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Abstract

Intersections of clectronic states ane recognized as natural molecular bubs routing initial
photosxcitation towards specific products. In this Letter, we investigate a five-fold intersection
between the 2,34 and 1,2.3'4" electmonic states of OO responsible for the ultraviolet ab-
sarption of the molecule betaeen | 2nm and W60nm. [t is demonstrated that the imersection
i% mot an isol aed point but a seam with the following properties: § 1) The scam comprises both
conical and glancing intersections; {2) The scam is a closed loop traced by the concerted dis-
placements of two OO0 bonds; (3) The seam is constrained to linear peometrics, and is punely
planar; {4 The scam passes directly through the Franck-Condon zone. Topography and prop-
erties of the intersection seam are validated wsing assignment of the electronic wave funct ions
and illustrated wsing circulation of the derivative couplings along closed contours, Possibility

of observation of strongly curved seams is briefly discussed.
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Ultraviolet (UV) photodissociation of carbon dioxide! is of considerable importance for at-
maspheric, planetary, and interstellar chemistry and has received much attention of the experi-
mentalists. Two diffuse bands, centered near 67 750cm ™" (148 nm) and 75 000cm™" (133 nm),
are particularly well sdied, with the measurements covering the abhsorption profiles of irregular
vibronic bands as well as the photofragment distributions in the singlet and triplet dissociation
channels.** Theoretical sudies®™® related the absorption maxima 1o the lowest excited valence
states VES and 1'A,, (the low energy band at 148 nm) and 1T, (the high energy 133 nm band).

Recently, the vibronic origin of the diffuse bands was eswablished by solving the electron-
nuclear Schridinger equation for the first six interacting singlet electronic states, using full dimen-
sional global potential energy surfaces (PESs) computed at a high level of ab initio theory.” The
quality of ab initio PESs is manifested in the near spectroscopic accuracy of the calculated ahsorp-
tion spectra. The swdy demonstrated the significance of three strong non-asdisbatic interactions in
the Franck-Condon (FC) zone of the near-linear maolecule: The rotelectronic Renner-Teller (RT)
effectin the orbitall y doubly degenerate ' A, and 'TT g States, the conical intersections (Cls) between
' Ay and II'IJM-. and the Herzberg-Teller effect in the transition dipole moments off 'I.;. II'IJM-. and 1A,
with .!?I.;'. Carbon dioxide is phowexcited directly inwo the region of multiple degeneracies, with
all excited states linked through a network of couplings created at BT intersections and Cls.

In this Letter, we investigate the wpography of the intersecting states and demonstrate that
all intersections are connected into a single seam which stretches over a substantial range of bond
distances in the linear molecule. Becently, Levietal. reported an extensive ab initio study of aseam
of two-state Cls in methylamine. ' ! The authors discovered a CI seam induced by a motion of a
single proton in a well-specified molecular plane, conjectured that the seam should be closed, and
gave heuristic arguments supporting this conjecture. Below we present direct numerical evidence
of an intersection seam which comprises five opticall v active electronic states, 18 induced by atomic
motion along one line, passes directly through the FC zone, and forms a closed loop.

Adiabatic energies of the first three 'A" and the first three 'A” electronic stales, correlating

al linearity with X 'I.;f. I'I'lg. I'I.;. and 1'Ay, are calculated on a dense three-dimensional grid



of CO bond distances &) > and the bond angle opep. Details of the calculations, carried out
using MOLPRO package, ' are available as Supporting Information. While PESs for the quantum
dyvnamical calculations are constructed at the MRCI level of theory, the present work is mainly
based on CASSCF calculations. The difference between two s¢1s 18 quantilative but not qualitative:
A closed intersection seam is found at both levels.

