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To obtain electron density difference diagram, we get the wave function information
of the specified excited states, grid the wave function in real space, and subtract the
electron densities of the corresponding states we cared. For the electron-hole analysis,
first read the single excitation configuration function, and calculate the density of

electrons and holes separately,
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Where r is the coordinate vector, ¢ is the orbital wave number, i and j are the occupied
orbitals, a and b are the empty orbitals, o is the coefficient of configuration function.
This definition satisfies that the integral value of both holes and electrons in the whole
space is 1. This analysis method was originally mentioned in the article Carbon, 165,
461-467 (2020). Next, the overlap degree of holes and electrons Sr, the distance of
centroid between hole and electron D and the degree of dispersion ¢ were calculated to
describe the electron-hole distribution and electron excitation types between different

electron excited states.
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where phole is the density of holes, pele is the density of electrons, F is the coordinate
vector, Xele, Yele and Zele are the electron's centroid X, Y, Z coordinate, respectively,

Xhole, Yhole and Zhole are the hole's centroid X, Y, Z coordinate, respectively.

The parameters Sr, D and o are all important for describing the electron-hole
population, and they represent different properties. As the formula shows, Sr is related
to the density distribution of electrons and holes in space, and it is a function that
describes the degree of overlap between electron and hole distributions. The range of
Sr is [0,1], Sr = 0 means that the electron and hole do not overlap, and Sr = 1 means
that the electron and hole overlap completely. D is the distance between the hole and
the electron's center of mass, a large value of D indicates the separation of the hole and
the electron centroid. ¢ is the root-mean-square deviation of electron and hole
distribution, reflects the width of electron - hole population. Both D and ¢ have the unit
A. For global excitation or local excitation, the main population ranges of holes and
electrons are very close, and the overlap degree is large. The population ranges of holes
and electrons are not obviously separated, and the distribution breadth is close.
Therefore, Sris large, D and o are small. For single-direction charge transfer excitation,
the distance between electron and hole must be large, and the overlap degree and
distribution width cannot be determined. Therefore, D is large, Sr and o not necessarily.
For centrosymmetric charge transfer excitation, charge transfer can be carried out in

many directions, and the breadth of population is large. Therefore, D is small, o is large.



As for the transition density matrix (TDM) heatmap, the real space form T(r;r') of
the TDM between the ground state and the excited state can be expressed as
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For single reference state method,
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Where ¢ is the ground state wave function, ¥ is an excited state wave function, ¢
is the spin coordinates, r is the space coordinates, a and i are the numbers of empty
orbits and occupied orbits, respectively, and o is the coefficient of the configuration
function. We constructed the TDM in this way, and it was used to examine which

regions of the system contribute to the transition probability between two states.

The calculated peak of the absorption spectrum should correspond to the 0-0 peak in
the experiment since coupling was not considered in the quantitative calculations. The
UV-Vis absorption spectrum of B-carotene dissolved in the chloroform solution
obtained by experimental and theoretical calculations are shown in Fig.2. The
calculation results of functionals CAM-B3LYP and wB97XD were the same as the
experimental results. CAM-B3LYP was a long-range correction version of the
functional B3LYP, and it was more commonly used in organic large-scale conjugate
systems[34]. The subsequent calculations of the [B-carotene excited state were

performed using the CAM-B3LYP functional.
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Figure S1. UV-Vis absorption spectrum of B-carotene dissolved in chloroform solution

obtained by experimental (a) and theoretical calculations (b). The basis set selected for

calculation is def-TZVP.

Table S1. The position of the maximum absorption peak of functionals.

Functional Peak(nm) Functional Peak(nm)
MO06-HF 447 MN15 539
®B97XD 497 PBE38 542
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Figure S2. Chemical structure diagram of B-carotene.
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Figure S3. The vibration-resolved UV-Vis absorption spectrum



Table S2. Numerical data for the excited states

Exc.state | Exc.energy(eV) Multi. MO pairs | Normalization
2 2.49850 1 20242 0.500004
3 3.54040 1 21390 0.499998
4 3.88800 1 13162 0.499995
5 4.29560 1 20405 0.500000
6 4.66040 1 18303 0.499998
7 4.85060 1 19122 0.500006
8 5.19610 1 16869 0.499997
9 5.23170 1 17485 0.499998
10 5.40450 1 20377 0.500006

The B-carotene atomic coordinates of the ground state

1 6 -0.000002898 0.000000695  -0.000001050
2 6 0.000000779 0.000003579  -0.000000707
3 6 0.000000836 0.000001729  -0.000003530
4 6 -0.000004074 0.000006558  -0.000001615
5 6 0.000006519  -0.000006146 0.000006249
6 6 0.000002635  -0.000000926  -0.000001899
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The B-carotene atomic coordinates of the first excited state
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