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Electronic structure of the calcium monohydroxide radical
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Effective valence shell Hamiltonia{® calculations are used to map out three-dimensional
potential energy surfaces for the 12 lowest electronic states of the CaOH radical. Excitation energies
and spectroscopic constants are compared with experiment and prior computations where available,
but many previously unavailable data are provided, including excited state dipole moments and
oscillator strengths. Particular attention is paid to clarify the nature of nonlinear and quasilinear

excited states, Renner-Teller couplings, and state mixingsFié andG 11 (6°A’ and &A’)

states are both found to possess nonlinear local minima, due to an avoided crossing. Attention is also
focused on the characteristics of basis sets necessary in high-accuracy calculations for the CaOH
radical. © 2005 American Institute of Physic§DOI: 10.1063/1.183451]1

I. INTRODUCTION distance than in the ground statRdho=3.69% ,Ron

The alkaline earth metal hydroxides are a class of radicaf” 1-80%), and Pereira and Levy report the Ca—O distance
salts which have been extensively investigdt@d From the  for the D 23+ state asRca0=3.57%, confirming that the
initial studies of the colors they produce in flantédpcus  Ca—0 distance decreases with excitation for the states with
has shifted towards understanding the origin of their undergnown bond distances. Very little is known experimentally

lying electronic structure, and several review articles hav%bout theB 25 * state, but the Ca—O stretching frequency in
appeared®!* Analysis of this series of molecules has re-, ~ o . .
PP y the E2S* state is slightly higher than in the other states.

vealed some interesting commonalities. ] ~ 5 ] ’
A small barrier to linearity is found from calculations for Studies of theG “IT state find a smaller bending frequency

the BeOH ground staf&,while MgOH is quasilinear in its (311 cmi %), ® implying that, like theF 2IT state, it possesses
ground state and is bent in the state!®l’ The SfOH and Some bent character. These observations are consistent with

BaOH radicals are linear in their ground states and appear € trends observed in the other alkaline earth metal hydrox-
have bent minima in their excited staf€d® Hence. the Ides and confirm that unraveling the CaOH electronic struc-
bending potential for the ground state progresses from Lre iS germane to understanding the series as a whole.
double well, through flatquasilineay, to harmonic(linear That the CaOH radical is a linear, ionic molecule in its
over the series. In addition, the existence of a bent exciteground state is intuitively obvious, but this does not explain
state tends to appear at increasing endggnerally occur- the presence of substantial complexity in its excitation spec-
ring in the secondll staté when moving to heavier mem- trum. For CaOH to have a bent excited state geometry as

bers of the series. Thus, CaOH occupies an important transp"0Posed, the nature of the bonding must have changed to
tional position in the middle of the series where the physicd®€come more covsalent. In fact, the ground state dipole mo-
is ambiguous, and understanding of its underlying structurd€ntis only 1.4 D on the small side for an ionic molecule,
sheds light on the entire series. which suggests qppreuable (_:ovalent character is already
Laser induced fluorescence experiments on CaOH b resent. Ligand field calculations for CaOH, SrOH, and

Pereira and Levy reveal the presence of a high-lying excite@aCH give very poor estimates of the Ca-O distance while

state (E 2IT) which appears to be bent and whose spectrurrgea“ng well with the other two molecul&4urther support-

resists classificatiohThis is surprising as extensive study of Ing speculation that CaOH has much lower ionic charactgr.
< 2w+ There are, moreover, factors other than charge transfer which

the g_ro_unq state)(_E ) of CaOH (Refs. 8, 20—-2fshows may contribute to the observed electronic structure. Among
that it is linear, with bond lengths oRcao= 3'733’30 and these are symmetry breaking due to Renner-Teller coupling
Ron=1.807 . Experiments by Li and Coxon on the first petween the nuclear and electronic motions, which may in-
excited state & ?I1) of CaOH find a slightly smaller Ca—O duce deviations from linearity, and surface crossing due to
the closeness of low-lying electronic states. The resulting
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Laboratory, Cornell University, Ithaca, New York 14853. Electronic mail: these effects.

cmtaylor@kff1.uchicago.edu Available calculations for the lower states of CaOH are

0021-9606/2005/122(4)/044317/13/$22.50 122, 044317-1 © 2005 American Institute of Physics

Downloaded 08 Jul 2009 to 124.30.128.132. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.1834511
http://dx.doi.org/10.1063/1.1834511
http://dx.doi.org/10.1063/1.1834511
http://dx.doi.org/10.1063/1.1834511

044317-2 Taylor, Chaudhuri, and Freed J. Chem. Phys. 122, 044317 (2005)

substantially in agreement with experiméitt?%2/out only ~ Il. THEORY

minimal work has appeared for the higher states which ex- o ) )
hibit the interesting onset of bent geometries and the capacity AS @ description of the effective valence Srl‘gg Hamil-
for Renner-Teller coupling. Anharmonic constants have beeﬁf/)n'{i” method” is presented in detail elsewhete* only
reported only for the ground state, but recent calculations fof Priéf overview is provided here. _

CaOH using the multireference doubles configuration inter- 1he €ffective valence shell Hamiltonian is derived by
action (MR-DCI) method® find only a very small barrier to partitioning the full molecular Hamiltoniaft of the Schre

linearity for theF 2II state (-50 cm %, as for BeOH and a dinger equation im-electron space intdi) the “primary”
broad, flat bending potential for tha’tt state at larger ca_oPace of determinants that have fully occupied core orbitals

distances. These MR-DCI calculations, however, generat?nd empty excited orbitals, with the valence electrons dis-

: .. Tributed in all possible ways throughout the valence orbitals,
weak estimates for the bond lengths and are not of sufficien - y y :
. and (ii) the “secondary” space of determinants that have at
accuracy to completely resolve the spectral complexity,

