Nanoparticles and atoms geometro-wave potential unified and predicted properties
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This work has introduced a geometrowave (GW) potential to linearly fit, consistently

unify, and quantitatively predict and compare small particles’ geometry-based properties

known and new, which complements de Broglie’s mass-based matter wave'. The “known”

properties cover gold nanoparticles’ (NPs’) melting point and surface plasmon resonance,

semiconducting NPs’ optical bandgap, and main-group atoms’ electronegativity (EN),

ionization potential (IPs), and polarizability. The new properties include NP-surface atoms’

layering (like atom-surface electrons’), self-assembled NPs’ inter-bonding via sharing

surface-atoms (like surface electron-shared interatomic bonding), and atom-like NPs GW-

potential’s periodicity like atoms electronegativity’s.

For all zero-dimensional (OD), 1D-,
2D-, and 3D-particles, let’s quantize their
geometry-based Surface Area-to-Volume
(SA/V) ratio in the unit of (length™) (see the
Extended Data Table S1) to a geometro-
wavenumber (Vew), and their (V/SA) ratio in
the unit of (length) to a geometro-wavelength

(Aow), respectively. Thus, the geometro-wave

potential (i.e. energy) Hew = hc-View = hc/hew,

where the ¢ = speed of light, h = Planck
constant, and hc = 1.24 (keV-nm). The Hew IS
useful (see below) to prove that the pm- and
nm-scales particles’ long-thought <“size-
dependent” properties are all pew-dependent
hence geometry-quantized.

For Cd-X (X = S, Se, Te)
semiconductors, for example, their OD-NPs’
optical bandgap energies (Eg) (see the

Extended Data Table S2)>° fit with their
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Fig. 1. Linear fits of ¥,,. With the E; of Cd-chalcogenides NPs (a)-(d), T,, of

Au-0D-NPs (e), and EN of main-group atoms in periods (f)-(j).

Vow (i.€. Hew/hc) values linearly (Figs. 1a-1c) curvedly (see the insets). From the linear

and with their hew (i.e. hc/pew) values equations, every intercept = Eqtuty’. Further,



the trend of these linear slopes (i.e. 0.24cqs-
NPy < 0.28(cas-Np) < 0.52(cas-npy) matches that
of their Egguk) values® {i.e. 2.42cqgs) >
1.74(cdse) > 1.50(cdte) (eV)}, and that of their
EN’®-based bond polarities Cd-S > Cd-Se >
Cd-Te. Convincingly, the scattering Eq data®
of CdSe-nanorods fit quite linearly (Fig. 1d)

with their Vew values (see the Extended Data

Table S3), proving the generally applicable
Mew Selective interaction with  Apnoton.
Likewise, the Au-OD-NPs’ melting points*®
(Tm) (see the Extended Data Table S4) fit

linearly with their Vew values (Fig. 1e) and

curvedly with their Aew values (the inset),
showing the intercept (1368.7 °K) that’s 2.3%
off the Tmpuky (1337.3 °K)°. The smaller
NP’s lower Tm reflects its surface atoms’
lower activation energy that matches a longer
electromagnetic (EM) wavelength (A(infrared))
with the NP’s higher pew.

Further, the OD-Au-NPs’ surface
plasmon resonance (SPR) wavelengths

(Aspr)*® and the main-group atoms’

polarizability® (see the Extended Data
Tables S5-S6) fit linearly with their Acw (see
the Extended Data Fig. S1) and curvedly
with  their Vow values™ (see two
representative insets), respectively. This
proves that the pew governs the particles’
surface electrons movement.

