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An excess electron bound to urea. I. Canonical and zwitterionic tautomers
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The possibility of electron binding to urea was studied at the coupled cluster level of theory with
single, double, and noniterative triple excitations. It was found that none of the urea isomers forms
a valence anionic state although almost all of them can attach an excess electron and form a stable
dipole-bound or Rydberg anion. Moreover, the canonical tautomers are the lowest energy structures
of the neutral and anion. The zwitterionic isomer was found to be locally stable only when solvated
with an “extra” electron and the corresponding anion is a Rydberg species perturbed by a
neighboring negative charge. @001 American Institute of Physic§DOI: 10.1063/1.1412003

I. INTRODUCTION density functional theoryDFT) with the hybrid B3PW91
functional, and Magller—Plesset second-order perturbation
Urea (O=C(NH,),), the first synthetic organic com- theory (MP2) with basis sets up to D95+**], and the
pound and one of the simplest biological molecdtéss of  second® dealing with one-dimensional hydrogen-bonded ag-
great interest in inorganic chemistry due to its capability togregates corresponding to chains and ribbons.
form transition metal complex&sind because of its interest- Although urea has been so extensively studied, two is-
ing nonlinear optical propertiésAlso, urea-driven denatur- sues remain that have not been addressed thudifathe
ation of proteins is widely used to study protein folding— stability of its zwitterionic G=C(NH)NH, tautomer andii)
unfolding equilibria>~’ As one of the simplest diamides, urea its ability to bind an extra electron to form stable molecular
has been extensively studied by biologists, chemists, and manions. In this work, we presemib initio results for both
terial scientists. Its planar conformation in the solid state waganonical (3=C(NH,),) and zwitterionic (G=C(NH)NH,)
determined by numerous x-ray studie§ and theoretical urea tautomers together with a detailed study of an excess
calculation$” as has been its vibrational spectrum in the gaselectron binding to those systems. For completeness, we also
and crystal phasés.In addition, its static and dynamic elec- consider another structural isomer of urea—isourea
tric properties(e.qg., the first-, second-, and third-order polar- (HO—QNH,)=NH).
izabilities) have been studied theoretically at various levels  We explored the ground-state potential energy surface
of approximationt**> One of the most recent works devoted (PES of urea to search for a minimum corresponding to the
to this species is that by Pluta and Sadlej who examinedwitterionic (Z) form with a proton transferred from one
major linear and nonlinear electric propertiédipole mo-  —NH, group to another. Such an isomer£Q(NH)NH,) is
ments, dipole polarizabilities, first and second hyperpolarizexpected to be much more polar than the canoniGl
abilities) at the coupled-clustefCCSO(T)) level of theory:®  O=C(NH,), system due to its larger charge separation.
On the experimental side, recent work by Wasigal’ pro-  Since we have recently studied zwitterionic isomers of three
vided valuable information about the proton affinity and gas-other biologically important moleculedi.e., glycine?®
phase basicity of urea, which were determined by using @&rginine?” and betain®) we are aware of the fact that, in the
kinetic method. gas phase, th# forms can be either unstable with respect to
As far as computational studies on the molecular structhe canonical fornte.g., glycing or competitive, as for argi-
ture of urea are concerned, eaaly initio calculations carried nine. Moreover, in cases such as betdfhthe zwitterionic
out with small basis sets predicted the molecule to b&orm may be the lowest energy isomer due to the unique
planar’®2° More recent calculations, however, have shownmolecular constitution of the system.
it to possess a global minimum at nonplanar geonfeti It Although one expects canonical forms of amino acids
is worth mentioning that recently two excellent theoreticaland other biological molecules to dominate in the gas phase,
papers by Masunov and Dannenberg appeared, thé*firstit is well known that zwitterionic tautomers are very com-
showing molecular structures of urea in various monomerignon in solutions because of the differential stabilizing sol-
and dimeric forms[calculated at the Hartree—FodkF),  vent effects’® We recently pointed out that, in the gas phase,
a similar stabilizing role can be played by an excess
dauthor to whom correspondence should be addressed. Electronic mai?leCtrc’nz-(s'30 Attachment of the extra electron to tiZetau-
simons@chemistry.utah.edu tomer leads to a negatively charged species whose energy
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should be lower than that of the parent neutral since theandER°" andEZC" stand for the SCF energies of the neutral
zwitterionic forms will attach an extra electron to the —NH and the anion, respectively.
group forming an electronically stable anion of either  The dispersion interaction between the loosely bound
dipole-bound! or Rydberd? nature. electron and\ was extracted from the MP2 contribution to
We decided to undertake an extensive search for sucB. The dispersion term is a second-order correction with
negatively charged species. Our goal wagijodetermine  respect to the fluctuation—interaction operator and it is ap-
their electronic stabilitiegji) describe the nature of the elec- proximated here b)ADL\,’i'_fpz which takes into account proper
tron binding, as well as tdiii) discuss the possible conse- permutational symmetry for all electrons in the anion
guences of forming such anions. On the basis of the chemical 2
structure of urea and its molecular orbital picture we were (02 (Sadinel| 44| = _AD(';/;EF;Z‘ 3)
skeptical about the possibility of forming stable valence an- P deN Ss €atepe—er—es

