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organic photovoltaic material  369–371, 370

conjugated system  359
constitutive relation  16
constructive interference  282–284
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carrier-specific  389
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depletion layer  398–403, 399, 400
depletion region  396–398, 401
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solute retention  231

destructive interference  280, 282–283
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dissociation energy and ground-state 
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diffraction phenomenon  287
diffusion length  407, 409
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diffusive electron transport  36, 312
diffusive transport  8, 31, 462
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dipolar-dipolar interaction  80
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particle  280
phonon  450, 451

dissipative two-dimensional shear 
response  47–50, 48, 49

dissociation energy. see also binding energy
atom-atom  354
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distribution
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Bose-Einstein  260–261
Fermi-Dirac  37
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Maxwell-Boltzmann  19, 23
nonsymmetric electron  80
Planck’s distribution law  456, 459
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doped inorganic semiconductors  389
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doped semiconductors  391–394, 392
semiconductor bandgap engineering   

389–391, 390
semiconductor p-n Junction  394–398, 395

doped semiconductors  391–394, 392
double-layer LED architecture  369
double-slit interference  283–285, 284
drain  314–316, 332, 336, 338
drought embolism  178

bending stresses on  176–179
Drude model  29–31, 30, 420
DSC. see dye-sensitized solar cells (DSC)
ductility  358
Dulong-Petit law  455, 460
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187, 189

e
EDS. see energy-dispersive X-ray spectroscopy 

(EDS)
eigenfunction  289–290

eigenvalues  289, 297, 361, 449
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energy  290, 427
solution of total energy  296

Einstein, Podolsky, and Rosen (EPR) 
paradox  299

Einstein relation  190, 407
Einstein’s solid model  456–458, 458
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elastomers  111
electric conductors  331
electrochemical potentials  37, 314, 378
electroluminescence (EL)  367
electroluminescent layer (EL)  367, 369
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radiation  1, 249, 268, 363
waves  272, 279, 448
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hole pairs  367, 387, 403, 405, 412–413
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relativistic effects  349–350
scattering  32, 66, 312–314, 312
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translational energy  380
tunnel phenomenon  319
wave function and energies  295–298

electron distribution  309, 342–344, 342, 343, 
344, 350–358, 351, 378

molecular  154
nonsymmetric  80
probability and  342–344

electron-electron scattering  31, 313
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electronic states and transport  377
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310–312, 311
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electron-phonon scattering  31, 312–313
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tunneling effect  321–326
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in bulk systems  448–449
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dispersion relation  311, 385
eigenvalue  290, 427
states  259–260, 340–350

energy discretization  309, 312
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ester-linked linear polymerization  183, 184
ethylene (C2H4)  4, 105, 358–359, 361, 363
Eucken’s gas kinetic formula  21, 23
excess free energy  127
excess polarizability  86
excimer  109
excitons  365, 367, 387

Frenkel  406
molecular  368
Wannier–Mott  405

external bias, depletion layer in  398–403, 
399, 400

external constraints  66
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face-centered cubic (fcc) lattices  124, 452, 

452, 453
Fermi-Dirac distribution  36–38, 259, 261, 
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Fermi-Dirac function  379
Fermi energy  32, 261, 314, 378, 384, 386, 392
Fermi levels  399
fermions  37, 259–260, 262
FET. see field effect transistors (FET)
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field effect transistors (FET)  335–336, 335
fine structure  341, 346–349, 346, 347, 348

constant  347
finite 1D potential well  319, 319

boundaries, Schrödinger solutions 
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finite particle box, Schrödinger solutions 
within  321, 322

finite particle box  320
Schrödinger solutions within  321
Schrödinger solutions within boundaries 

encompassing  320–321, 321
“Flatland: A Romance of Many Dimensions” 

