prototype watefb) cis—trans and(c) cis—cis isomers of HCO;, which we
dimer (H,0), showed that the local densifD) approxima-  discussed in Ref. 9. For completeness we proyitble )
tion to the exchange-correlation energy overbind this systenthe structural parameters and energy differences calculated
while both Hartree—Fock and many-body perturbation theoryusing the present method, as well as the results of other
(MBPT) lead to significant underbindin§.Gradient correc- calculations:?
tions to the LD functional lead to dramatic improvements  The small energy differences involved in the reaction of
and good agreement with measured structures and vibratiomater and carbon dioxide mean that vibrational zero point
frequencies, and these corrections have subsequently beenergy (ZPE) corrections are importadtOur calculations
used in numerous studies of hydrogen-bonded systéims. indicate that the reaction J80;—H,0+CO, at T=0K re-

A. Monomers, dimer

TABLE |. Bond lengths(A) and anglegdegreeys and differences in total and zero point enefg\E,AE,p,
kcal/mol) in carbonic acid isomers. The carbonyl group is C7-019, and H17 and H18 are attached to O17 and
018, respectively(see Ref. 8 Values in parentheses are HF/6-31@Ref. 21) and MP-2 result{Ref. 1),
respectively.

Struct. param.

trans-trans

cis-trans

cis-cis

C7-019 1.2171.188, 1.218 1.208(1.180, 1.208 1.202(1.172, 1.201
Cc7-017 1.3531.315, 1.345 1.371(1.316, 1.34% 1.371(1.333, 1.366
C7-018 1.3531.315, 1.345 1.351(1.333, 1.364 1.371(1.333, 1.366
017-H17 0.9840.951, 0.969 0.985(0.950, 0.969 0.982(0.947, 0.96B
018-H18 0.9840.951, 0.969 0.985(0.952, 0.969 0.982(0.947, 0.96B
019-C7-017 125.8125.1, 125.9 125.4(124.4, 125.% 121.6(122.1, 122.%
019-C7-018 125.8125.1, 125.9 124.1(124.6, 124.3 121.6(122.1, 122.%
H17-017-C7 105.0107.9, 106.1 105.6(108.3, 106.7 112.5(115.0, 111.9
H17--- 019 2.320(2.291, ..) 2.336(2.299, ..) 3.062(2.996, ..)
H18-- 019 2.320(2.291, ..) 3.036(2.975, ..) 3.062(2.996, ..)
Hig-- 017 3.022(2.966, ..) 2.170(2.993, ..) 2.385(3.340, ..)
H17--- 018 3.022(2.966, ..) 3.057(2.159, ..) 2.385(3.340, ..)
H17--- H18 3.720(3.670, ..) 3.134(3.096, ..) 2.024(2.027, ..)
AE 0.00 1.50(2.44, 1.86 10.0(12.29, 11.76
AE,p 0.00 —0.49 (- 0.46,—0.38) -1.78,(-1.90,...)
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B. Linear structures of trimer, tetramer, and pentamer

The regular shape of the dimer suggests an obvious pat-
leases 7.1 kcal/mol, with contributions from the potentialtern for the growth of CA aggregates, as illustrated in Figs.
energy and ZPE of 2.8 kcal/mol and 4.3 kcal/mol, respec2(b)—2(e). Our calculations on the ladder structures umto
tively. These results are in fair agreement with those of Ref=5 show that they are very stable, with cohesive energies
1, but they agree remarkably well with the most extensivegrowing linearly withn (see Fig. 3. Each structure exhibits
calculations performed to daf€CSO(T)].? two sets of hydrogen bonds: the=&D groups in the terminal

A pair of CA molecules can decrease their energy bymolecules are involved in a single hydrogen bond, while
forming two equivalent hydrogen bonds, as illustrated in Figthose in the internal molecules of the ladder participate in
2(a). The dimer is planar and has a negligible dipole mo-two hydrogen bonds¢see Fig. 2. As expected, the terminal
ment, and the structural parameters have standard valuésnds are slightly stronger than the internal ones, and the
(do_o=2.57A, @o_y_c=178°. The binding energy per cohesive energf, of the CA, molecule can be represented
bond (10.3 kcal/mol is in good agreement with previous by E,=20.6+17.0(n— 2) kcal/mol??In Fig. 3 we show that
estimates using correlated wave functiosP2, 9.5 this linear relation provides a very accurate fit to the calcu-
kcal/mo)® and a different gradient-corrected functional lated cohesive energies, and it can be used to predict the
(B3LYP, 8.9 kcal/mol.? The strength of the two hydrogen properties of longer linear CA structures. The structural
bonds is reflected in small but significant changes in thd@rends observed in the dimer are also present in the larger
structure of the constituent monomers: the=O bond in- species, with changes due to the presence of the two
creases from 1.22 A in the monomer to 1.25 A in the dimerhydrogen-bond types described above: The internatGC
the C—O bond shrinks from 1.35 A to 1.32 A, and the bondand G=0 bonds (dc_o=1.27 A, dc_o=1.31A) expand
angles change slightly to adapt to the formation of the hy-and shrink, respectively, while the external hydrogen bonds
drogen bonds. The “externalC—O—-Hgroups have almost and the extremalC—O-H groups are the same as in the
identical geometries in monomer and dimer. dimer. The dipole moments of the clusters are very close to