ions in this case. However, the dipole moments reported ifynere $. and ¢y, are spin orbitals occupied in the unre-
the literature f302r5the lowest conf_orme(ltsemg in th_e 3.7-4.7  stricted Hartree—FockUHF) anion wave functiong, and
Debye rangg**°made us consider the possibility of form- ¢ are unoccupied orbitals, argls are the corresponding

ing stable dipole-bound anions. As far as the zwitterionicqpita| energies. The subscript Ibe denotes the loosely bound
tautomer is concerned, as noted above we expected eVelciron's spin orbital.

stronger excess electron binding than for the canonical form  The total MP2 contribution t® defined as
because of its significant charge separation.

ADMP2=DMP2_DSCF (4)
Il. METHODS is naturally split into dispersion and nondispersion terms
MP2 _ MP2 MP2
We first studied the ground-state potential energy sur- AD™*=AD gy + ADno.disp )

faces of the neutral and anionic urea molecules at the seconglith the latter dominated by the correlation correction to the
order Mgller—PlessetMP2) level of theory:® Because the static Coulomb interaction between the loosely bound elec-
methods we used are based on an unrestricted Hartree—Fogkn and the charge distribution f
starting point, it is important to make sure that little if any The higher-order MP contributions @ are defined as
artificial spin contamination enters into the final wave func- MPN_ MPN_ MP(n—1) B
tions. We computed the expectation vak®¥) for species AD™"=D""-D , =34 (6)
studied in this work and found values of 0.7500 in all aniongjnally, the contributions beyond the fourth order are esti-
cases. Hence, we are certain that spin contamination is n@ated by subtracting MP4 results from those obtained at the
large enough to significantly affect our findings. coupled-cluster level

The electron binding energi€B) were calculated using
a supermolecular approache., by subtracting the energies
of the anion from those of the neutrallhis approach re- hile the contribution from noniterative triple excitations is
quires the use of size-extensive methods for which we havgg|culated as the difference betwedfRCSE™ and DCCSP
employed Mgller—Plesset perturbation theory up to the
fourth order and the coupled-cluster method with single,
double, and noniterative triple excitatiof€CSD(T)).** In The diffuse character of the orbital describing the
addition,D was analyzed within the perturbation framework |gosely bound electron necessitates the use of extra diffuse
described elsewhere. basis functions having very low exponeffdn addition, the

The simplest theoretical approach to estinfatis based  pasis set chosen to describe the neutral molecular host should
on Koopmans' theorem(KT).*® The KT binding energy pe flexible enough téi) accurately describe the static charge
(D7) is the negative of the energy of the relevant unfilledgjstribution of the neutral anii) allow for polarization and
Orbital Obtained from a Hartree—FOCk Se|f'ConSiStent'ﬁe|ddispersion stabilization of the anion upon electron attach-
(SCH calculation on the neutral molecule. This is a staticment. All the calculations presented héie., optimization
approximation to the electron binding energy which neglectf geometries, calculating frequencies, and evaluating the
both orbital relaxation and electron correlation effects. Thes@|ectron binding energigsvere performed with the aug-cc-
effects were taken into account by performing SCF andyypz basis sef supplemented with asép5d set of diffuse
CCSOT) calculations for the neutral and the anion. functions centered on the carbon atdhThe aug-cc-pVDZ