(Abbott)  8–10, 9
Flory-Fox equation  111, 113
flow enhancement  202–203, 203, 205
flux  16, 224

diffusive  17, 218
gas permeation  55
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impermeable particles  56
osmotic  222
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photon  412, 414
solute  226
volumetric  182

forward bias  399, 401, 403, 405
Fourier’s classical thermal conduction 

theory  460
Fourier’s law  16–17, 61, 218, 461
Franck-Hertz experiment  271, 271, 363
free energy  79, 92

of bubble nucleation  167–170, 168
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Gibbs  213, 263
London dispersion interaction  150
minimization  118
surface  131

free surface effects on VdW solids  105–110
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113, 150, 162
Frenkel excitons  406
Frenkel’s mobility equation of 

two-dimensional gas of adsorbates  190
frequency of vibration  430
furan-thiophene chromophore (FTC)-type 

chromophore  364
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GaAs. see gallium arsenide (GaAs)
gallium arsenide (GaAs)  385–387, 415
gas bulk critical and molecular 

properties  155
compressibility factor  158–159
contrasted dispersion energy 

calculations  161
critical temperatures and pressures of 

selected materials  157
Dieterici EOS  158
reduced compressibility charts  160
reduced pressure-volume diagram of pure 

substance  159
VdW rescaling parameters for selected 

material classes  162
visualization of gas coefficients 

data and molecular electronic 
polarizabilities  156

volume parameter  162
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Debye interaction  81
dispersion forces  85
dispersion interaction  84

Keesom interaction  80
magnitude of dipole moments  81
polarization interactions  82
properties of molecules and condensed 

media electric permittivity  82
rotational polarization  83
VdW interactions in  80, 86

gate electrode  336
germanium (Ge)  383, 386
Girifalco-Good-Fowkes equation  97, 137
glass transition  12–13, 15, 111–114, 112, 

121, 147, 239
glassy state regime  111
graphene  62–64, 136–139, 207
graphite, surface energy of  132–135
ground-state electronic energy of diatomic 

molecules  431–435, 432

h
Hagen-Poiseuille law  185
Hamaker constant  100–102, 191
Hamiltonian operator  295–296, 360, 449
harmonic oscillator model  424, 427,  

430, 445
harmonic potential  426–427

in bulk systems  448–449
oscillatory particle in  428

Hartree energy scale  354
heat capacity  19, 424

Debye’s model of  456
Einstein’s photoelectron model of  455
ratio  21
volumetric  17–19

heat conduction  24, 63, 455–456, 456, 460
conduction quantum for 1D  27
phonon approximation for  24
scaling law for rate of  61

Hertz spark experiment  266, 266
heterocyclic aromatics  362
heterogeneous slip  197–200
hexadecane  105, 107, 195–196
hexagonal close-packed (HCP) system   

92, 92, 452, 452, 453
HF. see hydrogen-fluoride (HF)
Highest Occupied MO (HOMO)  353

language  370
levels  362–365, 363, 364

highly oriented pyrolytic graphite 
(HOPG)  131, 132
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holes  122, 313, 367, 386, 407, 409
HOMO. see Highest Occupied MO (HOMO)
homogeneous nucleation process of vapor 

bubbles  167
homopolymer molecules  111
Hooke’s law  10–11
HOPG. see highly oriented pyrolytic graphite 

(HOPG)
Huang–Bocquet’s quasi-universal 

relationship  203
Huygens–Fresnel principle  38, 39
Huygens’ principle  8, 39, 282
hybrid molecular orbitals  357–358, 357
hydraulic conductivity  177, 180
hydraulic loss  177–178
hydraulic transport in capillaries and 

boundary conditions  175
bending stresses on vascular plants and 

drought embolism  176–179
molecular conformations at interfaces and 

apparent slip  194–196
Poiseuille flow in capillaries  185–193
surface roughness and heterogeneous 

slip  197–200
symbols  181–182
water transport  179–185

hydrochloric acid (HCl)  438
hydrogen (H2)  20, 57, 425

atom  295–298, 341–342
emission spectrum  274–275, 275
interactions  80, 148

hydrogenated amorphous silicon 
(a-Si:H)  415

hydrogen-fluoride (HF)  357
hydrophilic surface  198
hydrophobic surface  198
hydrostatic pressure  124, 128, 158, 180
hydrostatic-pressure assisted method  238
hydrostatic tension  158
hyperfine structure  347

