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The cosmic unidentified infrared emission (UIE) band phenomenon is generally considered as indicative
of free-flying polycyclic aromatic hydrocarbon molecules in space. However, a coherent explanation
of emission spectral band patterns depending on astrophysical source is yet to be resolved under this
attribution. Meanwhile astronomers have restored the alternative origin as due to amorphous carbon
particles, but assigning spectral patterns to specific structural elements of particles is equally challenging.
Here we report a physical principle in which inclusion of nonplanar structural defects in aromatic core
molecular structures (z domains) induces spectral patterns typical of the phenomenon. We show that
defects in model # domains modulate the electronic-vibration coupling that activates the delocalized z-
electron contribution to aromatic vibrational modes. The modulation naturally disperses C = C stretch
modes in band patterns that readily resemble the UIE bands in the elusive 6-9 ym range. The electron-
vibration interaction mechanics governing the defect-induced band patterns underscores the importance of
7 delocalization in the emergence of UIE bands. We discuss the global UIE band regularity of this range as
compatible with an emission from the delocalized s p2 phase, as 7 domains, confined in disordered carbon
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mixed-phase aggregates.
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Remarkably regular UIE band features appear typically
on top of infrared (IR) emission plateaus of astrophysical
sources [1] at 3.3, 6.2, 7.7, 8.6, and 11.2 um (Fig. 1), with
subtle band pattern variations depending on the source [2,3].
An illustrative band variation is the peak of the complex
7.7 um band that changes from 7.8 um in planetary nebulae
to 7.6 ym in interstellar H II regions [Figs. 1(b) and 1(c)].
This implies structural differences between emission car-
riers in these two source types. Another key variation is the
6.2 um band peak position that shifts < 1.5% [2,3].

As the UIE band patterns reveal the fingerprint of
aromatic carbon [4], the carriers were early assigned to
gas-phase, planar polycyclic aromatic hydrocarbons
(PAHs) [5,6]. This interpretation uses spectra of hypotheti-
cal classes of PAHs to model the UIE bands [7-10], but
cannot explain the origin of the band variations and PAH
classes [11]. While this hinders the identification of specific
structures, the PAH model is a working approximation
to the vibrational mode signatures of photocooling UIE
carriers heated by starlight [2,12]: the 6.2, 7.7, and 8.6 ym
bands reveal C = C stretch local-symmetry modes of
(poly-)aromatic moieties, while the 3.3 and 11.2 ym bands
reveal in-plane stretches and out-of-plane bends of aromatic
C-H bonds [Fig. 1(d)]. The 7.7 and 8.6 um bands also
feature an in-plane C-H bend admixture. Clearly, H atoms
are part of aromatic moieties. Minor UIE bands linked to
nonaromatic C-H stretches at 3.4 and 6.9 ym show in
diverse sources [13]. This so-called aliphatic emission
suggests carriers made of polyaromatics linked by saturated
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(sp?) polymeric hydrocarbons [14,15], similar to the
aromatic-aliphatic mixed composition of coal, petroleum
fractions, and hydrogenated amorphous carbon [13-15].
These materials are robust models, but their suitability is
doubted given the seemingly low content of aliphatic C
relative to aromatic C (~0.09) estimated from the 3.3 and
3.4 um UIE bands [16]. Whether the UIE carriers are free-
flying planar PAHs or aromatic-aliphatic mixed particles is
under debate [14,16].