Analysis of crossings between calculated adiabatic sistes is indispensable in constructing an
adequate quasi-disbatic representation for dynamics caleulations. Two types of intersections with
repard to their symmetry properties are identified in OO [see Fig. l{ab)]:

I occur between one A and one A” state which become depenerate

Renner-Teller intersections
atl linearity {gnen = 1807 Among the six caloulated states, two such pairs are present, corre-
sponding 1o the orbitally degenerate 1A, and 'I'IH states [Fig. Ha)]. The intersecting siales remain
degenerate as long as tnen = 1807, and the “degeneracy manifold” is the whole (&), &) plane.
Conieal intersections occur inside A" or A” symmetry blocks and stem from the 'I'IH /Ay erossing
discoverad by Knowles et al.™" in linear Ch with bond distances R} = RS = 2.2 ay [Fig. l{b)].
Al this geometry, the A" as well as A" components of II'lJ.N- and 'Ay intersect giving rise o two
coinciding degeneracies in the (K1, K2} plane, one involving 2.3 'A" and the other involving 1.2 "
or 2.3'A" states. The intersections are conical because the degeneracies are lified linearly along
twoorthogonal directions, ' the bending angle cioep (symmetry breaking “coupling mode™), and a
combination of the two collinear stretches (“wning mode ™) which for CO5 s defined only locally.

The A" and A" Cls occur not at one point (R].R3), but along a line Fo(R] RS = 0 in the
(Ry.R:) plane: The *depeneracy manifold” is a one-dimensional seam, +'* CASSCF approxima-
tions 1o which are depicted in Fig. 2 for the states 2.3 (red solid line) and 1.3'A" (blue solid
line). Results for both symmetries converge towards one single line of a fourfold crossing since the
A" and A" states are almost RT-degenerate. The residual discrepancy reflects the limited accuracy
of CASSCF calculations. At the MRCI level, the A" and A" seams are vintually in indistinguishable
{green and black dash-dotied lines in Fig. 2)

A remarkable property of the calculated seam is that it traces out a closed solated loop; this is



valid for both CASSCF and MRCIT calculations. A CT seam can be viewed as a line of magnetic
field fux whose vector potential A, modifies the Hamilonian for nuclear motion in the adiabatic
electronic state [n) {‘molecular Aharonov-Bohm' effect 15}, A closed loop in Fig. 2 is akin w the
field of a wroidal magnet, with the equipotential lines of A, encircling the seam in the bending
plane perpendicular to the (&1, K2) plane. A closed strongly curved seam has several implications.
‘Inconvenient” is that the wning mode keeps changing its direction as the seam is traversed or that
the popular local dishatization'® has 1o give way 1o a global scheme. On the other hand, closed
seams suggest that new interference phenomena should become observable (see below). Closed
inlersection seams were mentioned in several swdies. For example, a triangular seam, formed by
three crossing straight seams, has been reported for cyclic ozone. 17 A strongly curved intersection
arch has been discovered in methylamine and assumed to be a part of a closed seam. '™ Qur CO;
study might be considered as a numerical demonstration of the validity of this assumption.

If the state 'E; (A" symmetry block) is also considered, the M, /A, seam in Fig. 2 has w be
augmented with Tl /X0 and A, /E seams. The resulting picture is simplified by an accidental
near-depeneracy between Ay and £ The Ay /E] energy gap at linear peometries falls consistently
below 300cm™ which is at the limit of the ab initio accuracy. Consequently, the Iy /E, seam
{nod shown in Fig. 2) is virwally indistinguishable from the TT, /A, seam. 1T the states A, and 7
are assumed distinet, they cross along two straight lines cotting through the closed loop (blue solid
lines parallel w &y and & in Fig. 2). The intersection is glancing, since coupling via the bending
mode is allowed only in the second order, "1 Ifthe states A, and I are assumed degenerate, the
straight line seams dissolve into the (R, K ) plane, while the T, /E and IT, /A, seams become

identical. Counting two A" states, the seam in Fig. 2 repiesents therefore a fivefold degeneracy.