. .a‘?east one core hole and/or occupied excited orbital. The ef-
they neglect, among other things, core electron correlati

on SRS .
which is important in computing accurate geometries forrt]ecuve valence shell Hamiltoniah* is then given by

calcium-containing molecules. We address these issues in the
present work. H'=PHP+PHQ(£Q—QHQ) 'QHP, 1)
Section Il briefly reviews background information con-
cerning theH ¥ method, while the computational details are whereP=ZX|p)(p| is the projection operator onto the pri-
presented in Sec. lll. Calculations of three-dimensional pomary space an@@=1—P=X|q)(q| is the projector onto
tential energy surfaces are described in Sec. IV for thehe orthogonal complement secondary sp4ce.
ground state and several excited stgtsven for the linear While the effective Hamiltoniar#{¥ acts only on the
case, 11 for bent geometrjie€omparisons with experiment valence(P) space, it generates the same eigenvalties
and with other calculations are made where possible, andoes the full Hamiltonian?<*(P|))=&(P|)). Since this
many results for excited states are reported here. This conequation is not directly solublé{" is treated by expanding
putation of several three-dimensional surfaces supports thihe denominator§Q— QHQ) ~* and applying quasidegener-
earlier contentiofP®° that the H” method is suitable for ate perturbation theory. The Hamiltonian is decomposed into
studies of global excited state potential energy surfacesy zeroth-order term and a perturbatidd=H%+V, where
something previously the sole purvue of multireference cony=H—H?, and the series is expanded in powers/ppro-

figuration interactionMRCI) methods. ducing
|
1 0 0y—1
HY=PHP+ 5 % PVQ(E,—H ¢~ 'QVIp)(p|+H.c.

L
2

2 [P )P [VQIEp-H Q) "QVQE, — 1Y) ~'QVIp)(p|+ H.c.
p.p

1
- 5( % PYQ(Ep—H o) 'Q(Ep—Hg) *QVPVIp)(p|+H.c.

+O(Vn>3) (2)

through third ordefH.c. denotes the Hermitian conjugate of wherea; and a;r are the annihilation and creation operators

the preceding term in bracketdn operator notation}{” is  for the corresponding orbital set; ande,, are the(core and

the sum of the fully correlated core energyand the corre-  excited orbital energies; and for treating systems with large

lated one-, two-, three-, and' four-eulectron qperators that argy1ence spaces;is the average energy of the valence or-

present through third order in ti€” expansion. These ef- y1¢ This averaging of the valence orbital energies satisfies

fective operators have nonzero matrix elements only between . . .
the requirements for quasidegenerate perturbation theory and

functions containing valence orbitals, and all effects of the

core and excited orbitals are included through the perturb:;tf—ac'"t‘r’Ites convergence of the perturbation expansion by

tion expansion. avoiding singularities due to small energy differences in the

The zeroth-order Hamiltonian is a sum of one-electrondenominators. While the perturbation series may eventually
operators diverge, this happens at high ordef50—100,% and the

third-order estimate is quite accurate. For example, the ver-

H°=E ECaIacJ”E,TZ aIaUJFE sealae: 3) tical excitatiqn energies, which provide the most facile_com-

c v e parator, typically approach the true value asymptotically.
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TABLE I. Basis sets used for CaOH.

Set Atomic orbitalgbasis functions
3-21G augmented Ca: (49p/5s4p) +(2s3p7d2 f/2s3p3d2 f)
bl: (14s12p7d2 f/7s7p3d2 f ):126 O:[(PVTZ12s7p2d1f/4s3p2d1f )]
+(2s2pld/2s2pld)
(88A’",38A") (59A1,9A2,298B1,2B2) H: (Werner: 62p/5s2p)
Aldrich-Ortiz Ca: (129p/5s4p) +(2s3p7d2 f/2s3p3d2 f )
bl": (14s12p7d2 f/7s7p3d2 f ):119 O: (%3p3d1f/7s3p3d1f)
(83A7,36A") (56A1,9A2,27B1,27B2) H: (Werner: 2p/5s2p)
6-311G(af,2pd)+3-21G augmented Cé(14s11p3d/8s7pld) +(2d1f/2d1f )]
+(12s9p/5s4p)
+(2s3p7d2 f/2s3p3d2 f )
bll : (28s27p12d3f/15514p6d3f ):168 O:[(11s5p/4s3p) +(2d1f/2d1f )]
(116A’,52A") (77A1,13A2,38B1,3B2) H: [(5s/3s)+(2pld/2pld)]
6-311G(alf,2pd) +3-21G augmentedg(guess) Caf(14s11p3d/8s7pld) + (2d1f/2d1f )]
+(12s9p/5s4p) + (2s3p7d2 f/2s3p3d2 f )
+(19(0.89)/19)
bll ": (28s27p12d3f1g/15s14p6d3f1g):188 O:[(11s5p/4s3p) +(2d1f/2d1f )]
(115A',56A") (75A1,16A2,4(B1,40B2) H: [(5s/3s) +(2pld/2pld)]
6-311G+ +(3df,3pd) + (fg) + augmented Cal:(14s11p3d/8s7pld) +(3d2 f/2d2 f )]
+(19(1.05)/1g) +(2s3p7d2 f/2s3p3d2 f )
blll : (16s14p13d4f1g/10s10p6d4f1g):195 O:[(11s5p/4s2p) + (3d1f/3d1f ) + (diff sp)]
(132A7,63A") (87A1,18A2,49B1,4582) H: [(5s/3s) + (3p1d/3pld) + (diff )]

This behavior is attributable to the averaging of orbital enerignated by its calcium contraction set and the total number of
gies, to the choice of orbitaisee beloy, and to the inclu- basis functions. For example, the first basis set is specified as
sion of all diagrams at each order. bl: (14s12p7d2 f/7s7p3d2 f ):126, referred to abl for the
The core and ground state occupied valence orbitals areake of brevity(see Table)l Also shown in the left column
first generated from a self-consistent-fi¢BICH calculation  of the table are the numbers of atomic orbitédssis func-
for a reference state which may be either the ground state @jons) in each symmetry block.
an excited or ion state. The valence orbitals not occupied in  The first basisl consists of the 3-21G basis of Dobbs
the reference state SCF approximation are generated as iand Hehre® augmented with two diffuse (¢=0.01, 0.001
proved virtual orbitalg(IVOs).*® Finally, dynamical correla-  functions, threep (¢=0.1522, 0.074 979, 0.026 927unc-
tion is incorporated by the perturbative corrections in@j.  tions, threed functions (#/3d), and two f functions ¢
Both the second- and third-order approximations incorporate-2 o, 0.3 to calcium; Dunning’s PVTZ correlation consis-
contributions from single and double excitations out of thetent pasis set® augmented with twes, two p and oned
core. An analogous formalism exists to correct the dipol&ynctions for oxygen; and Werner and Meyer'sgp/5s2p)
moment  operator for contributions  from  dynamical pasjs séf for hydrogen. The modified first basib)’, re-
correlation. o _ places the oxygen set of the first basis with the Coulomb
Because the same set of orbitals is used to describe all gfing pasis of Ahlrich<!> which is slightly more deformable.