In this Letter we use a molecular approximation to
advance a physical origin of cosmic band patterns. We
propose that the z delocalization behind the C = C stretch
IR activity of UIE bands is modulated by defects [17] in
aromatic z-domain structures. This modulation can gen-
erate typical UIE band patterns as arising from the electron-
vibration (vibronic) interaction mediated by z electrons.
We evaluate absorption and emission IR properties of
model z domains (Fig. 2) as a function of nonplanar
defects by density functional theory and radiative IR
cooling modeling (details in the Supplemental Material
[18]), whereas the z-delocalization response to defects is
studied via vibronic coupling phases [30]. These IR
properties are determined by delocalized z electrons of
aromatic sp”" hybridized orbitals [30,31], where n =2
defines a planar composition, or 2 < n < 3 an out-of-plane
pyramidal composition [17]. Notably, defective out-of-
plane structures are tridimensional and no longer fall under
the standard chemical definition of PAHs. The structural
transformations represented in Fig. 2 readily occur in
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FIG. 1. Observed IR spectra [1] of (a) protoplanetary and

(b) planetary nebulae, and (c) an interstellar compact H II region.
(d) Absorption spectrum of structurally intact, planar # domain
[Fig. 2(a)]. The internal mode coordinates are labeled. Dotted
lines: nominal frequencies (cm™') of UIE features.

polyaromatics, during ring formation in the growth phase
[32] and photochemical decomposition [33,34]. Moreover,
simulated astronomical carbon dust-grain analogues typi-
cally contain defective nonplanar z domains [35,36]. In
circumstellar dust forming envelopes around evolved stars,
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the photochemical processing of aliphatics in grains [37]
can lead to a defective aromatization, and is implicated in
the top-down formation of fullerenes [38—40]. We discuss 7
domains under disordered confinement as a necessary
condition to explain the similar global spectral character-
istics of UIE bands. This scenario suggests amorphous
aggregates as main contributors to C = C stretch
UIE bands.

We calculate energy-minimum electronic structures
and vibrational mode fundamental transitions (v;) of #
domains via B3LYP/6-31G theory in Gaussian [43]. Line
transitions in units of frequency (Z/cm~') and IR oscillator
strength  (A/10° mmol~') are convoluted (15 cm™
FWHM Lorentzian) and inserted in the photocooling model
to obtain absorption and emission band spectra, respec-
tively. Raw frequencies are scaled (0.965), which mitigates
orbital-function truncation [18]. The adopted defect type is
a peripheral pentagonal ring [17]. The benchmark model
CosH3, in the charged cationic state is an intact 7 domain
selected for its compact core structure found to contribute
18% to the irradiance of the source in Fig. 1(c) [8]. Only the
cationic state is considered since neutral and anionic states
add as little as 6.4% and 0.038% [8]. Note the size of this
model (L ~ 1.7 nm) consistent with the average length
(2 nm) of n-domain layers in laboratory cosmic grain
analogues [35]. While other sizes are potentially relevant,
we focus on the physics of delocalized IR activity and
emission, and CosH;, is a suitable model. The related
models CosHj;, CosH3,, and Co7Hj, are top-down struc-
tures with one, two, and three defects [17], which can also
arise in bottom-up scenarios via acetylene ring-closure
reactions at zigzag edges [32].

The delocalized IR activity is defined via the Born-
Oppenheimer electronic wave function of a molecular 7
domain lPg(r; Q), r and Q being electron and nuclear
coordinates [30,31]. On departure from the equilibrium

sp® hydrocarbon matrix
localization disordered regime
\P(r)®hole 9

n-domain

E

-~. electron
AE)

self-trapping random potential
well

B C1 L, y

.