i
icosahedrons (IHs)  126
IDT. see interdigitated transducer (IDT)
IHs. see icosahedrons (IHs)
impregnation height over time  238, 240
impurity scattering  313
indirect bandgap material  415, 415

indium tin oxide (ITO)  368
infrared (IR)  430

microscopy  209
regime  275, 459
spectrum of diatomic molecules   

430–431, 431
interaction parameter  80–81, 99,  

161–162
dispersion  150
material-dependent  93
molecular pair  80
partial VdW  80

interdigitated transducer (IDT)  40
interfacial boundary layer  14
interfacial constraints  12, 54–60, 59, 66,  

105, 111
on glass transition in thin films  118–123, 

118, 122
in metal nanoclusters  123–131

interfacial energy  95–96, 166, 199, 222
liquid-vapor  169
of spherical bubble of volume  169

interfacial systems  79
interference of waves  281
intermediate radial regime  14
internal constraints  66
intrinsic semiconductors  389
ionization potential  368
ion scattering  313
IR. see infrared (IR)
isolated atoms  330, 385
isotropic stress  124
isotropic thermal conductivity  16
ITO. see indium tin oxide (ITO)

j
Josephson junction (JJ) qubits  302
jump model  13, 14

k
Keesom interaction  80–81
kinematic viscosity  105, 195
Klein-Gordon equation  350
Knudsen number (Kn)  24
Knudsen’s extension of gas theory  25
KP model. see Kronig-Penney model  

(KP model)
Kronig-Penney model (KP model)  384–385
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Landauer formula  35
Laplace pressure  125, 167
lattice constant  385
lattice spacing  331, 405, 449, 454

bulk equilibrium  388
of crystal surface  270

lattice vibrations  31, 448
acoustic phonon model  456–460
harmonic potential and energies in bulk 

systems  448–449
phonon dispersion  449–456
thermal conduction in nano-constrained 

systems  460–462, 462
Law of Corresponding States  158
LDA. see local density approximation (LDA)
leaf-specific conductance  183
LED. see light emitting diode (LED)
Legendre polynomials  437
Lennard-Jones (LJ) interaction pair 

potential  106, 148, 149, 149
Lifshitz (mean-field) theory  100
light detectors  403
light emitting diode (LED)  366

architectures  369
conjugated polymers as  366–371

limiting hydrostatic tension  160
linear momentum differential operator  289
linear momentum operator  290, 345
linear viscoelastic theory  45–46
lipid nanoparticles (LNPs)  6, 6
liquid droplets, terminal velocity of  51–54
liquid-like flow behavior  10
liquids  7, 10

Debye relaxation equation  88
electric permittivity for polar and nonpolar 

media  88
free surface effects on VdW solids  105–110
interfacial effects on  90
interfacial properties of OMCTS, 

n-hexadecane, and silicon oxide  94
McLachlan formula  87
OMCTS  91, 91
phase properties of materials  90
selected properties of OMCTS, 

n-hexadecane, and silica  94
simplistic perspective bulk and surface 

binding energy  92–94

structures  94–105
VdW interactions in  86

liquid tensile strength, probability of   
171–175

LNPs. see lipid nanoparticles (LNPs)
local density approximation (LDA)  130
London dispersion parameter  150, 151
London’s dispersion interaction  84
longitudinal (L) waves  451, 452
loss tangent  47
Lowest Unoccupied MO (LUMO)  353

language  370
levels  362–365, 363, 364

Lucas and Washburn equation  238
LUMO. see Lowest Unoccupied MO (LUMO)

m
macroscopic electron transport, microscopic 

model for  29–31
macroscopicity  285–288, 288
magnetic momentum  348, 378
magnetic quantum numbers  345–346
mass transfer coefficient  226, 227

concentration polarization  226
mass transport  67, 67
matrix mechanics  286
matter-wave interference  285
Maxwell-Boltzmann distribution  20, 23, 