the states, rather than using new orbitals for each as is cU§ne second basisll . constructed from the 6-3176 basis
tomary in configuration interaction and other wave function-g¢2.43¢5; a1l three atoms augmented with all of the calcium

based methods, a sing@” calculation dgscripes Many functions from the first basis, is very similar in diffuse and
states of the system at a given geometry _W'th fairly balance olarization content tdl, but increases the number of tight
accuracy at once. The cost of constructing surfaces for a a functions. An additional set(l’) with slightly more
low-lying states described by the valence space is no mor olarization functions thahll is generated from sl sim-
than the cost of constructing the surface of a single stat ly by adding a set of orbitals ((=0.89) to the calcium
This feature is exemplified by our calculations of three- :

. . ) atom. The fourth sethll ) adds the tight Ca functions from
dimensional potential energy surfaces for CaOH, where, fo{he first sefthose added to the 3-21G basis in bBX to the
bent geometries, 12 electronic states are described by @-311** G+ seti2-H augmented with a set of calciug

) > . )
single’* calculation. orbitals[ £=1.05 (Ref. 45]. Results of the calculations with
all basis sets used are reviewed in the following sections in

order to justify the choice of basis deft for detailed analy-
A. Basis sets sis of the excited state angular potentials for En&l and

In order to determine the essential ingredients in a basi& 2I1 states.
set for CaOH, potential energy surfaces are constructed using The recent work by Koput and Peterdbmefers to an
five basis sets as described in Table I. Each basis set is dems-yet-unpublished basis set study in which they greatly ex-

IIl. COMPUTATIONAL DETAILS
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TABLE IlI. Orbitals included in each valence space. Unoccupied valence orbital (SCF) response to bending
Space Orbitals 61;
8V 90(ay)4m(by by)100(ay)110(ay)18(a, ay)57(b,) o
10V 9o(ay)4m(by by)100(ay)110(ay)16(a, ay)120(a;)57(by by) =120
12V (10V)6m(by,by) 0.08 [eamreees 13
0.025 |- -

pand the available correlation-consistent sets of Durifling 002 b 4
and claim that an extremely large calcium basis set is needed
for accurate calculations for CaOH and related systems. As 8 o015 Mo’ 1a

. . . . . w L |
described in the following sections, we find that a smaller,
carefully chosen set yields similar accuracy. The most influ- 001 | .
ential aspect of the basis set appears to be the extent of
coverage close to the calcium nucleus, presumably to include 0.005 |- ]
adequate core correlation contributions from Ca; inclusion of 112 109}
more diffuse and/or more polarization functions has very or 3
little impact. The importance of tight calcium basis functions 0005
also stems logically from the almost-cationic nature of the ’
calcium when bonded to the OH group, such that the calcium 001

core electrons are more tightly bound. 9 100 110 120 130 140 150 160 170 180
Bond Angle, degrees

B. Symmetry FIG. 1. SCF virtual orbital energies as a function of bending. The left axis
corresponds t&€g symmetry and the right t€.., .
The linear CaOH molecule is @.,, symmetry, so cal-
culations for linear geometries usky, symmetry(with the
molecule along thez axis). Thus the doubly degenerate

groupg segargte o_lr_r‘;cotlllapscca:” igtﬁ (.jiffefrir;t ?ygmetry bIOCkS(HOMO—highest—occupied molecular orb{Bo) orbital en-
eg. P 2)- di el ent r‘?‘ c '38 b edla s synl1lme— ergy is not shown because it lies too Idat —0.082 a.u.).
try (z axis perpendicular to the Ca—0 bondo no collapse After the IVO calculation, the & orbital is much closer in

occurs for nonzero bend angles. This collapse is a sourc(gnergy to the other valence orbitakiue to thevN~1 IVO

of potep 'qal cgmt\%utatlonatl).:in;flcul;ue;,ﬁas |ttallows fo: spurl-d potential as opposed to thé&' SCF virtual orbital potential
ous mixing between orbitals of difierent Symmetry an The large SCF orbital energy separatith?2 eV) be-

may result in overall symmetry not being preserved. Use Otween the highest occupied molecular orbitgd) and the
the IVO-complete active space configuration interaction

. . i . ~“highest core(doubly occupied) orbital motivates the

6
.OVO'CASCD routine obwgtes_thls pro*?'e_m by diagonaliz- choice of a valence space with a single active electron. A
ing the Fock oper.ator T“at“x d|rectly within each SYmMmetry oo mtortable energetic separation exists between tleaht
leCk rathe_r th_an iterating the eigenvectors. e compu- . 16 orbitals. However, a valence space containing only those
tations maintain the full symmetry, and bent state potentia

energy surfaces correlate smoothly with the linear cases rbitals below B cannot describe the higher stal@s par-
oy y " ticular the F 211 state of interest to which thez5orbital

makes the dominant contributibhe next break in the IVO

C. Valence space energies falls between ther5and 6r orbitals. The eight

Careful choice of the valence space is critical to the sucorbital valence spacéV) includes only theb; part of the
cess of balanced simultaneous calculations for multiple ex57 orbital while preserving the full symmetry and does not
cited states. A state can only be well described if the orbital¥ield particularly accurate vertical excitation energies for the
contributing to the dominant configurations are included inF state(although other excitation energies are in reasonable
the set of valence orbitals. It is not feasible simply to expandagreement with experiment
the valence space indefinitely, because e perturbation The 12r orbital is omitted from the smallest valence
series does not converge well at low order if the range ofpace for the linear geometries, but the energy of the 12
valence orbital energiebefore averagingis excessive or if orbital crosses that of therband 6r orbitals as the Ca-O
the energetic separation between the valence and excited dyend stretches or contracts, and all three orbitals mix exten-
bitals is too small. Additionally, the computational cost in- sively for nonlinear geometries. This mixing accounts for the
creases with the number of valence orbitédsd with the closer agreement with experimental excitation energies for
number of electrons in the valence space the states with significant population in the higheorbitals