Consistently, every period of main-

group atoms’ Pauling EN data’ fit linearly

(Fig. 1, f-j) with their Vew and curvedly (the

insets) with their Aew values™ (see the
Extended Data Table S6). The gap between
s- and p-orbitals increases from Fig. 1g to
Fig. 1j for facilitating the d- and f-blocks
atoms (omitted here for clarity) support all
atoms’ Ecw-quantified and electronegativity
(EN)-complemented periodicities (Table 1),
thus-revealing the atoms’ and NPs’ surface-

layering properties below.
First, main-group atoms’ Vew values

and first ionization potentials (or 1% IPs, in
Mulliken’s EN'?, see the Extended Data

Table S6) have indeed quantified the atom-



H Table 1. Periodicities of Atoms Vg, He
0.106 0.062
56.6 Atomic Symbol 96.8
2.20 0.308 | Atomic diameter* {unit: (nm)}

Li Be 19.5 | Vg (unit: nm1) B c N o F Ne
0.234 | 0.224 1.10 Pauling’s EN** 0.174 | 0.134 | 0.112 | 0.096 | 0.084 | 0.076
20.6 26.8 *Atomic diameters data source: 345 44.8 53.6 62.5 71.4 78.9
0.98 | 157 | https:/fen.wikipedia.org/wiki/Atomic_radii of the elements (data page) (Jan-8-2019). | 2.04 | 2.55 | 3.04 | 3.44 | 3.98

Na Mg | m Al Si P S Cl Ar
0380 | 0290 | ~Pauling’'s EN data source: 0236 | 0222 | 0196 | 0176 | 0.158 | 0.142
158 | 20.7 Lide, D. R. CRC Handbook of Chem. and Phys. (CRC Press, Boca Raton, FL, 2000). | 254 | 27.0 | 30.6 | 34.1 | 38.0 | 42.3
0.93 | 1.31 1.61 | 190 | 219 | 258 | 3.16

K Ca Sc Ti \% Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
0.486 | 0.388 | 0.368 | 0.352 | 0.342 | 0.332 | 0.322 | 0.312 | 0.304 | 0.298 | 0.290 | 0.282 | 0.272 | 0.250 | 0.228 | 0.206 | 0.188 | 0.176
123 | 155 | 163 | 170 | 175 | 181 | 186 | 19.2 | 19.7 | 20.1 | 20.7 | 21.3 | 22.1 | 240 | 26.3 | 29.1 | 319 | 341
082 | 1.00 | 1.36 | 154 | 163 | 166 | 155 | 183 | 1.88 | 191 | 190 | 1.65 | 181 | 2.01 | 2.18 | 255 | 2.96

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
0.530 | 0.438 | 0424 | 0.412 | 0.396 | 0.380 | 0.366 | 0.356 | 0.346 | 0.338 | 0.330 | 0.322 | 0.312 | 0.290 | 0.266 | 0.246 | 0.230 | 0.216
11.3 | 13.7 | 142 | 147 | 152 | 158 | 164 | 169 | 17.3 | 178 | 182 | 18.6 | 19.2 | 20.7 | 226 | 24.4 | 26.1 | 27.8
0.82 | 0.95 | 1.22 | 1.33 1.6 2.16 | 2.10 2.2 228 | 220 | 193 | 1.69 | 1.78 | 1.96 | 2.05 2.1 2.66 | 2.60

Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
0.596 | 0.506 | 0.390 | 0.416 | 0.400 | 0.386 | 0.376 | 0.370 | 0.360 | 0.354 | 0.348 | 0.342 | 0.312 | 0.308 | 0.286 | 0.270 | 0.300 | 0.240
10.1 | 119 | 154 | 144 | 150 | 155 | 16.0 | 16.2 | 16.7 | 169 | 17.2 | 175 | 158 | 195 | 21.0 | 22.2 | 20.0 | 25.0
0.79 | 0.89 | 1.10 1.3 1.5 1.7 1.9 2.2 2.2 2.2 2.4 1.9 1.8 1.8 1.9 2.0 2.2