259, 259, 262, 263
Maxwell’s model for gas permeation  57, 57
McLachlan formula  87
mean free path  18, 26, 32, 309, 420, 460

backscattering  37
electron  31
of phonons  24
thermal conductivity with  20

mechanical relaxation spectrum of 
polymer  119, 119

mechanical system responses  10
bulk rheological responses  10–12
molecular perspective  12–15

melt viscosity  13, 15, 114–118
membrane transport  211. see also 

size-constrained condensed fluid 
molecular systems

osmosis  211–216
polymer membranes and nanoporous 

transport  233–240
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rough classification of membrane types 
and configurations  217

transport mechanisms through solvent 
swollen polymer membranes  218–233

water purification and 
desalination  216–218

mesoscopic physics  66
messenger ribonucleic acid (mRNA)  5–6, 6
metal-insulator-metal (MIM) 

configuration  327
metal nanoclusters  79

size and interfacial constraints in   
123, 124

size effect on cohesion and surface energy 
in quasicrystals  126–131

surface energy  124
surface stress, surface energy, and 

compressibility of fcc bulk metals  125
metastable liquid phenomena  163

and cavitation  163–166
free energy of bubble nucleation  167–170, 

168, 170
homogeneous nucleation process of vapor 

bubbles  167
probability of bubble nucleation and liquid 

tensile strength  171–175
methane (CH4)  22–24, 357, 444
micro-particle image velocimetry 

(μ-PIV)  196
microscopic model for macroscopic electron 

transport  29–31
microsystems  263–265, 264, 264, 265
microwave spectrum  438–439, 441
Millipede project  122–123
miniaturization  50–64
minority carriers  395–396, 401, 408

concentration  399
diffusion lengths  401

MO. see molecular orbital (MO)
mobile electrons  358

conjugated polymers  366–371, 366
delocalized π electrons  359–362, 359,  

360, 362
HOMO-LUMO levels and 

chromophores  362–365, 363, 364
molecular conformations at interfaces and 

apparent slip  194–196, 194
molecular electronic bonds  426

molecular engineering  1, 3, 302
of band gaps  366
combined deductive rational 

engineering  5–6
deductive rational engineering  4–5
“liquid” films  7
trial-and-error approach  4–5
unique behaviors in small systems  6

molecular interactions  20, 80, 207, 423
molecules and  147–149
VdW  80–90
and VdW EOS  149–155

molecular mobility  41, 111, 188–190, 239
molecular modes  42, 423–426, 424, 425
molecular orbital (MO)  350

diagram  352
excitation  362–363
theory  350

molecular physics  65
molecular rigid rotor  436–440, 436, 439
molecular spectroscopy  433
molecules  4, 147–163

bond vibrations in  426–436
electron distribution and bonding in   

350–358
homopolymer  111
mRNA  5–6
polymer  2, 13
in unit cell  451–455, 452, 454, 455

moment of inertia  306, 436, 440, 447
momentum transport  9, 15, 38, 67, 67
monomers  111, 115

cutin  184
electron-deficient  115
styrene  116

Morse potential  354, 431
anharmonicity of  432

mRNA. see messenger ribonucleic acid 
(mRNA)

multimode quantum  315–318, 316
multiple atoms in unit cell  451–455, 452, 

454, 455
multiplicity of entropy  264

n
nanoclusters  27, 123
nanocomposite membrane 

permeability  54–60
nanoconduit flow  201

membrane transport (Cont.)
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BL model  201–205
through carbon nanotubes  205–211

nano-constrained systems, thermal 
conduction in  460–462, 462

nanofiltration (NF)  211, 218
nanoparticles  123

energy discretization of  330–332, 330, 331
lipid nanoparticles  6
silver  54

nanoporous transport  233–240
nanoscience  1–6, 68, 110, 302

classification  65–68
lower dimensionalities, properties in  7–10
nanoscale, microscale and macroscale  2