In order to determine the optimum valence space for thaipon the inclusion of the X2 orbital in the valence space.
CaOH study, calculations are performed with three differentConsequently, the second valence space, with ten orbitals
spaces which contain 8, 10, or 12 valence orbitals, as dd10V), augments the 8V space with thed@rbital and both
scribed in Table Il. The labels in parentheses indicate théhe b, andb, parts of the &r orbital. Calculations with the
orbitals used irC,, . The relevant ground state SCF orbital 10V space yield a bettdr.e., closer to experimentertical

energies are depicted in Fig. 1. The singly occupied HOMO
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TABLE IIl. Third-order 7" vertical excitation energies for 8, 10, and 12 equilibrium geometry and usinG,, symmetry. Deviations
valence orbital spaces calculated with basisbset from experiment are in parentheses, and the bottom row
T, (eV) gives the average absolute deviations. Coupled cluster
singles and double€CCSD) calculations using the modified
bl basis setlfl’) have also been performed. In each case,
X235+t 0.000 0.000 0.000 0.000 the accuracy from thé{" calculation is comparable to or
better than those found with CCSD. Also included in the

State 8V oV 12V Expt.

Al ;:322 i:g:: i:g:: 1.984 table are available experimental and theoretical values for
comparison. The gain in accuracy in passing from second to
B2+ 2.205 2.240 2.236 2.284 third order is qualitatively independent of the choice of basis
C2A 2.829 2.884 2.882 2.716 set, and a poor initial choice of valence space is compensated
2.829 2.884 2.883 for by higher order corrections.
B2y + 3.537 3.476 3.475 3.480 While third order yields an improvement in the accuracy
of excitation energies and spectroscopic properties, the
E?x” 3.885 3.881 3.704 second-ordef " calculations with a reasonable basis set are
B 3.919 3.902 3.884 3.746 already as accurate as those found using other
3.902 3.884 method$’2%%(see Table IV, while taking 1/36th as long as
~ third order. Given the accuracy and speed of second-order
G 4.092 4.048 calculations, the second-ordét® is a viable method for
4.092 constructing multidimensional global potential surfaces
*Reference 24. (which previously could only be accomplished by MRCI
°Reference 1. and the full three-dimensional potential surfaces here are

C
Reference 3. constructed only to second order.

The oscillator strengths and dipole mome(ifables V
and VI, respectivelyare calculated with thél’ basis. Al-
though this basis set gives poor spectroscopic properties, it
nevertheless yields dipole moments substantially closer to
experiment than those from the other sets. This is attributable
to the inclusion on oxygen of somewhat more diffuse func-
tions that are more important for dipole moments than for

for the 12V space are sliahtly further from experiment thar:<\4nergies. The oscillator strengths consequently also benefit
P gnty P rom the extra diffusivity in theol’ set. TheA—X transition

are those from the 10 valence case, the 12V space erforn - . ,
pace p the strongest of the observed excitations, consistent with

far better for the bent geometries because it generates ess:%ﬁ : .
tial configurations which contribute to H2Il state. as is e calculated oscillator strength being much larger than the
a 9 ' others. At linear geometr®, < A dipole transitions are sym-

illustrated in Sec. IV D. metry forbidden.

The third-order "’ dipole moment agrees very well with
IV. RESULTS the experimental value for the ground state and the first ex-
cited?S " and?Il states. The decrease in dipole moment for

. . . ) the A2l and B2S " states indicates that these states are

Table Il displays the'verncal exqta’uon energies for g, meyhat less ionic than the ground st@ed other excited
gach valence space, obtalng'd from third-orgie F:alcula-' state$. The much larger dipole moment calculated for the
tions at the ground state eqilibrium geometry using basis S% 2A state is consistent with an increase in its ionic character

bl. Calculations for linear geometries using b@tk, andCq . . L o
symmetry confirm that symmetry is conserved. ExcitationWh'Ch we discuss below and which is supported by the simi-

energies to degenerate states are presented for each orbita,ar result found in the ligand field calculation of Allouche.

in . ) X :
the pair (1—B,,B, or A’,A") and are identical up the ma- Calculation of dipole moments for the higher-lying states
chine limit. The data reflect the ability of tH&" perturba-

is problematic. All higher states place the unpaired electron
tion series to largely correct for deficiencies in the valence

distant from the oxygen nucleus in very diffuse orbitals. The
2 M ~ 2

space(provided, of course, that the dominant configurations(' ) values for theD throughG states are 268, 266,

are includedl The excitation energy for thE %I state im-

excitation energy to th& 2II state at the ground state ex-
perimental geometry, but do not perform well when the mol-
ecule bends.

The final, largest valence space, with 12 orbifdiaV),

A. Single point calculations

273a§, and 329(2), respectively, considerably exceeding the

proves dramatically when therorbital is added to the va- average of 17& for the five lower-lying states, with the

lence spac&10V versus 12V. The energy of th& 2A state  difference solely due to the diffuseness of the singly occu-

would likewise improve with expansion of the valence spacePied orbital. The dramatic increase in their spatial extent

to include additionals orbitals. would necessitate the use of even more diffuse functions for
Table IV summarizes the vertical excitation energiesaccurately calculating the dipole properties of these higher

from first-, second-, and third-ordé¢? calculations for the states. Thus, the dipole moments for fhehroughG states

12 orbital valence space with the andbll sets(the other are not presented. As discussed below, the diffuseness of

sets behave analogouslgt the experimental ground state these states is manifest in other properties also.
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TABLE IV. First-, second-, and third-order vertical excitation energies for basisbsedadbll, in eV. Paren-
theses give the absolute deviation from experiment forHHeexcitation energies.