The polarization of the neutral hog) by the excess pasis set was chosen since we earlier showed its usefulness
electron and the effect of back-polarization are taken intqn describing dipole-bound anions compared to other com-
account when the SCF calculation is performed for the aniofnonly used one-electron basis s&tFhe extra diffuse func-
(A), and the accompanying induction effects@rare given  tions do not share exponent values and we used

A DCCSD: DCCSD_ D MP4 (7)

ADCCSOT) = HCCSOT) _ [ CCSD ®)

by even-temperéd seven-terms, six-termp, and five-termd
ADS%F:DSCF_DKT’ (1) basis sets. The geometric progression ratio was equal to
" 3.2 and for each symmetry we started to build up the ex-
where ponents of the extra diffuse functions from the lowest expo-
SCE LSCE —SCF nent of the same symmetry included in aug-cc-pVDZ basis
D>"=Ey"—Ea (20 set designed for carbon. As a consequence, we achieved the
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lowest exponents of 1.364 969<60_5, 3.7634745 TABLE . CCSIXT) energiegE in cm ) of the neutral and anionic species

% 1075, and 4.500 150 % 10~ 4 a.u., for thes, p, andd sym- calculjalted with respect to th&,,,; structure of the neutrdthe energies, also

. . in cm™+, corrected for the MP2 zero-point vibrational energies, are denoted
metries, respectively. E+ Eqgyp)
. . . . ,vibD/ *
In computing correlation energies, all orbitals except the
1s orbitals of carbon, oxygen and nitrogen were included. System E E+Eouip
All calculations were performed with thesAussiAN98 neutralC...ab 0 0
2 . anti
progrant? on Intel Pentium 11l 500 MHz and AMD Athalon neutralCq, 428 244
950 MHz computers. The three-dimensional plots of molecu-  neutralCpq 718 306
lar orbitals were generated with theoLDEN program?® ”eu”a: NH+HNCO 6621 4813
In order to avoid erroneous results from the default di- ::zgzl:a"“ ?411(2)2 ?ggg
rect SCF calculations with the basis sets with the lage anionCer 111 _139
. N anti
andd sets of diffuse functions, the keyword SERoVarAcc anionCy, 106 —73
was used and the two-electron integrals were evaluated —anionCg., 433 3
(without prescreeningto a tolerance of 10%°a.u. anionlgy, 7108 6990
anionZ”~ 9905 9601
. RESULTS aThe CCSDOT)/aug-cc-pVDZ 7s6p5d energy is—224.762 5579 a.u.

The MP2 value of,;, is 39.963 kcal/mol.
A. Neutral urea—characterization of stationary points

In agrgement with earlier studiéswe found that the and become even smaller when the zero-point energy correc-
global minimum of neutral urea corresponds to & nonplanafions are includedsee Table)l In fact, when averaged over
anti-conformation canonical structur€£,;) possessin€,  zero-point vibrations, those conformers are separated by less
symmetry with the H atoms of the NHyroups pyramidal-  than 1 kcal/mol, which leads to the conclusion that all of
ized in opposite directions. Another local minimum corre-ihem can be present at room temperature.
sponds to a less stable syn-conformati@hf) of Cs sym- Our extensive search for a local minimum corresponding
metry with the hydrogen atoms of the NHgroups 4 the zwitterionic structur@ of the neutral led us to the
pyramidalized in the same direction. Even though the_pla”aéonclusion that the ©C(NH)NHs structure does not corre-
structure Cpianar) Of C2v Symmetry has been detected in the g0 10 a stationary point on the MP2 potential energy sur-
crystal structure, in fact, it dogs not correspond to a MiNigce Al geometry optimization attempts we undertook
mum on the gas-phase potential energy surface. Instead, g§sed onab initio forces move downhill in energy to two
stated by Masunov and Danneniférgnd confirmed by our species: ammonia and isocyanic atitNCO) which are the
calculations at the same MP2 level but with the extendeqegg it of C—NH bond breakingsee Fig. 2 and Table | for
aug-cc-pVDZt 7s6pSd basis set, the planar structure is a rejative energies After performing arelaxed scanof the
second-order saddle point connecting the two pairs ofgriaple corresponding to the distance between the carbon
equivalentCqy Or Csyy nonplanar minima. Despite the fact 415 and the nitrogen connected to three H atoms, we are
that Cpjangr (i) is higher in energy andi) is a saddle point  ¢snfident that the neutral zwitterion, if formed, would fall
rather than a minimum, we also considered this structur%part with no kinetic barrier producing NHind HNCO.
while studying attachment of an extra electron because of its Finally, we found the two Iy andl,,) conformers of
existence in condensed phates. _ isourea to be higher in energy by 5103 and 7420 tme-