nanosystems  3, 8–9
nanotechnology  1, 4

classification of  65–68
revolution  309

nanotubes  8, 62
neutrons  209, 260
Newton’s law of viscosity  11, 43, 185, 187
Newton’s spring equation  449
NF. see nanofiltration (NF)
n-hexadecane  91, 94, 94, 97

adhesion energy between SiO2 and  104–105
cohesion energy of  99–100

nodal planes  344
nonbonding MOs  357
nondegenerative translational energy 

levels  444
nonlinear optical (NLO) chromophores  364
nonrigid diatomic rotor  440–443
nonsynthetic petroleum-based motor oils  4
normal bulk diffusion  461
normal modes  445, 446, 450
“normal” surface  198
nuclear physics  65
number of nearest neighbors  79

o
octadecylphosphonic acid (ODPA)  49
octamethylcyclotetrasiloxane (OMCTS)   

91, 91
adhesion energy between SiO2 and   

102–103
cohesion energy of  97–99

ODPA. see octadecylphosphonic acid (ODPA)
OLEDs. see organic light-emitting diodes 

(OLEDs)

OMCTS. see octamethylcyclotetrasiloxane 
(OMCTS)

one-dimensional box
energy level of  292
final wave function solution of   

293–294, 293
general solution of  291–292
particle in  291, 291
quantum well structures  294–295, 295

one-dimensional electron transport  34–38, 
35, 36

1D monospecies chain  449–451, 450, 452
one-dimensional (1D) quantum wire  309

electron transport in  309–318
one-dimensional Schrödinger wave 

equation  289–290
Onsager Theorem  218
open circuit voltage  363, 410, 414, 416
optical modes  451, 453, 455
optoelectronics  365–366
orbital magnetic moment  347–348
organic chromophores  364
organic light-emitting diodes (OLEDs)  359, 

367–369, 368, 369
organic photovoltaic (PV) cells  404
organic photovoltaic material  369–371, 370
orientational momentum  348
oscillatory disturbance  207–208
Oseen’s law  53
osmosis  176, 211

chemical potential of pure liquid  213
colligative property  215
osmotic transport of solvent through 

semipermeable membrane  214
van’t Hoff factor  212

osmotic flux  222
osmotic pressure  211–213, 216, 221, 223

difference  222
equilibrium  215
transmembrane  230

osmotic reflection coefficient  212

p
PAO. see poly-ɑ-olefins (PAO)
partial-slip velocity  187
particle in a box model  319, 427
particle interferences  281

double-slit interference  283–285, 284
macroscopicity  285–288, 288
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screen intensity and probability  285, 286
single-slit interference  281–283, 282
uncertainty principle  285–288, 288

particle physics  65
partition function of quantum harmonic 

oscillator  457
passive wicking mechanism  176
Pauli exclusion principle  258, 260, 350
Pauli’s repulsion  106
PE. see polyethylene (PE)
PEG. see poly(ethylene glycol) (PEG)
Peierls instability theorem  366
PEO. see polyethylene oxide (PEO)
perfect plastic behavior of system  11
permeability coefficient  182, 223
permeance  179–180, 223

of solutes  224, 227, 231
water  179

permittivity  58, 335
PF. see polyfluorene (PF)
phase coherence length  31–32
phase of wave  280
phase properties  147–163
phenomenon of cavitation  166
phonon(s)  24, 209–210, 312, 448–462

density of state  459
dispersion relation  451
gas  24

phonon dispersion  449
and heat conduction  455–456, 456
1D monospecies chain  449–451, 450, 452
systems with multiple atoms or molecules 

in unit cell  451–455, 452, 454, 455
phonon-induced oscillations  208
photodiodes  403
photoelectric effects  257, 266–268, 266, 267
photon(s)  209, 258–260, 383

modes  254
momentum  268
system  265

photovoltaic (PV) cells  366, 403
basics  403–411, 404, 406, 408, 409
crystalline silicon  417
materials  366–371, 366
P-N junctions  403–411, 404, 406, 408, 409
solar cell efficiency  412–417, 415

physics  65
π-bonding  355–357, 355, 356, 357

π-electrons  355
piston-die systems  12
Planck constant  28, 76, 84, 98, 150, 209, 211, 

