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1. Time evolution of the RMSD for uracil in aqueous solution

0.5

04 -

03

RMSD (A)

0.0 1 | 1 | i | i | 1
0 200 400 600 800 1000

Time (ps)

Fig S1. Time evolution of the RMSD for the uracil in aqueous solution.
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2. Optimized structural parameters of uracil crystal

Table S1. Comparisons of optimized lattice parameters and experimental parameters of crystal
uracil calculated at the PBC-GEBF-wB97X-D/6-311++G(d, p) level.}?

Method a(d b@A c(A) a(deg) B(deg) y(deg)  Volume (A3)

X-ray 11938 12.376  3.655 90.0 120.9 90.0 540.0

PBC-GEBF 11.895 12.336 3.569 89.9 121.6 89.8 523.7
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3. The GEBF-QM/MM excitation energies of configurations
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Fig S2. Fluctuations in the excitations energies of uracil in aqueous solution calculated at the GEBF-
TD-oB97X-D/MM level with the 6-311++G(d, p) basis set.
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4. The GEBF-QM/M
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Fig S3. The convergence of average excitation energy as a function of the included number of
configurations at the GEBF-TD-®wB97X-D/6-311++G(d, p) level.
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5. Time evolution of the average hydrogen bond (HB) numbers between the uracil and water

molecules
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Fig S4. Time evolution of average HB numbers for the uracil and its neighboring water molecules.
Each average HB number comes from 100 configurations within 10 ps. Here a HB (H-X:-Y) is

assigned if the XY length is between 1.5 and 2.2 A, and the H-X-'Y angle is large than 145°.
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6. The distributions of solvatochromic shifts for uracil in aqueous solution
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Fig S5. Distributions of the lowest =—n* solvatochromic shifts of uracil in aqueous solution
calculated at the GEBF-TD-wB97X-D/6-311++G(d, p) level.
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7. Computational results of dimer, trimer, and tetramer in amorphous uracil
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Fig S6. The calculated maximum absorption wavelengths () and oscillator strengths (f) along with
the frontier molecular orbitals (H: HOMO, L: LUMO) of dimer, trimer, and tetramer embedded in
10 A background point charges: (a) dimer, (b) trimer, and (c) tetramer. The structure of the entire
system is taken out from the amorphous uracil and just partly MM region are shown in schematic

diagram for clarity.
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8. Comparisons of the experimental and calculated absorption spectra of amorphous uracil

[
(=3

R N — Exp. (this work)

-~ — Tetramer N/
----Pentamer ,43 Hey

o
%
|

Z
‘@
=
2
= 0.6
s 0.01 ns
=
S 04
= 5 v
S 02 o i
0.0 . ] . | ) | - ) 0.95 ns
220 260 300 340 380
Wavelength (nm) MD snapshot

Fig S7. The experimental and calculated (with tetramers and pentamers embedded in background
charges) absorption spectra of amorphous uracil. The solid line (in black), dashed line (in blue), and
short dashed line (in red) represent the absorption spectra of experiment, tetramer, and pentamer,

respectively. Two MD snapshots of amorphous uracil are in right.
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9. The reduced density gradient (RDG) analysis of an amorphous pentamer cluster
The RDG can be defined as follows:3#
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where 0O is electron density, and the RDG can be plotted as the function of sign (A2)p as shown in

Fig S8(b). The A is the second eigenvalue of Hessian matrix, and “sign” is symbolic function. The
RDG function can be employed to distinguish the types of weak interactions.

We employed the Multiwfn program® to analyze the RDG of an amorphous pentamer cluster
for non-covalent interactions. For the RDG isosurface figure in Fig S8(a), the blue, green, and red
colors represent the attractive (such as HB), van der Waals (vdW), and repulsive (such as steric)
interactions, respectively. It should be mentioned that the isosurface value is 0.5. The left, middle,
and right regions from -0.05 to 0.05 for sign (A2)p also represent the attractive, vdW, and repulsive
interactions in Fig S8(b). The Fig S8 indicates that there are both the strong HB interaction and
strong m—m stacking interactions in amorphous pentamer, which probably influences on the

spectroscopic properties of the amorphous uracil.
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Fig S8. The reduced density gradient as a function of the electron density multiplied by the sign of
the second Hessian eigenvalue. The data analyses for (a) gradient isosurfaces and (b) gradient values

on cuboid grids of an amorphous pentamer cluster.
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10. T-aggregation packing for amorphous uracil molecules

Fig S9. The schematic diagram of T-aggregation packing for amorphous uracil molecules.
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11. Binding energies of all trimers in crystal
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Fig S10. The schematic diagram of binding energies Ein (in kcal/mol) for trimers from crystal of
uracil, which can be almost combined with the binding energies of five dimers as a basic building
block.
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12. Binding energies of all tetramers in crystal
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Fig S11. The schematic diagram of binding energies Ein (in kcal/mol) for tetramers from crystal of
uracil, which can be almost combined with the binding energies of five dimers as a basic building
block.
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13. The RDG analysis of a tetramer cluster in crystal
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Fig S12. The reduced density gradient as a function of the electron density multiplied by the sign of
the second Hessian eigenvalue. The data analyses for (a) gradient isosurfaces and (b) gradient values

on cuboid grids of a tetramer cluster in the crystal of uracil.
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14. The absorption spectra with virous TDDFT functionals in crystal

Table S2. The maximum absorption wavelengths (A, nm) and the corresponding oscillator strength
(f) for monomer, dimer, and trimer models calculated at TDDFT level using the ®B97X-D, M06-
2X, CAM-B3LYP functionals with the 6-311++G(d, p) basic set (models with 10 A background

charges).

®B97X-D MO06-2X CAM-B3LYP
System

Py f A f A f
monomer 227.1 0.06 230.0 0.01 227.0 0.10
dimer 1 230.8 0.16 230.1 0.16 231.4 0.16
dimer 2 236.5 0.01 236.2 0.01 237.2 0.01
trimer 1 232.3 0.36 231.4 0.33 232.8 0.36
trimer 2 237.1 0.01 237.1 0.02 237.8 0.01
tetramer 1 234.0 0.45 233.2 0.43 234.6 0.45
tetramer 2 230.7 0.19 238.36 0.01 231.1 0.19
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15. Frontier molecular orbitals of dimer and trimer clusters in crystal
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Fig S13. Frontier molecular orbitals (H: HOMO; L: LUMO) involved in the © — t* transition of
dimer, trimer, and tetramer models, and the corresponding values of charge transfer are shown in
parentheses. The calculations are employed at the TD-B3LYP/6-311++G(d, p) level.
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16. The electrostatic potentials with charges of uracil in three condensed phases
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Fig S14. The electrostatic potentials with each monomer charge of uracil in agueous solution,

amorphous solid, and crystal.

S18



17. The PBC-GEBF optimized Cartesian coordinates of uracil crystal.
Note: The initial structure (CIF 1D: 1278441) is obtained from Ref 2.
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