As far as isouredl) is concernedthe urea isomer cre-  gpaciively, than the most stalili,; structure(see Fig. 2 and

ated by moving an H atom from one amino group to théraple ). The zero-point energy corrections decrease these
oxygen atory, we found two minima on the PES, corre- jnstapilities only by ca. 100 cii.

sponding tol sy, andl 5 conformers, the former having the
H atom(connected to the oxygewirected in the same, and
the latter in the opposite direction with respect to the -.NH
functional group. We predicted the,,; conformer to be _
lower in energy than theé,,, although both are thermody- 1. Stable anions supported by the conformers of urea
namically unstable with respect to the canonical uZgg;. and isourea

To discuss the relative stabilities of these low-energy  None of the urea conformers forms a valence-bound an-
structures, we calculated their energies at the Ca$Rvel ion. However, the dipole moments calculated for the neutral
at the previously determined MP2 geometries. These enesystem at theC,ni, Csyn, Cpjanar, @ndlgy, geometries are
gies and the geometrical parameters are shown in Table | ardrger than 2.5 Debyésee Table I, which suggests the pos-
I, respectively. The structures of the anidiasd of thel 4 sibility of binding an extra electron by the dipole potential to
neutra) are shown in Fig. 1; those of the corresponding neuform stable dipole-bound anionic states. In this section we
trals are nearly identical, so they are not depicted. Finallypresent detailed results for the canoniCatsymmetry struc-
the energies of the anions and neutral species are summtare (C,.;) that corresponds to the global minimum on the
rized in Fig. 2. ground-state potential energy surface for both neutral and

The two canonical minima,,; andCs,) are close in  anionic species. We also discuss electron binding energies
energy, and so is the planar conforn@g..,,. The energy for other canonical €sy, Cpjanar) @and zwitterionic(Z) con-
differences among those structures are less than 720 cmformers, as well as for the isourea isomey; ().

B. Anions based on urea—characterization
of geometries and electron binding energies
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TABLE Il. MP2 geometries, dipole moments, and zero-point vibrational energies of the neutral and égivegncin parenthesgstructures of urea. Bond
lengths(r) in A, valence(a) and dihedral §) angles in degrees, dipole momefjs in Debyes, zero-point vibrational energi@s, ;) in kcal/mol. All dipole
moments were calculated for the neutral species either at the equilibrium geometry of the neutral or tfie pai@mthesgsSee Fig. 1 for atom numbering.

Canti )
Neutral (anion

Copn
Neutral (anion

C planar
Neutral (anion

Za
(anion

I anti
Neutral

syn
Neutraf,(amor)