256, 269, 315, 378, 389
Planck’s law  250, 256–258, 266
Planck’s photon distribution law of 

energy  456
plum pudding model  273
p-n junctions  394–398, 395, 403–411, 404, 

406, 408, 409
depletion layer in  398–403, 399, 400
diodes  403

Poiseuille flow in capillaries  185
adhesion energy  188
bulk diffusivity  191
coefficient of slip  187–188
Einstein relation  190
Newtonian liquid in a cylindrical 

capillary  186
superhydrophobicity  186
Tolstoi’s theory  191, 193
Young’s equation  189

Poisson distribution  115, 171
polarization interactions  82, 85
polar–polar interaction  80
polonium (Po)  451, 453
poly-α-olefins (PAO)  4
polyatomic molecules  20, 22, 444,  

444, 445
rotational modes of  447–448, 448
vibrational modes of  445–447, 446, 447

polycyclic aromatic hydrocarbons  79, 92, 
105, 108

polyethylene (PE)  111
poly(ethylene glycol) (PEG)  115
polyethylene oxide (PEO)  113
polyfluorene (PF)  367
polymer(s)  12, 115

chain entanglement  114–118, 114, 117
conjugated  359, 366–367
length  3
membranes  218, 233–240
mobility  111–114
molecules  2, 14
thin film rubbers  79

poly(p-phenylene) (PPP)  367
poly(p-phenylene vinylene) (PPV)  367
polystyrene (PS)  59, 111, 113

γ relaxation for  119

particle interferences (Cont.)
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monodisperse  121
secondary relaxations  119, 120

poly(tert-butyl acrylate) (PtBA)  49, 239
poly(1-trimethylsilyl-1-propyne) (PTMSP)   

56, 59, 59, 237
pore-flow (PF) model  218, 233
positron  260, 350
power conversion efficiency  411
PPP. see poly(p-phenylene) (PPP)
PPV. see poly(p-phenylene vinylene) (PPV)
pressure-driven capillary injection method of 

PTMSP solution  237, 238
pressure-driven membrane transport  219, 219
principal moments of inertia  447
principle distribution laws  258–263, 259, 

261, 262, 263
principle of uncertainty  286
principle quantum number  297, 350
probability  13, 36, 281–288, 437, 457

backscattering  37
of bubble nucleation and liquid tensile 

strength  171–175
classical  428
density function  20
and electron distribution  342–344
mode-dependent transmission  35
of occupancy  459
screen intensity and  285, 286

propane  57–58, 161
propanol  161
property gradient  16–17
proton  84–85, 260, 296–297, 342–343, 351

polarization of  301
for symmetric superposition  352

PS. see polystyrene (PS)
PtBA. see poly(tert-butyl acrylate) (PtBA)
PTMSP. see poly(1-trimethylsilyl-1-propyne) 

(PTMSP)
purely coiled phase  14
pyrene (C16H12), 92, 105, 105, 108–109

crystal  107
dimer interaction energy  108
slipped parallel pyrene dimer 

arrangement  108

q
QD. see quantum dots (QD)
quantum computing  289, 299–302, 301
quantum conductance  315–318, 316

quantum-confined systems  38, 330
quantum constraints  288–302
quantum distribution law  256–258
quantum dots (QD)  8, 27–28, 331–332, 

387–388
quantum entanglement  260, 289, 298–299, 

300, 302
quantum harmonic oscillator  426–429, 427, 

428, 429
infrared spectrum of diatomic molecules in 

light of  430–431, 431
quantum interference  302
quantum kinetic energy  334–335
quantum mechanical systems  38, 298,  