La Ce Pr Nd Pm Sm Eu Gd Th Dy Ho Er ™ Yb Lu
0.390 | 0.370 | 0.370 | 0.370 | 0.370 | 0.370 | 0.370 | 0.360 | 0.350 | 0.350 | 0.350 | 0.350 | 0.350 | 0.350 | 0.350
154 | 16.2 | 16.2 | 16.2 | 16.2 | 16.2 | 16.2 | 16.7 | 171 | 17.1 | 171 | 171 | 171 | 17.1 | 171
1.10 | 1.12 | 1.13 1.1 1.17 1.20 1.22 | 1.23 | 1.24 | 1.25 1.0
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
0.390 | 0.360 | 0.360 | 0.350 | 0.350 | 0.350 | 0.350 | 0.238 | 0.34 | 0.372 | 0.372 | 0.334 | 0.346 | 0.332 | 0.322
154 | 16.7 | 16.7 | 171 | 17.1 | 171 | 17.1 | 25.2 | 176 | 16.1 | 16.1 | 18.0 | 17.3 | 18.1 | 18.1
1.1 1.3 15 1.7 1.3 1.3

surface electrons’ Pew-quantized layering in
the s-orbital first and then p-orbitals before
and after the half-fill (Figs. 2a-2d). The
increasing gaps between the s- and p-orbitals

(Figs. 2b-2d) match that in the Figs. 1f-1j.
Further, the transition metals cations’ Ve fits
linearly with the IP® (see the Extended Data
Table S7 and the Extended Data Fig. S2),
showing the d-orbitals’

negligible size

change before and after the half-fill.

Likewise, zooming in the Figs. la-1c
has revealed the NPs’ sudden (i.e. quantized)
Eg drop (see the green dash-lines) as CdTe-
NP’s (Fig. 2e) < CdSe-NP’s (Fig. 2f) < CdS-
NP’s (Fig. 2g). This supports the PbSe-0D-
NPs’ negligible Eg drop (see the Extended
Data Table S8 and the Extended Data Fig.
S3), since Egpulk-pose) = 0.7 (€V)°® << Eg(pulk-
cdaTe). The Eg drop tells the NP-surface atoms’
Esw-quantized layering, somewhat like atom-

surface electrons’ (Figs. 2a-2d), revealing an
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Fig. 2. Atoms’ and NPs’ structural layering from correlations of their ¥,,,. With main-group atoms
1L 1P (a)-(d), with E, for 0D-NPs of CdTe (e), CdSe (f), and CdS (g), and with Au-0D-NPs X e, (h).

Note: The green dash-line in (e)-(h) shows the start of the sudden drop in the Egand 4, values.

atomistic nature®® in smaller 0D-NPs’ more
blue-shifted Eg, which helps expand Bohr’s
atomic model (i.e. QM) to the OD-NPs.
Further, zooming in the Extended
Data Fig. S1a has disclosed the Au-OD-NPs’
sudden drop of their (Aser) When Acw < 4.8

(nm) (Fig. 2h), indicating that the Au-NPs’

surface atoms do layer like the Cd-X NPs’
(Figs. 2e-29).

The NPs’ atomistic nature (Figs. 2e-
2h) supports the smaller NPs’ stronger inter-
bonding (see the Extended Data Fig. S4) in
self-assembly**'" and biomineralization'®
via sharing their surface atoms geometrically,

like smaller atoms’ stronger EN-based



bonding via sharing more surface electrons
electromagnetically. This proves every NP
behaving like a super atom, which helps
expand the particle science.

In summary, the new geometro-wave
potential has been proven generally useful to
complement de Broglie’s matter-wave (i.e.

QM), and quantitatively predict and compare
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SUPPLEMENATRY DATA.
|. Extended Data Tables S1-S8.

I1. Extended Data Figures S1-S3.

Nanoparticles and atoms geometro-wave potential unified and predicted properties

Z. R. Tian, Chemistry/Biochemistry, and Institute for Nanoscience/Engineering, University of

Arkansas, Fayetteville, AR 72701, USA, rtian@uark.edu.

|. Extended Data Tables.

1). Extended Data Table S1.