0 i r

FIG. 2. Molecular structures of H-terminated (red) 7 domains and grain aggregate model. (a) Planar nondefective 7 domain. Nonplanar
domains with defective pyramidal carbons as (b) one, (c) two, and (d) three pentagonal rings. Local hybridization s p” (at highest pyramidal
carbon) and global (bowl-depth b) curvature parameters are shown [17,18]. (e) Top: Schematic of amorphous two-phase aggregate with 7
domains (crystallite sp? phase) in insulating aliphatic matrix (disordered sp? phase) [41]. Bottom: Potential energy scheme E(r) at
crystallite-disorder interface [42], qualitative asymptotic behavior of domain’s excited wave function ¥(r) and hole-electron charge
separation due to ionization-induced self-trapped electron. The cationic (holelike) z-flux mode activation length £, is confined for r < d.
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geometry Q, during vibration, ¥, can be expanded over
equilibrium excited-state wave functions ¥;(r, Q) that fit the
n-electron density distortion: ¥, = ¥, 4 > ;¢;'¥;, ¥, being
the ground state and ¢; = (¥,|(OH/0Qy),|¥;)Or/AE;,.
The matrix element is the Herzberg-Teller vibronic coupling
strength, H the electronic Hamiltonian, Q) the normal-mode
coordinate, and AE;, the energy gap between excited and
ground states. For distortions in charge separation states (e.g.,
due to ionization), x electrons migrate to typical low-lying
unoccupied molecular orbitals z* (intramolecular electron
holes); these # — #* excitations describe the states ¥; [30].
From the IR strength A; = N,z/3¢?In(10)(9u/00%)?,
where the electric dipole moment g sums nuclear gy (Q)
and electronic (¥,| — er|¥,) parts, the dipole derivative
Opu/0Q in terms of c¢; is

8/1 - Z <lPo|<aH/an)0’\Pl> <‘P0|I‘|Ti>, (1)

an i AEio

where (W, |r|¥;) is the electronic transition matrix element.
Equation (1) is the wavelike charge-flux term of IR activity by
delocalized 7 electrons oscillating along Q.

We find a strong delocalized IR activity in CogHJ, due
to & fluxes across the bond-alternation z length, 7, ~ L.
Specifically, selection rules reveal C = C stretch antisym-
metric b, modes featuring a long-range = flux mainly due
to excited state ¥, (*B,,) mixing with ¥,(?A,). The 7 flux
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FIG. 3.

2-carbon

arises from the time-varying probability density of the one-
electron excitation describing ¥,, and its vibronic coupling
phases per mode determine its strength [Figs. 3(a) and 3(b)].
We consider two absorption bands due to b, modes v, 4 and
Us16 [Fig. 4(a)]. To evaluate their z-flux strength along the
b;,-mode coordinate of bond-alternation vibration [31]
linking Q, geometries of ¥, and ¥, states, we compare
their vibronic phases and intensities. So the z-flux strength
ratio between v, 4 and v, (6/4, Fig. 3) is approximately
16% lower than the IR strength ratio, A,4/A16 = 1.8.
While this deviation likely reflects the unaccounted differ-
ence between v,4 and v,4 two-carbon centers, it is evident
that v,;4 acquires electronically a near twofold intensity
enhancement.

Inclusion of nonplanar defects disrupts the mixed-in state
¥,. For z domains descending from CosH;, with one and
two defects [Figs. 2(b) and 2(c)], we examine frontier x
orbitals to map ¥, into ¥%* in CosH;; and W in Co4H3,; see
Ref. [18]. The resultant time-varying probability densities
generate partitioned z-electron density redistributions [see
increasing one-carbon centers, Figs. 3(c) and 3(d)] yielding
shorter range 7 fluxes along multiple modes, rather than an
extended 7 flux as in v, 4.

An emerging property of asymmetrical defective non-
planar 7 domains featuring medium- to short-range 7 fluxes
is spectral substructure patterns. In Fig. 4, the spectra of
defective 7 domains show emergent modes in all v514, 535,
and vy39 ranges. For CosHj;, pentagonal C = C stretches
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Electronic z-delocalization source of IR activity. For CogHy,, () one-electron z(9b, 4) — 7*(8a,) orbital excitation describing