333, 427
quantum mechanics  65, 85, 249, 250, 

266–271
atom structure and simple model   

272–281, 272
Franck-Hertz experiment  271, 271
hydrogen atom  295–298
one-dimensional box, particle in   

290–295, 290
one-dimensional Schrödinger wave 

equation  289–290
photoelectric effects  266–268, 266, 267
quantum computing  299–302, 301
quantum constraints  288–302
quantum entanglement  298–299, 300
quantum wave theory  288–302
thermal emission  249–265
uncertainty  288–302
wave and particle interferences and 

probability  281–288
wave-particle duality  268–271, 270

quantum particles  34, 66, 258, 260, 269, 
318–319

quantum physics  65
quantum states  297, 299–300, 344, 377,  

381, 459
quantum superposition  287–288, 302
quantum wave theory  288–302
quantum wells  27

structures  294–295, 295
quantum wire  27, 31, 34, 295, 309, 381

connections  28
energy components  310–312, 311

quasicrystals  126
silver  127–128
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size effect on cohesion and surface energy 
in  126–131, 126, 128

quasi-Fermi levels  399, 413–414
qubits  299–301

r
radial distribution function  343, 343
radial probability density  342
radiation frequency  430
radio frequency (rf)  40
Rayleigh and Jeans–Standing Wave 

Model  253–256, 254, 255, 256
Rayleigh-Jeans radiation law  250, 255
Rayleigh waves  39
rectifiers  394–395
reduced mass  278, 296, 429–431, 436
relativistic effects  349–350
relativistic physics  65
relativity of simultaneity  278
relaxation frequency  190
relaxation function  45
Reptation Model  120
resistance quantum  31, 315, 334
reverse osmosis (RO)  211, 215
reverse saturation current density  401
reverse selective behavior  60
reverse voltage  399
rheology  10
rigid-rotor model  436
RO. see reverse osmosis (RO)
root pressure  176
rotational degrees of freedom  21, 445
rotational energies  443–444, 443, 443
rotational modes of polyatomic 

molecules  447–448, 448
rotational molecular mode

in diatomic molecules  436–443
molecular rigid rotor  436–440, 436, 439
nonrigid diatomic rotor  440–443
rotational and vibrational energies   

443–444, 443, 443
rotational polarization  83
rotational temperature  437–438, 443
rubbery state regime  111
Rutherford model  273
Rutherford’s α-particle (He2+) scattering 

experiment  273, 273
Rydberg constant  275

s
salt permeation coefficient  225
saltwater RO (SWRO) plant  216–217, 216
SAW. see surface acoustic waves (SAW)
scalar waves  39
scaling  50–64

interfacial constraints and nanocomposite 
membrane permeability  54–60

phenomenological shortcoming of  51
terminal velocity of liquid droplets and 

solid particles  51–54
scanning tunneling microscopy (STM)  110, 

326–329, 327, 328, 329
constant-current imaging  328
constant-height-imaging  328

Schrödinger equation  288, 297, 449
for rigid rotor  437
solution of  341–342
time-independent  431, 448

Schrödinger’s Cat  288
Schrödinger solutions

within boundaries  320–321, 321
for constant and narrow tunnel barrier   

322–323
within finite particle box  321

Schrödinger wave equation  319
one-dimensional  289–290
time-independent  296

screen intensity  285, 286
selection rule  430, 438, 445
self-consistent field (SCF) method  354
semiconductor(s)  66, 331, 377, 383

bandgap engineering  386–391, 387,  
387, 390

doped inorganic  389–403
ion-doped  313

semimetals  381, 383
SET. see single electron transistor (SET)
shear modulus  11
shear response to stress  45–47, 46
Shockley diode equation  408
Shockley-Read-Hall recombination  408
short current density  409, 414
short-range molecular pair interaction 

potentials  90
σ-bonding  351–354, 351, 352, 353, 354

to π-bonding  355–357, 355, 356, 357
silicon (Si)  69, 370, 385–386

crystalline  417

quasicrystals (Cont.)
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nanowires  461–462
silicon dioxide (SiO2)  91, 94, 99, 101