Te (eV)

State Basis Tst Y nd H Expt?
A2l bl 1.898(0.09 2.024(0.09 1.986(0.002 1.984
bll 1.902 (—0.08) 2.030(0.09 2.012(0.028

CCSD 1.991
Electron propagat8r 1.880
MR-DCI® 1.94,1.95
Electrostatic polarizatich 1.981
Ligand field 2,51
Bast bl 2.323(0.09 2.310(0.07) 2.236(0.00)  2.234
bll 2.350(0.1) 2.358(0.1) 2.250(0.02
CCSD 2.229
Electron propagator 2.226
MR-DCI 2.26
Electrostatic polarization 2.214
Ligand field 2.61
C2A bl 3.056(0.3 2.980(0.3 2.883(0.2 2.716
bil 3.141(0.4) 3.013(0.3 2.878(0.2)
CCsD 2.862
Electron propagator 3.021
MR-DCI 3.06,3.05
Electrostatic polarization 2.277
Ligand field 2.71
D2yt bl 3.352(0.1) 3.540(0.09 3.475(0.02 3.490
bll 3.346 (- 0.1) 3.595(0.1 3.552(0.06
CCSD 3.465
Electron propagator 3.285
MR-DCI 3.37
E2>t bl 3.902(0.2 3.984(0.3 3.881(0.2 3.704
bll 3.956(0.2 4.089(0.4) 3.981(0.3
CCSD 4.099
Electron propagator 3.702
MR-DCI 3.74
E 211 bl 3.832(0.09 3.983(0.2 3.884(0.1) 3.746
bil 3.886(0.1) 4.082(0.3 3.990(0.2)
CCsD 4.095
Electron propagator 3.721
MR-DCI 3.79,3.80
G211 bl 4.003(0.04 4.189(0.13 4.092(0.095 4.046
bll 4.065(0.02 4.302(0.258 4.212(0.2
CCsD 4.193
Electron propagator 3.875
MR-DCI 3.95,3.96
[dev| bl 0.13 0.15 0.075
bll 0.154 0.207 0.130
¥See notes for Table IIl.
PReference 2.
‘Reference 28.
‘Reference 7.
‘Reference 6.
B. Analysis of three-dimensional for these ground and excited state potential surfaces and in-
potential energy surfaces cludes the results from the set closest to experiment if not

Linear and angular slices of the potential energy surfaceBl! -
for all 12 of the states are displayed in Figs. 2 and 3, respec- Although there is evidence of substantial anharmonicity
tively, from second-order calculations with basis k. in some excited states, the global minimum for each state
Table VII summarizes the computed spectroscopic constantsccurs at a linear geometry. The excitdd states have an-
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TABLE V. Calculated oscillator strengths for the 12V orbital space with 2 A1 (22Ar 1 zAu) state
basisbl’ for CaOH. Results for the 10V space are in parentheses. ' ’

The bond lengths and stretching frequencies both agree
Theory well with experiment for all the basis sets, and the bending
frequency predicted bybll is excellent. Setblll gives
slightly better values for the OH group, but is equivalent to
bll for the others. As with the ground state, basis Iskt
yields the best agreement with experiment, implying as
above that this state is likewise neither diffuse nor strongly
polarized. The linear potential surface is noticeably anhar-
monic in the Ca—-O coordinate, changing little from the

round state, as apparent from the upper middle panel in Fig.

ular potential surfaces which are flat to varying degrees, bLg . e
g P ying deg . The angular potential curves exhibit some Renner-Teller

thhtc))_se of the Iovger g_nergy ﬁtates s_tl_JdleldthroughE) Hex’é splitting between the 2A’ and 12A” states(the 1°A” state
ibit much less bending anharmonicity. In contrast, tHé& remains more harmonic

(F 2II) state possesses a nonlinear local minimum, as does

the 8°A" (G ?II) state(which had not been suspected before 3 25+ (324') state

this work. We are not aware of any experimental spectroscopic
The linear C..,) portions of the surface are fit to poly- y exp P P

nomial functions of orden=4 in both distancesRc,o and constants for th& state. The linear potential surface for the

Rop) to determine the equilibrium bond lengths and har-B state is slightly more harmonic along the O-H stretching
monic frequencies for the stretching motidfigihe calcula-  coordinate than in the ground state, which is evident in the
tions for angular geometriesC() are treated analogously, upper right-hand plot of Fig. 2, but the calculated frequencies
but the data are reflected through 0° and fit to polynomials ofre comparable to those of the ground state, suggesting that
ordern=6 in 6. The residualshigher anharmonicitiefor ~ the character of the states is similar.

displacements of more than about &4from equilibrium

become substantial, primarily attributable to the decreasing. C?A (42A’,22A") state

energetic separation between states. This closer spacing al-

lows the configurations to mix extensively, as described befnuch shallower and broader along the Ca—O coordinate than

low for the F andG states. are the other states, as illustrated by Fig. 2. The calculated
properties in Table VII show the O—H stretching frequency

1. R25* (124') state essentia_lly unchanged from the ground state, but th_e Ca-0O
stretch is weaker. The much lower Ca—O stretching fre-

Basis setbl represents the OH group well, but poorly quency observed experimentally is consistent with the shape

describes the CaO properties, while lsBtdoes best for both  of the calculated potential energy surface. The change in the

Ca0 and OH propertiegand the CaOH bendThe O—-H  ca—0O stretch correlates with a much longer Ca—O separation
separation and stretching frequency frdit are closer 0, 1o 2 state, suggesting a somewhat greater polarization

H ! 1 !
e>§per|ment than_ are those fpund w.th . Sincebll con- 5t the unpaired electron away from the OH group.
tains more polarization functions, this supports the belief that

the unpaired electron is polarized away from the metal in the
ground state. The expectation that the ground state has Iittl%‘

. v
Transition His 2nd 3rd

%2s+_ K2 0539(0.539  0573(0.572  0.570(0.567
X2s+ L E2@  0.014(0.014  0.018(0.014  0.016(0.015
X2s+_g2m  0.001 0.00001 0.001

The linear potential energy surface of tB&A state is

D23 (52A’) state

diffuse character is also borne out by the fact thatitheset The calculated spectroscopic properties for és *
(with fewer diffuse functions than the othenserforms best state are in excellent agreement with experiment for most of
overall for the ground state. the basis sets. Calculations with &l , with its large num-

TABLE VI. CaOH dipole moments, in D, as calculated with basi$ with 12 valence orbitals at optimized
geometries, compared with experiment and other theory.