Topography of the fivefold seam implies the following diabatic Hamiltonian near linearigy: 1918

Vip oy, )
WV
H'!'%! = Tyr 4 Ve B0, 702 |- (n
Bl Ve B0,
\ 12 PO Vew )

Here Ty is the 5« 5 matrix of the rotoelectronic kinetic energy. ' Diabatic states are labeled by
the projection of the electronic orbital momentum Lf onthe molecular figore axis and by symmetry.
Dieviations from linearity are described using the coordinate @, ~ sinf @aeg ) for which the lowest
symmetry allowed order is kept. The potential matrix consisis of a2 = 2 block of A'anda 3 = 3
block of AY suates. The dishatic energies Vare of Ay and £ are chosen degenerate; tiny adiabatic
aplitting can be recovered by adding off-diagonal second order erms ~ 818, Due o orbital

degeneracy, YV = Vv and Viy = Veae, and the fivelold intersection seam is defined via

Vi = Var = Vey = Vv, {2)

Diabatic potentials Vipa ot linearity can be constructed by inerpolation of the appropriately rela-
beled ab initio energies. The resulting smooth diabatic PESs are depicted in Fig. l{c).

Up o now we deliberately avoided the discussion of how the closed isolated seam in Fig. 2
has been determmined. Detection of degeneracies in the ab initio states can be far from straight-
forward. 1721 Three different methods were used 1o validate our result, each giving a different
perapective on the properties of the crossing states and the closed seam.

The basis of Fig. 2 forms the seam found from the numerical solution of Eq. (2)on a dense grid
of OO bond distances and ginqg = 1807, Examples of adiabatic potentials Vol Ry} for three fixed
f2 values are shown in Fig. 3(a-c). The set of points at which the adiabatic potentials “touched”

[cl. Fig. 3(b,c)] was defined as an intersection seam. States are presumed 1o switch diabatic labels



upon passing the “touching” point. Several approximations o the seam have been constructed in
this way, all very much alike, [or ogyon ranging between 1797 and 1799497

This approach, avoiding explicit diabatic assignments, becomes precarious [or closed or sirongly
curved seams. Example is given in Fig. 3(a)and (b). In both frames the bond length £) = 2.7 a; is
perceived as an approximate intersection point, but only in (b} dothe diabatic states actuall v cross.
We re-examined the crossing seam and assigned each electronic state |n) with an expectation value
(L2} = {n|LZ|n). Electmonic assignments for states 2, 314" are summarized in Fig. 3(d-0) along the
same culs as in (a-c). Color coding is also taken from (a-c): Line of a particular color depicts
evolution of the diabatic quantum number {ij for a particular adiabatic state. For example, the
adiabatic states 24" (blue line) and 3'4’ (red line) in Fig. 3(d) preserve their labels {L2) = 1 (T,
state) and 4 (A, state) along the cutin £y, This cut, taken at &> = 1.96ag, does not cross the seam
but almost touches it at 2.70 ag, and the observed avoided crossing is a mere curvature effect.
For B> = 2.00aq, the cut passes twice through the seam, and the adiabatic states 2, 3'A’ exchange
their TT, and A, characters twice [Fig. 3{e}]. This means that the avoided crossing regionin Vol Ry}
hides two densely spaced intersection points. Further extension of £ drives the two inlersections
Farther apart and makes them equally identifiable in Vo (R ) and {Lf] [Fig. 3(0)].

Crossings between A" states [Fig. 3(g-i)] involve reorderings of three quantum numbers {L7) =
0, 1, and 4, and the diabatic assignments are generally more difficalt o follow. Along the “angent’
cut in (gl the state 1A (blue line) keeps its I, character without any crossings. The states
214" (green line) and 314" (red line) swap their labels {L3) =0 and 4 at &) = 2.71ag. This is
an example of the glancing intersection between 'E; and 'A,. In the cuts (Li), crossings are
encountered between all three pairs IT, /A, TL, /L0, E5 /A, and each integer {ij 15 passed over
several states. However, since 'E] and 'A, are degenerate, the sides (L7) = Oand {L2) = 4 of the
three-state diagrams can be glued together giving precisely the two-state diagrams of Fig. 3(d-1).