r(C,0,)=1.230
(1.230
r(CiN3)=1.394
(1.393

r (NgHs) =1.014
(1.014

r (NgHg) =1.014
(1.014

a(NaC;N,) =113.50
(113.59

a(HsNgHg) = 114.02
(114.23

@(CyNgHg) =112.41
(112.68

S(HgN,CyH7) = 134.22
(135.21

S(HgNaCyHs) = 134.22
(135.21

1SCF=3.997 (4.060
uMP2_3571(3.631
Eoyib=39.963(39.878

r(C,0,)=1.231
(1.233
r(CiN3)=1.389
(1.388
r(N3Hs)=1.012
(1.013

r (NgHg) =1.012
(1.013
(N4CiN,)=114.66
(114.65

a(HsNaHg) =115.83
(115.67
(C;N3Hs)=113.80
(113.89

S(HgN,CiH,) = —143.20

(—142.8)
8(HeNaCyHs) = 143.20
(142.81
wuSCF=4.708(4.739
uMP2_4 261 (4.289
Eqvib=239.437(39.452

r(C,0,)=1.233
(1.239
r(CiN3)=1.380
(1.379

r (N5Hs) = 1.009
(1.009

r (NaHg) =1.008
(1.009

a(NsCN,) =114.77
(114.79
a(HsNgHe) =119.44
(119.37

a(C;N3Hs) = 117.04
(117.16

uSCF=4.763(4.791
uMP2_4 315(4.340
Eovib=38.775(38.726

r(C,0,)=(1.239)
r(CiNg)=(1.617)
r(C;N,)=(1.309)
r (NyH7) = (1.027)
r (NgHg) = (1.025)
r (NgHs) = (1.026)
a(N3C;N,) = (106.16)
a(H,N,C,) = (106.53)
a(0,C;N3) = (111.64)
a(HsNgHg) = (107.16)
a(HsNaHg) = (109.82)

S(HgN3HsHg) = (119.24)

uSCF=(5.868)
uMP2_ (5 447)

Eovib=(39.091)

r(C,0,)=1.366
r(CiN;)=1.386
r(CiN,)=1.288
r(NgH;)=1.023
r(N;Hs)=1.014

I (NgHg) =1.013
r(O,Hg)=0.971
@(N4CN,)=130.23
a(H/N,C1)=111.00
@(0,CiNg)=109.77
a(HsNaHg) = 114.29
(CyNaHs) = 114.79
(C,0,Hg)=104.94
S(N3CLO,N,)=177.38

S(HsN4CiHg) = — 136.25

S(N3CiN4H)=2.44
S(N3C,0,Hg) = 176.36

uSCF=2.486

uMP2-2314

Eoyib=239.691

r(C,0,)=1.371(1.373
r(CiNg)=1.408(1.407
r(CiN,)=1.283(1.282

r (NyH;)=1.024(1.024

r (NgHs)=1.018(1.018
r(NgHg)=1.016(1.016

r (O,Hg) =0.969 (0.969
a(N3CiN,) = 129.47(129.49
a(H;N,Cy)=109.81(109.83
a(0,CiN3) = 112.39(112.55
a(HeN3Hg) =110.91(110.93
a(C;NaHs) = 113.34(113.30
a(C,0,Hg) =108.12(108.30
S(N3C10,N,) =177.75(177.61
S(HsN4CyHg) = — 127.45(—127.24
S(N3CN,H,)=8.41(8.45
S(N3C,0,Hg) = 23.16 (23.40

wSCF-4744(a.745
uMP2_4 383 (4.384
Eoyib=39.629(39.625

8 or the zwitterionicZ™~ structure thec-symmetry plane contains;C O,, N3, N,, and H atoms.