mixed-in ¥, that activates C = C stretch by, (z) modes, and (b) dipolar delocalized z-electron flux. The z-electron density redistribution
features minimum Py, = (|@op, | — ¢4, |)? and maximum P, = ( @op,, | + |9sa, )2 of time-varying probability density P(r,t) =
l@op,, (r) exp(—iEgy, 1/h) + @s,, (1) exp(—iEg,, t/h)|* and oscillation time 7 = h/(Egp,, — Eg,,). Two-carbon r-electron centers
maintain in-phase and out-of-phase relations with C = C stretches at classical turning points of the b, modes. The vibronic coupling
phases thus reveal induced stabilizing (4) and destabilizing (—) bond characters [30]. Phases along v,;4 show a six-factor z-density
accumulation in the left side relative to the right side (6 pairs +, —) at —(Q»,4 and vice versa [6 pairs (—), (+)] at +Q54 creating a z flux
across bond-alternation (activation) length #,. A four-factor defines the v,¢ z-flux strength [18]. (c),(d) 7 fluxes along modes v,y and
Vny of CosH3; and Co,Hj, (Fig. 4) from time-varying probability densities of mixed-in W4* and . Vibronic coupling phases feature
bond alternation among nearby rings, thus yielding shorter range 7 fluxes with y and/or x components. Molecular orbital wave functions
¢(r, Qy) from electronic calculations.
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FIG. 4. Absorption IR spectra of (a) CogHj,, (b) CosHis,
(c) Co4H3,, and (d) Cy;H3,. The C = C stretch spectral ranges
(gray) typified by by, modes (; A) of CogHJ: 114 (1590; 1232),
V3 (1336; 1249), vy39 (1193; 613). The other dominant by,
mode is v, (1563; 669). An in-plane C-H bend internal
coordinate also describes v,3, and v,39. The out-of-plane C-H
bend bs, (x) modes v3y5 and v3,g fall near 11.2 and 12.7 ym UIE
bands [Fig. 1(d)]. Dominant v,4-range modes of defective z
domains are v,y (1598; 422) and v,,» (1613; 113). The weak IR
activity of low-frequency modes indicates a negligible z-flux
term [Eq. (1)] at those energies.

keep effective bond-alternation phase relations with hexago-
nal C = C stretches, suggesting sizable z-flux projections
over modes. Along mode v, these relations occur with rings
at medium bond-alternation distance to the left [+Q,,,
Fig. 3(c)]. For Cg4H3,, emergent modes are less IR active
as justified by the lack of extended bond alternations. From
the phases along v, [Fig. 3(d)], couplings rather occur
among adjacent rings, suggesting few emerging moderate
modes which show as only one band per range on con-
volution. By simulating an extra defect, 7 fluxes decompose
over more modes as suggested by the spectrum of the
nonsymmetric z-domain Co;Hj; with higher curvature,
increasing the spectral mode density [Fig. 4(d)]. Similarly
to asymmetrical CosH;;, the denser mode ranges disperse in
patterns revealing a complex band in the v,3, range.

While even more defects can yield very complex spectra,
we infer considering also previous work [17] a few-defects
regime for compact # domains in which highly IR-active
modes in the v,;4 range tend to shift to higher frequencies,
and to lower frequencies in the v,3, range (compare to
CosH;, bands). In the vy39 range, dominant modes shift to
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FIG. 5. Emission IR spectra of 7 domains and typical inter-

stellar source in the C = C stretch mode region. Relative intensity
as emitted power density normalized to 7.7 yum band peak
intensity: S(,T)/S7,. Dependency on temperature of emission
frequency o(T') (— 4) is modeled by the anharmonic spectral law
of Ref. [45]. (a) Interstellar spectrum [Fig. 1(c)]. IR photocooling
after 10 eV excitation for (b) CosHJ, at peak temperature 792 K,
(c) CosH3; at 801 K, and (d) Co;Hj, at 799 K. Average emissions
from (e) CgsHy; and Co;Hj, (1:1), and (f) CosH;;, Co;Hj, and
CosH;, (0.45: 0.45: 0.10).

lower frequencies. Whereas these spectral trends may be
seen as a symmetry lowering effect, the lack of relevant
band patterns, while going from compact to irregular planar
structures [44], shows the unique effect of defect-induced
curvature on spectra via the z-flux term. In Fig. 4, this term
does not stem from an explicit Herzberg-Teller wave
function approach, but the electronic exchange-correlation
contribution to B3LYP energy functional [30].