Other theory

State Hig H g H g Expt? LFP EF cisp*
K25+ 0.784 1.448 1.539 1.465 1.465/0.8 1.2 0.98
A2l 0.656 0.757 0.801 0.801 1.6/0.9 0.4 0.49
Byt 0.744 0.118 0.573 0.744 2.2/1.5 -06 0.11
C2a 5.626 5.690 5.781 5.9/5.1 6.0

et 2.403 -2.832 -1.166

*Reference 25.

PLigand field, using experimental/fitted parameters, Ref. 6.
‘Electrostatic polarization, Ref. 7.

dReference 50.
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Xz

B2

— 23

{22
{21
{2
- {19
{18
R
{16

=243

FIG. 2. Linear potential energy surfaces for the ground and excited states of CaOH. Contours are of constant energy, Ca—0O separatioaisp0 e
on they axis; all are in atomic units.

ber of polarization and diffuse functions, provide the best7, F2[1 (62A’,32A") state

agreement. This implies that tH state is quite polarized, The structure and character of thestate differs drasti-

and possibly slightly diffuse. The minimum in the linear ge- cally from that of the ground state, shifting to a smaller

ometry potential surface shifts to a substantially smaIIerCa_O separation. A slice alond the linear surface at the equi-
Ca-0 separation from that of the ground state, as visible P ' 9 g

from the center middle panel of Fig. 2. librium ground(andF) state separatioRon= 1.8a_ (see Fig.
2) displays a very slight shoulder along the Ca—O coordi-
nate, the origin of which is discussed in detail in Sec. IV D.
The state splits upon bending, and while both components of
. the pair have global minima at linear geometries, tR&'6
6. EX* (7°A') state state changes much more dramatically than th&”"3Fig. 3,

The geometry changes dramatically upon excitationbOttom left panel developing docal nonlinear minimum in

= o . its angular potential surface at a 170° bond angle 376%m
from the ground state, with the X" state minimum occur-

i , __.above the globallinearn minimum; the barrier to linearity is
ring at a much shorter Ca—O distance and a substantiall

. ) Y05 cni .
larger O—H separation than in the lower states. These

changes are clearly visible in the surfadég. 2, middle .

right). TheE 23 state is the first to involve non-negligible & G?Il (8°A',4°A") state

structural change of the OH group, resulting in a lower O—H  |jke theF state, the equilibrium geometry of ti@ state
stretching frequency and higher Ca—-O stretching frequencghifts to a smaller Ca—O separation and narrows along the
than for the other states, consistent with experiment. MiXingCa—O coordinatéFig. 2, bottom right pang! It, too, pos-
extensively with thé= andG stateg(discussed in Sec. IVD  sesses a local minimum at a nonlinear geomeétryhe 82A’
the E state also displays a much narrower angular profilestate which is not visible in the figure: a low barrier to
(see Fig. 3 Basis sebll calculations agree best with ex- linearity (~50 cm'*) appears 524 cm' above the global
periment, indicating that although the geometry of the staténinimum, at a much longer Ca—O distance (3841han in

differs from the ground state, tHe state is still predomi- the 6°A’ (F) state, and at a smaller bond angle (158°).
nately valencelike, and the tighter calcium functions are necAdditionally, the angular potential surface of thé/8 state
essary for its description. remains quasilinear over a broader range, corresponding to
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FIG. 3. Angular potential energy surface slices for the ground and excited states of CaRkhaB.73, and Ron=1.8a.

this later barrier onset. The large ratio between the fit coefthere are eight or four?Q’ or 2A”, respectively configura-
ficients of * and 62 (4:1) is characteristic of a quasilinear tions in the same symmetry block which may mix. This ac-
surface(a very broad, flat angular potentiahnd since the counts for the close agreement with experiment of4hé
mode can clearly not be approximated as harmonic, there istates’ excitation energies and properties, while’thestate
poor agreement between the calculated harmonic and expetransition energy does not match as welke Table Ill. A

mental frequencies. valence space with extfa\ configurations could be used to
correct this and to improve the bending frequency of the
C. Spectroscopic properties 427" state.

With one exception, other than excitation energies only
round state properties are available from other theories.

O-H stretching frequencies are all within about 6% of the hIeO(IJI(;_rakopouI(:E a?d tci-;/vortk?rs hz:vg regﬁporrt_]ed bMR(;DCI
experimental frequencies. The energy of the Ca—-0O stretcﬁa culations -on the 1irs states of L.a € bon

. for the hiah tat ¢ for BA stat engths from that work are compared witti’ calculations
Increases for tne higher states, except tor S8 and experiment in Table VII. For all three instances in which
which is consistent with experiment. We also observe an

; Hapik 25 + A 2 8 2y +
overall decrease in the equilibrium Ca—O separation Withexpenmental data are avallabl¥ fE . A“IL, andD °% )’,

o . .~ . . the MR-DCI Ca—-O distances deviate by two or three times
excitation(again exceptin@ “A), while the O—H separation

. 7 . . the deviations of thé{" second-order calculation, in addi-
changes very little. This is consistent with the hydroxyl o1

7 . tion to failing to preserve symmetry. The ground state has
group remaining largely unchanged and an experimentall gop y Y g

. n more fully characteriz nd the available theoretical
observed O—H stretching frequency very nearly that O%ee ore fully characterized, and the available theoretica

= 47 ) i 2 and experimental data are summarized in Table VIII. Elec-
OH".""However, the harmonic frequencies for #ell and 51 propagator calculations and MR-DCI treatments yield a