According to our predictions based on the dipole mo-averaged over zero-point vibrations, the energy differences
ment of the neutral species, some of the isomers can bind among all three canonical anion€,;, Csyn, andCpjanar)
excess electron and form stable anions. The lowest energyecome very small66—142 cmd).
structure on the anionic PES is tg,;, although the anions Even though the zwitterioni@ tautomer of urea does
supported by otheC conformers remain close in energy, in not correspond to a stationary point on the ground-state po-
the 200-550 cm' range (see Fig. 2 and Table).IWhen  iepgia| energy surface of the neutfake the preceding sec-
tion) we found that a local minimum faZ~ develops when
an excess electron is attached. It is much higher in energy
than the most stable neutral forrE ;) by 9905 cm?, but
may be detectable experimentally if successfully formed,
since its vertical electron detachment ene(@¥DE) is pre-
dicted to be more than 10 times larger than VDE @y
(see Sec. Il B 3 for detailed discussion of the electron bind-
ing energies Moreover, theZ™ anion is geometrically stable
and the kinetic barrier for its transformation to tetype
anionic speciesgvia proton transfer from —Nklto the —NH
group is relatively high, as determined at the MP2 level, and
equal to 7301 cmt (20.9 kcal/mo). We determined thaf ~
should be electronically stable along the path of this tau-
tomerization. In particular, at the transition state geometry
connectingZ~ andC, the dipole moment of the neutral par-
ent molecule is 3.866 Debye, and the corresponding anion is
bound at the electrostatic—exchange KoopmdfE) level
by 40 cm 1.* Between two isourea conformerk,,; and
lsyn ONly the latter binds an extra electron and forms a
dipole-bound anion. The dipole moment of thg; is only
2.486 Debye and we checked that, in this case, binding of an
excess electron by more than 1 chis not possible. In con-
trast, |y, possesses a dipole moment of 4.744 Debye which
is similar to that of Cpanar (see Table N, and it forms
a dipole-bound anion having similar VDE ©,n,, (s€€

syns

Cf)lanar

FIG. 1. Structures of anion stationary poifiits the case of ,,; the neutral
is depicted since the corresponding anion is not sjable
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Small geometry differences between the corresponding
anionic and neutral species cause the dipole moments of the
neutral to be almost the same when calculated at the nega-
tively charged or parent neutral equilibrium geometrigse
Table 1). According to our experience with other dipole-
bound aniong®-28:31:35:374%he values of the dipole moments
of the neutrals are always larger when calculated at the cor-
responding anionic geometries since the geometry relaxation
upon electron attachment always allows for increasing the
electrostatic stabilization of the resulting dipole-bound anion.
For the urea and isourea conformers, we observe analogous
trends but the changes in dipole moments are rather small,
from +0.063 Debye foC,; to only +0.001 Debye fof .

3. Electron binding energies

The relevant rotational energy level spacings for these
species are much smaller than the calculated value. of
Hence, non-BO coupling between the electronic and rota-
tional degrees of freedom is expected to be of secondary
importance for these anions and is not considered in this
study.

The electron binding energy was partitioned into incre-
mental contributions calculated at “successive” levels of
theory [KT, SCF, M (n=2,3,4), and CCS[)] as dis-
cussed in Sec. Il, and the results for the optiGalZ, and|
structures of urea are presented in Table lll. In the KT ap-
proximation, the electron binding energy results from the
electrostatic and exchange interactions of the loosely bound
electron with the SCF charge distribution of the neutral mol-
ecule(primarily characterized by the dipole moment, but in-
teractions with higher permanent multipoles and penetration
effects are also include¢dFor all three canonical conformers,
the DT values are reIativer small: 35 crhfor C,, 112

ground-state potential energy surface. Theeutral's energy is computed at
the geometry of the stabl@™; this Z spontaneously dissociates into
NH;+HNCO and the dashed line indicatgs does not correspond to a
stationary point on the neutral PES.