Figure 5 shows direct comparisons between the IR
photocooling spectra of z domains S(z,7T) [Eq. (2) in
Ref. [18]] after peak temperature excursions, and the
spectrum in Fig. 1(c) taken as representative of interstellar
UIE bands. From Fig. 4, we anticipate that IR properties of
defective 7 domains are well embodied in the interstellar
emission. Contrary to the emission pattern of the planar
structure [Fig. 5(b)], the defect-induced mode dispersion
yields band patterns reproducing the three-component
profile of the 7.7 ym band and nominal positions of 6.2
and 8.6 ym bands [Figs. 5(c) and 5(d)]. Moreover, the
average emission [Fig. 5(e)] suggests that interstellar UIE
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carriers consist of z-domain structures with a diverse
number of defects. Assuming that carriers are grain
aggregates with an aromatic sp>-carbon phase of CosHJ;
and Co7H;, in a 1:1 ratio, the 6.2 yum band [Fig. 5(a)]
reflects blended spectral components which reveal defec-
tive (pyramidal) structural properties typical of both z
domains. It is conceivable that a fraction of the interstellar
aggregate s p? phase involves planar 7 domains. Figure 5(f)
shows this case with average adding 10 mol% of CosHs,.
The intensity of the average 6.2 ym band raises to 0.54
whereas at 6.5 ym it fades out. This shows that planar z
domains [8] contribute to the delocalized sp® phase of
carriers.

The implied evolution of UIE band patterns along
structural curvature b (including b = 0) is congruent with
the IR fingerprint of laboratory cosmic grain analogues,
where C = C stretch bands indicate the tridimensional
shapes of constituent 7 domains [36]. From an atomistic
perspective, the band pattern variations reflect the transi-
tional pyramidal composition between aromatic (sp?) and
aliphatic (sp?®) bonds. The defect-curvature driven modu-
lation of z-flux activated modes in aromatic structures thus
generates the global UIE band profile and variations.

An open question is whether structures occur in the gas
phase or as part of grains. Contrary to grains, it is argued that
only gas-phase PAHs can be excited to temperatures required
for IR emission due to their smaller size [7]. However, we
have shown that UIE band patterns arise from modulations
of the delocalized z-flux mode activation. So enforcing this
energetic argument implies that astronomical PAHs must
feature unique planar shapes to generate the universal profile
of UIE bands, since free PAH wave functions have a full
edge-topology character manifested in the z flux [30]. In
other words, the more irregularly shaped the PAH is, the more
irregular its spectrum looks [44]. Observational efforts have
indeed shown the absence of unique PAHs in space [46],
pointing toward structures in grains.

In our aggregate model of 7 domains in a sp® phase
disorder [Fig. 2(e)], the loss of electronic coherence inherent
to the confined 7 flux can explain the UIE band regularity.
An excited z-domain electronic wave function ¥(r),
essentially defining the characteristic delocalized z-flux
mode activation length £, has a nonzero probability of
backscattering at surrounding irregular sites plus a tunneling
probability [47]. Both probabilities disrupt the wave func-
tion phase coherence ¢, which is arguably more pronounced
at the domain-disorder interface (r = d). At low temperature
and depending on the z-domain spatial orientation, these
quantum interferences can reduce the transmission wave
amplitude [47] yielding a # flux surviving within the
coherence length 7, < 7, ~ d. So regardless of the edges
of an embedded n domain, a corelike coherence-limited =
flux implies regular C = C stretch IR emissions.

Disordered confinement further suggests conditions of
thermal insulation [41]. In this scenario, photoionization

of embedded z domains produces charge-separation states
[42,48], of which the eventual photoexcitation and emis-
sion [Figs. 5(b)-5(f)] are hence described within the
molecular approximation. Other sources of charge separa-
tion such as chemical impurities (e.g., heteroatoms) [49]
could play a role.

This research was conceived during a guest term at
Vrije Universiteit Amsterdam by H. A. G. Density func-
tional calculations were carried out on the Dutch national
e-infrastructure with the support of SURF Cooperative.
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