Table S1. Simple-Shape Particles’ v, and Point Group of Symmetry
Shape Surface-Area (SA) Volume (V)| T7GW (=SAIV) PntGrpSym
oD Qd nd? nd3/6 (6/d)* R,
L (4/d +2/L)**
1D or (4/d)** if d<<L
L (4/d + 2/L)y** b
d?/2 + mdL d2L/4 ood
= d e § or (4/dy** if d<<L
2/d + 4/D;
nD?/2 + dnD dnD?/4 D..g
or2/d if d<<D
2/d + 2/L + 2/L;
2(aL +alL + L?) aL? Dyq
or2/d if d<<L
6d? ds (6/d)* Oy,
2x312(2 212d%/3 3x6%2/d Oy,
1.732d2 0.118d3 14.678/d Ty
*The spherical and cubic particles share the same Vg,, formula;
**The two 1D-particles share the same v, formula.
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2). Extended Data Table S2.

Table S2. Semiconducting 0D-NPs E, and Vg

(a). CdS OD-NP (b). CdSe OD-NP
e d6 6/d Eye d6  6/d
(eV) (nm) (nm-') (eV) (nm) (nm-)
478 011 94 300 0205 49
422 012 83 257 0358 28
389 014 75 245 0393 26
372 016 65 225 0575 1.7
332 032 3.1 221 0624 16
305 047 2.1 209 0.727 14
268 0.80 13 205 0807 1.2

198 0.860 2.2

184 139 072

161 1.88 053

(c). CdTe OD-NP

Ese d6  6/d
(eV) (nm) (nm-)

258 04 25
248 047 21
228 057 1.8
213 062 1.6
204 068 15
197 0.71 14
193 082 12
188 0.87 1.2
182 095 141
1.74 13 0.79
168 14 0.70
164 16 0.64
162 1.8 0.55

3). Extended Data Table S3.

Table S3. Au-0D-NPs melting points and vV,

d/6 6/d T, d/6 6/d T,
(nm) (nm-1) (°K) (nm) (nm-1) (°K)
0.30 3.330 773 1.05 5.714 1223
0.38 15.79 953 1.13 5.301 1233
0.47 12.77 1043 1.22 4918 1243
0.55 10.91 1098 1.30 4,615 1251
0.64 9.375 1138 1.38 4.349 1255
0.72 8.333 1163 1.45 4.138 1256
0.80 7.500 1183 1.53 3.922 1262
0.88 6.818 1198 1.62 3.704 1266
0.95 6.316 1208
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4). Extended Data Table S4.

Ey
(eV)
220
2.08
2.03
2.1
2.05
217
2.16
2.16
219
212
2.12
2.12
207
2.06
212
2.18
2.02
2.15
213
2.04
2.00
2.06
2.02

Table S4. Semiconducting CdSe-Nanorod E, and Vg

d
(nm)
3.2
3.3
34
35
3.5
3.6
3.6
3.7
3.7
3.7
3.7
3.8
3.9
39
40
40
4.0
41
41
4.1
4.1
42
42

L
(nm)
11.0
37.8
43.1
28.0
38.5
11.5
221

76
9.2
26.1
288
8.6
37.2
44.3
9.7
11.6
413
12.7
134
16.9
40.2
16.5
20.2

L/d

34
12
13
8.0
1
3.2
6.1
2.1
25
71
78
23
9.5
1"
24
29
10
3.1
33
4.1
9.8
39
48

* (SA/V) = (2/L) + (4/d), from the Table 1

(SAIV)  E,
(m1)  (eV)
14 207
127 208
123 210
12 198
12 210
13 202
12 197
13 203
13 203
12 193
12 206
13 206
1.1 199
11 2.00
12 200
12 190
1.1 2.00
1.1 195
11 196
1.1 197
10 194
1.1 193
11

d
(nm)
43
43
44
44
45
46
46
48
48
48
49
49
5.1
5.2
5.2
53
54
5.5
5.5
5.5
6.2
6.4

L
(nm)
8.7
16.4
8.6
31.5
15.3
19.8
19.8
124
19.4
404
18.4
18.9
12.0
1.4
222
40.8
18.2
8.5
18.4
236
14.0
17.6

L/d

20
38
20
7.2
34
43
43
26
4.0
8.4
38
3.9
24
22
43
1.7
34
16
34
43
23
28

(SA/V)*
(nm-1)
1.2
11
11
0.97
10
0.97
0.97
0.99
0.94
0.88
0.93
0.92
0.95
0.94
0.86
0.80
0.85
0.96
0.84
0.81
0.79
0.74

5). Extended Data Table S5.