cm ™ for Cqyn, and 103 cm? for C planar - 1€ KT binding
energy for the isoured { ) is 3|m|lar(105 cm b). For thez
structure, howeverDKT is very large (683 cm}), even
though its dipole moment is only 1.1 Debye larger than the
dipole moment of th&C,,,4- As demonstrated in Fig. 3, the
anion’s singly occupied molecular orbital becomes more and
more compact aPX" increasegsee the second column in
Fig. 3 where two-dimensional orbital pictures are shpwn
The SCF binding energies include orbital relaxation and
thus take into account static polarization of the neutral mol-
ecule by the extra electron and the secondary effect of back
An excess electron attachment, although crucial for thepolarization. We found these contributiofvghich can be in-
existence of the zwitterionic stationary point, has very littleterpreted as orbital relaxation corrections@§", denoted
impact on the geometrical parameters characterizing otheLkDmd':) to be extremely small for alC tautomers and,,,
species. In Table 1l we collected the bond lengths and vaand only 2—3 % of the totdD. ForZ~ howeverADS’d is
lence and dihedral angles for the equilibrium neutral anchot negligible(124 cmit) and is respon5|ble for 8% db.
anionic structures. The bond lengths remain essentially thAlthough usually significant for valence-bound anions, or-
same upon electron attachméttie typical change is 0.001 bital relaxation effects are usually negligible and rarely re-
A and the largest change is only 0.003, A&s do valence sponsible for more than a few percent of the total valu® of
angles. The biggest change in a valence angle is 0.27 deg féor the majority of dipole-bound anions studied so*ar.
<(C4NzHs) in the C,,; structure(see Table Il and Fig.)1 The contribution denotet!D’c\,’i'SPp2 results from dynamical
The changes in dihedral angles caused by attachment of aorrelation between the loosely bound electron and the elec-
electron are small but noticeable, especially €@y, and trons of the neutral molecule. This stabilization is caused by
Csyn but even here they never exceed 1.0 deg. One can alguantum mechanical charge fluctuations, and is larger than
notice that thd g, structure remains almost unaffected whenDXT for all species studied hefsee Table IIl. This finding
the anion is formed. is consistent with our earlier results for other dipole-bound

Table I1l). However, we predicl, to be thermodynamically
unstable with respect tG,,; as was the case fat™.

2. Geometry relaxation upon excess electron
attachment
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TABLE lIl. Components of the vertical electron binding energiz$in cm™2) of the anions based on urea canonical and zwitterionic forms calculated with
the aug-cc-pVDZ 7s6p5d basis set. For each speci@swas calculated for the equilibrium geometry of the anion and the neliftialexists).

Canli Csyn Cplanar z | syn
Geometry Geometry Geometry Geometry Geometry Geometry Geometry Geometry Geometry

of the of the of the of the of the of the of the of the of the

neutral anion neutral anion neutral anion anion neutral anion
DKT 31 35 108 112 99 103 683 103 104
ADRSF 2 2 10 10 10 9 124 9 9
ADge? 41 46 131 135 114 117 731 133 134
ADN Gis —-26 —-28 —-68 —-69 —-60 —-61 —-303 -55 -56
ADMP3 5 5 11 11 12 13 50 10 10
ADMP4 6 6 18 18 13 12 70 17 17
ADCCSP 45 49 82 85 74 75 165 73 74
ADCesm 7 7 22 23 20 21 74 20 20
Sum 111 122 314 325 282 289 1594 310 312