The seam of Cls can also be validated using “topological” tests probing properties of electronic

H21.23

states transported along closed contours in the space of nuclear coordinates, For real Hamil-

tonians one commonly seeks to detect the sign change in the adisbatic state, either directly (see



for example %5175} or — as in this work — using the circulation of interstate non-sdiabatic
coupling matrix elements, NACMEs [, (@) = {n|;,%|m] (see for example ' *2%) To this end, a
series ol circular contours I in internal coordinates was constructed and parameterized using polar
coordinates (g, @), Examples in Fig. 2 include two contours normal wo the seam plane (I and [3),

and one lying in the seam plane ([3). For each contour, angular NACMES fom (@) and circulations

2] S
@[} = fu (nl55 ) 3)

were evalusted using MOLPRO 2 for pairs of electronic states |n) and |m). Representative NACMEs
for contours Iy - 3 are shown in Fig. 4. Visualizing the intersection s2am as a ¢losed magnetic flux
line with a vector potential A, = {n|;,%|n:l helps to qualitatively understand the resulis. Indeed,
the values of Gy () are related 1o the geometric phases f-Adl acquired by the states along the
contour [.1*" For two isolated states, zero geometric phase for either |n) or |m) implies zero
B (T); geometric phase of £ for both states implies @hu(C) = 7.7 Since lines of the vector
potential of a toroidal magnet are concentnic circles centerad on the Dux line, any contour Iving in
the plane ol the seam (like ['5) should give vanishing ﬁ-And] and vanishing &, (T3} Ab initio
values along such contours are o33 ) = 107 for states 2,34, and @, (T3} < 107! for any pair
of A” states. On the other hand, if contours run along vector potential lines (like I and T2, §-A el
does not vanish, For 2.34", @x(1 ) = 2,90 and @55(5) = 3. 10, i.e. reasonably close o 1, and
the calculated NACMES are single-valued functions of @ [see Fig. 4(a)]. This demonsirates the
local validity of the found seam for the two intersecting A’ siates. For A" states, angular NACMEs
and €, T 2} accurately predict three-state intersections. Indead, NACME fis(@ ) for the states
1'A" and 3'4" is a single-valued function of @ [see Fig. #a)] with @57 ) = 3.10. In contrast,
NACMEs f12(g@) and f23(g) in Fig. 4k} are both double-valued with f{@+ 27} = — f(¢). This
induced geometric phase elfect of Han and Yarkony 2 js a manifestation of the M, /E, and £, /Ay
intersections simulianeously enclosed by the contours Iy 2,77

While “canonical” contours [Ny or Iz provide excellent local tesis, Baer and co-workers success-



fully used the zero circulation paths I's to locate the seam globally. ' I such a contour crosses
the flux line, NACMEs near crossings behave like delta functions;!! positions of the delta peaks
indicate points belonging 1o the seam [ (230 @) for the A” states is shown in Fig. 4(a)]. Seam points
located using Iy contours with different centers and radii are shown in Fig. 2 with solid squares.

This work demonsirates, using symmetry arguments and direct ab initio computations, that the
intersection seam of the first five excited singlet electionic states of OOy is constrained o linear
geometries and forms a closed loop in the (&), 82} plane. The seam passes through the FC zone
{see Fig. 2) and is directly accessible via UV excitation. The Hereberg-Teller and Renner-Teller
interactions, active in the FC zone, also perturb the vibronic bands, making a detailed analysis of
non-adisbatic effects in the UV spectrum of €05 a challenging task.”-*