Table S5. Au-0D-NP’s A, Vg and Agpg

d Agep=0d/6 Vgep=6/d  Agp
(nm) (nm) (nm?) (nm)
10 1.67 0.60 517.5
15 2.5 0.40 520
20 3.33 0.30 524
30 5 0.20 526
40 6.67 0.15 530
50 8.33 0.12 535
60 10 0.10 540
80 13.33 0.075 553
100  16.67 0.060 572
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6). Extended Data Table S6.

Table S6. Main-group atoms polarizability, electronegativity, 15t IP, and ¥,

Atom Polarizability® EN® 1st IPB) d/6B)111) 6/d Atom  Polarizability®  ENG) 1st IPG) d/6E)111) 6/d
(102 cm?) (eV) (nm) (nm*) (1024 cm?3) (eV) (nm) (nm)

H 0.667 2.2 13.598 0.0177 56.6 Ge 6.07 2.01 7.899 0.0417 24.0
He 0.205 24,587 0.0103 96.8 As 431 2.18 9.789 0.038 26.3
Li 243 0.98 5.391 0.0555 18.0 Se 3.72 2,55 9.752 0.0342 29.2
Be 5.6 157 9.322 0.0373 26.8 Br 3.05 296 11.814 0.0313 31.9
B 3.03 2.04 8.298 0.029 34,5 Kr 2.48 14.0 0.0293 34.1
c 176 2,55 11.26 0.0223 44.8 Rb 47.3 0.82 4.177 0.0885 11.3
N 11 3.04 14.534 0.0187 53.6 Sr 27.6 0.95 5.695 0.073 13.7
O 0.802 3.44 13.618 0.016 62.5 In 10.2 1.78 5.786 0.0518 19.3
F 0.557 3.98 17.423 0.01 71.5 Sn 7.7 196 7.344 0.0483 20.7
Ne 0.39 21.565 0.0127 78.9 Sb 6.6 2.05 8.608 0.0442 226
Na 24.08 0.93 5.139 0.0633 15.8 Te 5.5 2.1 9.01 0.041 24.4
Mg 10.6 131 7.646 0.0483 20.7 I 535 2.66 10.451 0.0342 29.2
Al 6.8 1.61 5986 0.0393 254 Xe 2.6 2.6 12.13 0.036 27.8
Si 5.38 190 8.152 0.0369 27.1 Cs 59.6 0.79 3.894 0.099 10.1
P 3.63 2.19 10.487 0.0327 30.6 Ba 39.7 0.89 5.212 0.084 11.9
S 29 2.58 10.36 0.0293 34.1 T 7.6 1.8 6.108 0.0623 15.8
Cl 218 3.16 12.968 0.0263 38.0 Pb 6.8 1.8 7.417 0.0513 195
Ar 1.62 15.76  0.0236 42.3 Bi 7.4 1.9 7.286 0.0476 21.0
K 433 0.82 4.341 0.0806 124 Po 6.8 2.0 8.417 0.045 22.2
Ca 228 1.00 6.113 0.0645 15.5 At 6.0 2.2 0.0424 236
Ga 8.12 1.81 5.999 0.0452 221 Rn 2.2 10.749 0.040 25.0

Note: The superscripts (3) and (11) represent the References #3 and #11.

7). Extended Data Table S7.