anions>>*> Moreover, for each species the vaIuemD('}’ifpz (1594 cm'}), and the anion formed by attaching an electron
increases when calculated for the anionic equilibrium geomto isourea in itssynconformation is bound by 312 cm.
etry since the dispersion interaction between an excess elec- We note that electron correlation effects represent 60—
tron and the electrons of the neutral parent molecule is stronf0 % of the electron binding energy for i@~ and I,
ger when the former is localized closer to the molecular cor@nions and this finding is consistent with our recent results
which is the case for the relaxed anion geometries. for other dipole-bound species, where the correlation contri-
In addition to the dispersion interaction, other electronbutions were always crucial and very often responsible for
correlation factors may also affect the charge distributionmore than 50% of the total value 8£*"*°For theZ ™~ how-
(and dipole momentof the neutral molecule and thus its €ver, the correlation contribution is much smaller and re-
electrostatic interaction with the extra electron. This effectsponsible for 49% ob.
first appears at the MP2 level and is denoted\iy) g, In _ o
all C, Z, and I, cases, MP2 electron correlation effects 4- Dipole-bound and Rydberg character of the anionic
reduce the dipole moment of the neutral system by ca. 0.#tates
Debye in comparison with the SCF valgsee Table Il In all cases, the singly occupied molecular orbital hold-
Therefore the value ozI&Dn'\"OP_f,isp is always destabilizing, yet ing the excess electron is fully symmetric and localized on
the total MP2 contribution t® is substantial and stabilizing the positive side of the molecular dipole in all the anionic
due to the dominant role of the dispersion component. Irspecies described in this wotkee Fig. 3. This reflects the
particular, the total MP2 contribution is responsible for 15—fact that the ground electronic state 0f.;, Cqyn: Cpianar s
20 % of D for C tautomers andls,,, and for 27% oD forthe ~ Z~, andlg, is a doublet state oA, A’, A;, A’, and A
zwitterion. symmetry, respectively. This observation suggests that all the
The convergence of the MP series for the electron bindanionic states described here display dipole-bound character.
ing energy is slow for all the systems. The contributions fromHowever, while analyzing the various contributions to the
ADMP? are stabilizing but smali3—4 % of D). The contri-  total electron binding energies, we noticed that Zor the
butions from ADMP# are stabilizing and approximately as significance of the certain terms is different than for the other
large asADMP2. Higher order correlation effects, calculated anions. In particular we noticed much lardaf™ andAD>SF
here asADC®SP (the difference between CCSD and MP4 contributions, and significantly smallexDCSP for 2~ in
binding energies and ADCSPD [the difference between comparison withC~ and |, (see Table lll. It is knowr?*
CCSDT) and CCSD binding energigsare significant and that DXT values for dipole-bound anions usually correlate
stabilizing in all casesA D““SP contributions are responsible with the dipole moments of their neutral parent molecules.
for 26% of D for Cg, andCpznq,, 40% of D for C,, and  For a dipole moment of approximately 5.9 Delfges calcu-
24% of D for I,,. However, this term is less important for lated forZ), one would expect a KT electron binding energy
the Z~ and responsible only for 10% of the total electronin the 200—400 cm' range?® Instead DX for Z~ is much
binding energy calculated for th&~ anion. Finally, the con- larger(683 cm ). These observations bring into question the
tribution from noniterative triple excitationAD®S2") is  nature of theZ~ anionic state. We have concluded that this
always stabilizing but small and amounts to 5-7 % of thestate exhibits Rydberg rather than dipole-bound character as
total D for all species. we now explain.Z can be viewed as containing 'aNH;R
Combining all of these contributions produces our finalfunctional group(R is [-C(NH)O]"). Adding an electron
predictions for the vertical electron detachment energies othen produce& with one electron in a Rydberg orbital on
122, 325, and 289 cnt for C_;, Coyns @ndCpjany,, respec-  the "NH3R terminus perturbed by the negative chafgiec-
tively. For the anion based on the zwitterion, the verticaltron) localized in the vicinity of the other nitrogen atom.
electron detachment energy is predicted to be much largeMoting that the ionization potentialdP) for removing an
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reducing the IP from 3.6—4.0 eV to 0.2 eV. This Coulomb
repulsion corresponds to=3.8—4.2 A, which is close to the
distance between two the most distant atom& inmolecule

(3.9 A).

IV. SUMMARY

We studied the possibility of binding an excess electron
to various urea and isourea isomers. On the basis ofbur
initio CCSOT)/aug-cc-pVDZ-7s6p5d results we found
the following:

(i) The most stable conformer of neutral urea is non-
planar Cang), but two other Cgy, andCpjanar) Struc-
tures are very close in ener@yithin 1 kcal/mol when
averaged over zero-point vibrations

(i)  The zwitterionic form of urea is locally stable only
when solvated by an excess electfar., the neutral
zwitterion does not correspond to a minimum
on the potential energy surface but fragments to
NH;+HNCO).

(i)  Neither canonical nor zwitterionic isomers of ur@a
isourea form valence anions. However, all of them
(except isourea’'anti conformey can attach an “ex-
tra” electron due to the interaction with the dipole
moment of the neutral species to form dipole-bound
anions.

(iv)  As for the neutral species, the global minimum for the
urea anion corresponds to th€,,; (canonical
C,-symmetry nonplanar conformer.

(v)  The anion supported by the zwitterionic neutral urea
should be viewed as a neutral Rydberg species per-
turbed by the presence of a nearby negative charge.

(vi)  Electron binding energies for the urea and isourea
conformers are: 122, 325, 289, 312, and 1594 tm
for Caniiv Coyns Cpianar» lsyns @ndZ™, respectively.
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