Cls are believed w provide a universal mechanism for ulirafast relaxation and possibilities
of a direct optical detection of a CI are being actively explored (see e.g. Refs. @), What op-
tions are available for detecting a complete closed intersection seam? The ability to map out the
coherent motion around the seam loop appears to be crucial but achievable for COs only in the vac-
uum UV range since the potential difference along the calculated seam reaches 3.0eV. Al longer
wavelengths, one might atempt o probe a curved seam Tocally”. COr excited with UV light of
wavelength A, = 120 nm dissociates mainly into the spin-allowed channel Of D} + COIX'ET).
Figures 1(b) and 2 demonstrate that as the CO bond elongates, the molecule passes through the
curved seam twice and thus encounters two Cls separated by a distance & of the order of the seam
curvature radins. At the first encounter, the inital excitation bifurcates into two components fol-
lowing the upper (A} and the lower (A ) adiabats, with the lower subpacket Turther excited in the
bending mode due 1o the geomeiric phase effect.™ Al the second encounter, the split components
recombineg mnto - [.-'u| explik R} + A explik| R ] and evolve wowards the common product channel.
Since bending vibration (the coupling mode) s active in transitions at both Cls, it is the oscillation
patterns in rotational distributions ﬂrcmx'z’f b which reveal the phase shifts expl (ALR) induced
by the seam curvature &, There s growing evidence that a coherent passage through two Cls leads

o measurable even-odd population oscillations in the fragment channels. ™ Detailed study of



such “two double-slit” intramole cular interferometrs is an interesting subject for future research.
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Figure I: Cuts through ab initio PESs along (a) OCO bond angle (8) = 82 = 2.2ag) and (h) one
CO bond length (82 =2.2ag, goon = 1777) In {c), CASSCF potentials for the diabatic JI'IS
{blue) and ‘ﬂ,,"JI.; {(1ed) states crossing along the closed seam are shown in the (R .82} plane
{@oco = 1797 The lowest shown contour is 8.0eV and the contour spacing is 0.25 eV,

Figure 2: The seam of conical and glancing intersections in the plane of the two OO bond distances
Ry and B2 and onco = 179.8°. CASSCF resulis are shown with red (A" symmetry) and blue
(A" symmetry) solid lines. MRCI results are shown with black (A") and green (A”) dash-dotted
lines. Also shown are two branches of the glancing intersection between near degenerate 'E; and
1A, states {straight solid blue lines). [N 23 mark projections of the closed contours for angular
MNACMESs onto (R .82} plane. Contours [N are located in the plane of the bend and are normal o
the (R, R;) plane. Ty is centered at (R1.R:. 0000} = (2.20ag.2.33 ag. 179.87): T; is centered at
(2. 10ag. 2.80ug, 179,87 ) 5 lies in the (R .R2) plane and is centered at (2. 15ag, 2.50aq. 179,87},
Solid squares indicate seam points obtained using NACMES along the contours '3, Grey blob
indicates the FC point.

Figure 3: (ab.c) CASSCF energies of the states 2'A4" and 1'AY (blue), 2'4" (green), 3'A4" and
314" {red) versus CO bond distance. The second bond distance is fixed at 1.9 ag (a), 2.00aq (b,
and 2.40aqaq (). Bond angle is opeg = 17987, The state 247 s artificially shifted by 400 cm™!
o lower energies in order o distinguish it from other states. Variation of the diabatic quantum
numbers {ijl along the same cuts are shown in (d.e.l) for A" states and in (g hi) for A" states
{quantum number axis is placed on the right).

Figure 4: Ab initio angular NACMEs [, ( @} along the closed contours versus polar angle @. In
(a), single-valued NACMEs are shown: f13(@) (states 1'A" and 34", contour Ty, green line);
foal@) (states 2'4" and 34, contour T, red line); faz(@) (states 2'4" and 3'4’, contour T3, blue
line). In (b}, double-valued NACMEs are shown: fi-(@) (states 1'A" and 2'4", contour I, green
line); fiz(g@) (states 1'A” and 2'4", contour Iz, red line).
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