Hydrogen-bond formation in the dimer is also reflectedzero for even values af and are small for odd valués.
in the vibrational frequencies, which display large redshifts = The evolution of the vibrational spectrum with increas-
from the corresponding modes for the isolatesgCB; mol-  ing n is shown in Fig. 4. The formation and the growth of the
ecule: the stretching frequency of the O—H groups involvecband representing the stretching of the O—H groups involved
in the intermolecular bonding decreases by more thain an intramolecular hydrogen bond is evident in the
800cm ', and the €&=0O stretching mode softens by more 2400—3000 cm® frequency interval, as is the progressive
than 60 cm®. The strong coupling of these modes gives risehybridization of the €O stretching mode$1780cm* in
to a large splitting for the O—HXw=140cm %) and the the isolated monomgwith the bending modes of the OH
C=0 (Aw=100cm}) stretching modes. The pronounced groups(in the 1200—1400 cm' range in the monomgrThe
tendency of the dimer towards planarity is evident in the fachighest frequency ban@t 3530 cm?) is associated with the
that the highest frequency out-of-plane mode (11009nis  extremal OH groups. It is not affected by the formation of
associated with the torsion of the OH groups forming hydro-the intermolecular hydrogen bonds and changes little with
gen bonds, while the corresponding modes in the isolatethcreasing size. We note that the calculated vibration fre-
H,CO; molecules occur at much lower frequency quencies are generally consistent with the infrared data of the
(640cm ). The combined effect of these changes in thesolid phase$;” but a detailed comparison between theory
vibrational spectrum is a slight destabilizatithy 1 kcal/mol  and experiment is made difficult by the lack of structural
per monomer of the dimer with respect to two separated information in the latter and error bars ef30 cmi ! in the
monomers. former.
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FIG. 4. Vibrational densities of states of linear clusters of carbonic acig CA

for n=1-5. The states are broadened with a Gaussian of width 2&.cm FIG. 6. Energy change in Con increasing the separatianbetween the

outermost carbonyl grougsee text L is the equilibrium value of..

Linear structures are favored for clusters of some ele-

ments up to a certain Size, beyond which the additional bongonyl groups to be |arger than the equ”ibrium Va'ue, and
formed in a ring structure overcomes the energy cost ofelaxing all other degrees of freedom. Figure 6 shows that
bending. An example is provided by carbon clusters C the deformation of the cluster is remarkably elastic up to
where this transformation takes placerat8>* The same g of the original length. The curvature of the elastic part
effect should be evident in GAclusters, where an energy |eads to an estimate of the molecular elastic modulus (1.4
lowering of ~20 kcal/mol should result from the saturation x 10!1N/m?) that is similar to that found in well-annealed
of the external hydrogen-bond sites. The size of the ringce sampleg®?’

where the gain in potential energy overcomes the cost of

bending the linear geometries can be estimated by consider-

ing the pentamer and constraining the carbonyl groups of th€. Nonlinear isomers

central and extrgmal CA mglecules to lie on aplrcle of radius Two crystalline forms of carbonic acid have been
R. The energy increase with respect to the linear geomet%e

has been computed by relaxing all other degrees of freedom niified;”® and it is natural to ask whether three-
P . y. 9 ) 9 o dimensional structures can be derived from CA clusters. Lin-
The result, shown in Fig. 5 as a function oR?/ indicates

X . . . ear chains of CA can clearly give rise to extended solids
that_the_stlffness of the linear structure is such t_hat ring for'bound by van der Waals interactions, but the absence of
mation is unfavorable up ta~20. Entropy considerations

d likelv the f : fri f this si structural information suggests that we also investigate non-
ren :; durgglge?]yt;or? di?][;miztlg?teon Zﬂgz C;St tlr;ses';c?lljrce of th linear ispm_ers of CA clusters, even if they_ are less sta_ble
. ' Shan their linear counterparts. The systematic search for iso-
tensile strength of water that helps plants transport IIqUIdSmers is notoriously difficult, and we have noted that the use
from the roots to the topmost branches and ledveBo y ’

of a simple interatomic potentidkee Sec. )lis of limited

study whether linear clusters of CA display an analogou . o . . .
mechanical strength, we have evaluated the energy of a tez?lue' the large gain in the speed of searching configuration

g . 'Space is offset by the fact that many isomers are unstable or
ramer CA by fixing the distance between the outermost car very high in energy when studied with DF calculations.

Without making any claim to completeness, we now present
several examples of these isomers.
A nonlinear, planar isomer of GAis illustrated in Fig.
] 7(a). It has a single hydrogen bond per monomer, and it is
not surprising that it is only marginally stable with respect to
dissociation into the dimer and an isolated monorttbe
binding energy with respect to three monomers is 24.3 kcal/
] mol). On the other hand, this isomer has three sites for bind-
ing an additional monomer, and we show a typical planar
00 0.004 0.008 structure built on it in Fig. @). Unfortunately, the addition
IR? (A7 of monomers to this CAisomer results in low-symmetry
FIG. 5. Energy change on bending €as a function of B, whereR is  Structures that are unlikely building blocks for simple crystal
the radius of curvature of the structuigee text forms. Moreover, these structures usually include one or

A E [kcal/mol]
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) ? ing to see whether such chain structures can be prepared. The
v"‘t structures of the carbonic acid polymorphs remains a chal-

({. AIA lenge to theoryand experiment.
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