G ?Il states are not accuratdeviating by about 100 cit,  geometry that deviates substantially from experinfemhjle
~25%, forG 2II) because of the very anharmonic shape ofthe density functional calculations of Chan and Hamilton
their bending potentials. and CISD work by Bauschlichaat al*® both exhibit compa-
The valence space employed by these calculations comable agreement with experimental bond lengths and Ca—0O
tains five configurations of> * symmetry, but only a single stretching frequency to that of the second-or#r method.
configuration oA symmetry. This is irrelevant for the non- Recently reported spin-restricted coupled-cluster
linear (C,) portions of the surfaces, as the bent moleculd RCCSIOT)] calculations with extremely large basis $ts
configurations fall into only two symmetry blocks, and thusyield very good Ca—O and O—H distances and excellent fre-

Agreement of thé{" calculated spectroscopic properties
with experiment is generally quite good. The Ca—O an
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TABLE VII. Calculated spectroscopic properties for the ground and excited states of CaOH. Distances in atomic units and frequenclesPiercant

deviation from experiment is given in parentheses, where available, and for states otherstases, the angular frequencies given are for individUah”
states.

State Basis set Rcao Ron ®cao Won WcaoH
X 25+ bl 3.662 52(-1.8) 1.808 180.07) 658.17.0) 3907.23.4) 486.236.0
bll 3.758 340.7) 1.800 56(-0.4) 595.9¢-3.0) 3983.85.4) 380.86.3
Expt? 3.73145 1.806 96 614.8 3778.0 357.2
MR-DCIP 3.83 1.80
A2l bl 3.707 2%0.4) 1.80022(-0.5) 622.2(-1.0) 3989.%6.7) 349.7(-4.5)/389.8(6.4)
bl 3.744021.9) 1.802 86(-0.3) 583.2(-7.2) 3966.46.1) 402.59.8/435.518.0
Expt* 3.691 01 1.808 84 628.4 3738.0 366.4
MR-DCI 3.76 1.80
B2S+ bll 3.722 65 1.799 16 602.6 3992.6 381.5
MR-DCI 3.77 1.80
C2A bll 3.84112 1.799 55 505.9(4.3) 3983.2 289.§.2/287.37.9
Expt® 528.4 312.2
MR-DCI 3.83 1.80
D2t bll 3.648321.9 1.802 87(-0.33) 659.0¢3.2) 3984.4 43383.9
blll 3.641071.7) 1.805 70(-0.17) 661.1-2.9) 3961.1 428@.8
Expt.d 3.579 14 1.808 85 681.4 425.6
MR-DCI 3.70 1.80
E2s+ bl 3.566 25 1.82270 713.2(3.4) 3771.0 503.6
Exptd 738
MR-DCI 3.65 1.82
E 20 bll 3.642 89 1.803 20 649.3 3971.4 323.8/405.9
MR-DCI 3.70 1.80
G211 bll 3.574 36 1.805 56 734.7 3958.4 41@R49.0/408.231.0
bill 3.61113 1.807 08 708.0 3949.8 38248.0/445.443.0
Expt! 311
MR-DCI 3.68 1.80

®References 1 and 24.

PReference 28.

‘Reference 24.

YReference 1.

*Reference 4.

Reference 3.

9Found by assuming the O—H distance in hestate is the same as for tihestate.

guencies, but at the cost of a substantially larger basis séibns with other states. The effects of state mixing are visible

than employed in thé{" calculations. in the potential energy surfaces in the immediate vicinity of
180° (Fig. 4).

These behaviors, which mimic those in the other alkaline

D. Quasilinearity and the “bent” states earth metal hydroxides, are due to the extensive mixing of

The equilibrium geometries for all 12 CaOH states studthe F °IT and G ?I1 states with theE 2™ state. Each state
ied here are lineaisee Fig. 3. However, there are substantial configuration is an admixture of determinants of the form
features in the bent portions of the potential energy surface€ore v, wherev is the occupied excited orbitébm, 120, or
which suggest that the system is more complicated. Closem)- As the molecular geometry changes from linear to bent
examination of the A’ and 8°A’ states reveals that the and the symmetry decreases fray, to Cs, the initially
surfaces are not S|mp|y harmonic in the angu|ar dimensioﬁorbidden mixing becomes a”OWEd, and all three states have
but have some local minima at nonzero bend afigée, they =~ components which may mix. This state mixing is clearly
have appreciable “bent structurg” In both cases these evident from the weights of each configuration contributing
minima correlate with barriers to linearity, but while the to the states, which are plotted in Fig. 5, and their shapes are
62A’ state’s barrier is present at the ground state equilibriungharacteristic of an avoided crossing.
geometry, the 8A’ surface is merely quasilinear at those The character of thE 2IT (62A’) state changes dramati-
bond separations. At larger Ca—O separations, this flat sueally with small deviations from linearity at the ground state
face develops into a barrier to linearity. ThéA” angular  equilibrium separation, withr and o configuration weights
potential also exhibits a conical shape indicative of interacvarying by nearly a thirdFig. 5, top panel This very strong
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TABLE VIII. Comparison of calculated){ ") spectroscopic properties with experiment and various theoretical
studies for theX 23 * of CaOH. Distances are in bohrs and frequencies in wave numbers.

Method Rcao Ron ©cao WoH @caoH
Y 3.758 34 1.800 56 595.9 3983.3 380.8

CISD? 3.756 78 1.79 629
Elec Prop 3.81536 1.827 37
DFT® 3.755 1.8115 624 3966 427
MR-DCI¢ 3.83 1.80
RCCSOT)® 3.73712 1.799 02 612.1 3873 347.6
Experiment 3.73145 1.802 04 614.8 3778 357.2

aReference 48.

PReference 2.

‘B3LPY/6-311G+ +** , DZVP, Ref. 11.
YReference 28.

®References 1 and 24.