Table S7. High-valent monoatomic cations Vv, and ionization potentials

Cation di2 (nm) 6/d (nm?) [P (eV)
V(I 0.079 37.97 29.311
V(i) 0.064 46.88 46.71
V (IV) 0.058 51.72 65.28
V (V) 0.054 55.56 128.13
Cr (Il 0.073 41.1 30.96
Cr (Ill) 0.062 48.39 49.16
Cr(IV) 0.055 54.55 90.635
Cr (V1) 0.044 68.18 160.18

Cation di2(nm) 6/d (nm") IP (eV)
Mn (Il) 0.083 36.14 33.668
Mn (I1) 0.058 51.72 51.2
Mn (IV) 0.053 56.6 724
Mn (V) 0.033 90.91 95.6
Mn(VI)  0.026 11538 119.203
Mn (VII) 0.025 120 194.5
Mo (Ill) 0.069 43.48 46.4
Mo (IV) 0.065 46.15 54.49
Mo (V) 0.061 49.18 68.83
Mo (V1) 0.059 50.85 125.67
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8). Extended Data Table S8.

Table S8. PbSe OD-NP
E, 6/d
(eV) (hm?)
0.833 1.18
0.967 1.40
1.077 1.58
1.243 1.88
1.656 2.61

I1. Extended Data Figures:
1). Extended Data Fig. S1.

a). For Au-0D-NPs b). ForH, Li, Na, K, Rb, and Cs
y=3.3901x + 509.85 y=T712.41x - 14.832
. 580 Rez= 0.974 600 2‘100 R?2=0.97—
E 560 & |E L 5 o]Z40
=540 { & [0 v ||| S50 o |E0 %0
% 520 ,0' < 00408 | .8 B 0,8
500+ e &0 Fe
0 7 14 21 28 35 42 0 005 01 015 02
d/6 (nm) d/6 (nm)
c). ForBe, Mg, Ca, Sr, and Ba d). ForB,Al, Ga,andIn
:?28 y=719.16x - 22911 = y =310.68x - 57973
g gt 0%
R 3 0 o
o o
o0 003 006 009 || 0 0.03 0.06
d/6 (nm) d/6 (nm)

e). ForC, Si, Ge, Sn, and Pb f).  ForN, P, As, Sh, and Bi
220 Fy=192.35x- 24712 220 F y=21726x - 3.2657

% 10 R? = 0_99__.____.'__. 210 R? = 0.97‘_'._..

S . N —

S 0 002 004 006[|[€ o 002 004 006

d/6 (nm) d/6 (nm)

g). For0,S, Se, Te,and Po h).  ForF,Cl, Br, |, and At
. 0 y =202.56x - 2.7604 = y =175.37x - 1.6268
= 10 R2=0.97 310 R2=0.88
S _.._._,..-" g e
E 0 s E 0 feery ®
& 0 002 004 006f|& 0 0.02 0.04 0.06
d/6 (nm) a6 (nm)

Fig. S1. Linear-fits of Ag,. With Au-OD-NPs’ A (2), and main groups atoms’ polarizability

(b)-(h). Note: Tl atom s polarizability far off the linear fit in (d) was omitted.
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2). Extended Data Fig. S2.

a) For V2, 3+, V4 V5 b)
< 200 7 y=4.955x- 170.64, R?=0.7617 <200 - ¥=49503x-179.91, R*=0.9826
3 100 % ....... e & Q... 8, 100 % p— P
| e e Q0 ey
42 49 63 35 45 55 65 75
6/d (nm™) 6/d (nm)

For Mo3*, Mo*, Mo%*, Mo®*

c) For MnZ, Mn3*, Mn*, Mn%, Mn®*, Mn™ d)
_ y=14926x-22677, R2=0832 | | < 200 7y=04268x-373.12, R2=0.7407
3 R X ——
& T}"'l’ l%llll%llll%llll{ & ““‘%““‘%““‘%““Ai
20 50 80 . 110 140 42 45 48 54
6/d (hm) 6/d (nm"')

Fig. S2. High-valent cations’ IPs in linear correlations with their (6/d) values

3). Extended Data Fig. S3.

PbSe-NPs
3
WPt ey =0.573x +0.164
2=
. 1.00
1 2 3 4
6/d (nmw)

Fig. S3. PbSe-NPs’ (6/d) and E
values in a linear correlation

4). Extended Data Fig. S4.

-9 00

OD-NP 0D-NP Geometrically shared surface-

and subsurface-atoms

Fig. 3. A model of the chemical bonding between surface-deformed NPs
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