Reference 26.

coupling between the BA’ and 72A’ states is balanced by a in the Ca—O coordinate, and they cross at almost exactly the
change in the character of the’&’ state, depicted in the experimental geometry(at Rcac=3.712% and Rgy

middle panel of Fig. 5, corresponding quite clearly to an:l.&ao). A change in the ordering of thé andF states at

avoided crossing between thé/' and 7°A’ states. MR- he ground state equilibrium geometry is equivalent to shift-
DCI calculations for the ground and excited states of CaOI-} 9 quiib g y q i
dng the surface for thé= state up or down, which merely

have led to postulation that there is an avoided crossing b ; :
tween these two stat@® which we confirm. This avoided changes where the crossing occurs, not the fact of its occur-

crossing creates the barrier to linearity at the ground statéence. This is true as well for 18 *I1 state, since the loca-
equilibrium geometry and extends along the Ca—O coordition of the barrier to linearity in thes 21 (82A’) state is
nate in the 6A’ (F 2II), resulting in a broad and shallow dependent upon where tfe?S. * state crosses it.
minimum and the complexity observed in the experimental
spectra. V. DISCUSSION

The mixing of the three highea” states is also respon- The H? calculations provide vertical excitation energies

sible for the quasilinear behavior observed in @81 state. and spectroscopic properties in very good agreement with
Because the coupling between théA7 and 8°A’ states is  experiment for the ground and 11 excited states of the CaOH
much weaker than betweer’8’ and 7°A’ states(see the  ragical. Analysis of several basis sets demonstrates that ac-
lowest plot in Fig. 5 and because they approach each othegyrate studies of excited states in calcium-containing systems
at larger Ca—O separation, the bending potential of tH&'8  require the inclusion of many tight functions on the calcium
state flattens. The state remains quasilinear over a broadgfom, due to the tighter binding of the calcium electrons and
range of geometries than does théA6 (F 2I1) state, and the impact of core electron correlation. These features are
the barrier to linearity develops at geometries further fromevident from the improved agreement with experiment of the
the ground state equilibrium geometry. The barrier is alsequilibrium Ca—O separation and stretching frequency for
correspondingly lower in the 3\’ (G 2I1) state, only about the second basis skl , which adds extra tight orbitals about
half of that for the @A’ (F 2I1) state, a consequence of the the calcium atom but does not contain additional polarization

smaller coupling between the configurations. The barrier
would likely increase with inclusion of higher states with
which the A’ state couples.
The computed 0.01 eV spacing between B% * and 752857 3 i

F 211 states at the ground state equilibrium geometry is kY ji72A'
clearly smaller than the margin of error for aay initio ]
method, and th& andF state order is inverted compared to
experiment at this point. At thexperimentalminimum ge- 2
ometry Reao=3.732,Ron=1.803 ), theE state is calcu- i
lated to lie 0.013 eV above tte state, while at the minimum
geometry extracted from the fit to tHe?S " surface Rcao
=3.758 ,Rou=1.80( ), the E state is only 0.0016 eV

y 0 -752.859 ' ! ' ' ' '

above theF state. AtRc,0=3.758 andRoy=1.803 , it is 150 160 170 180 190 200 210
Bond Angle, degrees

Avoided Crossing of 6 and 7 2A’ States

-752.858

0.013 eVbelowthe F state. Hence for linear geometries the
ordering of theE 23 andF 211 is very sensitive to changes FIG. 4. Avoided crossing of the 6 andA7 states.
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CSF contributions to the 6 2A’ state

J. Chem. Phys. 122, 044317 (2005)

bent minimum 376 cm® above the global minimum at a

'r . bond angle of 170°, with a barrier to linearity of 105 th
o8 Sat This feature appears higher in the excitation spectrum than
£ o8| those of both BeOH and MgOH which are found to possess
*; osl much deeper global minima in ti#eI1 state(at bond angles
M )y of about 115° with barriers of about 2200 and 3700 ém
' o f_,-f”' a2 h respectively.’® The subsequer® 21 state of CaOH also has
9 100 110 120 130 140 150 160 170 180 a very flat, quasilinear angular potential at the ground state
Bond Angle, degrees equilibrium geometry and develops a barrier to linearity at
GSF contributions to the 7 2A’ state large Ca—O separation. The presence of this barrier in the
T . f G211 is predicted for the first time here, and we expect that
08 £o--ame- o= Fa{(120) ﬂ“"‘*s\k . similar structure is present in the other alkaline earth metal
g osh hydroxides. Because of much weaker coupling with Ehe
? oal state, however, the barrier in ti@ state is smaller than that
02be.ng26R 6a'(5n) in the E state. B
e e The barriers to linearity present in both tRe’Il and
% 100 110 120 130 140 150 160 170 180 G Il states arise from surface crossings with fhestate
Bond Angle, degrees . . . L
which are allowed in the high-symmetry linear geometry but
. CSF contributions to the 8 %A Smf_ become avoided by symmetry for any deviation from linear.
wl l_”__‘_,_.é;,ié;i""""""' While the barriers to linearity are low in both tife and
e G 211 states, thé state’s nonlinear well occurs at the ground
Eor state equilibrium geometry and is thus readily accessible
% ol upon excitation, resulting in the spectral complexity encoun-
o2k tered experimentally.
e s The calculation of global potential energy surfaces for

FIG. 5. Configurational mixing among the 6, 7, and'8(F, E, andG)

states.

90 100 110 120 130 140 150 160 170 180
Bond Angle, degrees

the X throughG states of CaOH with the second-orde? is
highly efficient, costing only as much as constructing a
single state surface and yielding the full set of states to com-
parable accuracgwith the exception of th€ A statg. The
method thus allows for cheap, balanced, and efficient surface
construction, while still providing energies and spectroscopic

or diffuse functions, which are less significant for moleculesproperties of the same level of accuracy as other, more
where calcium is dominantly cationic. The importance ofcostly, methods which require individual calculations for
tight functions on Ca apparently applies for the excited statesach state’s surface. Even greater efficiency will be possible
as well as the ground state. The basis set which generates thvth the implementation of routines for analytic derivatives.
best moleculator atomig spectroscopic properties or geom-
etries is not necessarily optimal for enerdiéso the lower ACKNOWLEDGMENTS
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