adhesion energy between n-hexadecane 
and  104–105

adhesion energy between OMCTS and   
102–103

silicon nitride (Si3N4)  69, 205, 405
silicon (111) surface reconstruction  110, 110
simple cubic (sc) structure  451, 452
single electron box  28, 332–335, 332, 334
single electron device technology  309, 329

energy discretization of 
nanoparticles  330–332, 330, 331

single electron box  332–335, 332, 334
single electron transistor  335–340, 335, 

337, 338, 339, 340
single electron transistor (SET)  332, 332, 

335–340, 335, 337–340
single jump volume  13
single-mode quantum wire  314–315, 315
single-phase semiconductors  383
single-slit interference  281–283, 282
single-walled carbon nanotubes (SWNT)  462
size-constrained condensed fluid molecular 

systems  147
hydraulic transport in capillaries and 

boundary conditions  175–200
metastable liquid phenomena  163–175
molecules and phase properties  147–163
nanoconduit flow  201–211

size-constraint systems  79, 123
size effect on thermal energy transfer   

24–27, 25
slip length  187–188, 191–194, 196–197, 

199–207
slip velocity  187, 189–190
s-metals  379
solar cells  67, 403

conductivity  391
efficiency  412–417, 415
p-type or n-type  393

solid-like deformation behavior  10
solid particles, terminal velocity of  51–54
solids  7, 10

Maxwell  42
VdW  90–110

solid-state physics  65, 385
solute permeance  225, 227–228, 231
solution-diffusion (SD) model  218–219

apparent solute rejection parameter  228
concentration polarization  224
concentration polarization mass transfer 

coefficient  226
desalination results  228, 233
dimensionless sorption coefficient  222
Fick’s law  220
ion concentration profile  224
permeability coefficient  223
salt permeation coefficient  225
solvent and solute permeance  230, 231
symbols  234–237
transport selectivity coefficient  232
turbulences  231
uniform feed solute concentration  226
volumetric permeation flux of solution 

flux  227
solvent polarization  86
solvent swollen polymer membranes

pore-flow model  233
solution-diffusion model  219–233
transport mechanisms through  218

sonoluminescence  166
s-orbitals  297, 330, 343, 349, 355
source  332, 336
sp3 hybridization  358
spectral energy density  254–255
speed of sound  17, 451, 455, 456
spherical harmonics  437
spin-coated polymer films

bulk mechanical response, polymer 
mobility, and glass transition  111–114

interfacial constraint on glass transition in 
thin films  118–123

interfacial effects on  111
polymer chain entanglement and melt 

viscosity  114–118
spin coating  79, 121
spinodal line  163–164, 163
spin-orbit coupling  346–349, 346, 347, 348
spintronic qubit designs  301–302
spreading coefficient, 95–96, 96, 188
stagnant film  226
standard state of solution  213
Stefan-Boltzmann’s law  252, 257
Stern-Gerlach experiment  346–347
stick-slip phenomena  12, 42
stiffness of vibrating bonds and vibrational 

bond temperature  436
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STM. see scanning tunneling microscopy 
(STM)

Stokes’ law  51, 52
stomata  183
straight linear chain alkanes, extreme 

directional alignment of  104, 104
strain rate  11, 15, 185

effects  13
of Newtonian fluids  11

stress–Maxwell model, longitudinal response 
to  42–45, 42

structural constraints  66
subband mode  312, 324
“submolecular-sidechain” regime  118
super-hydrophilic surface  198
superhydrophobicity  186, 199
superhydrophobic surface  198–199
surface acoustic waves (SAW)  40, 40
surface energy  94–95, 124, 127, 131, 198

of graphite  132–135
of graphite’s ultimate nanostructure   

136–139, 136
of solids and water contact angles  133

surface potential  267
surface roughness  134, 192, 197–200
surface tension  95

liquid phases of  188
polymer  239

SWNT. see single-walled carbon nanotubes 
(SWNT)

synthetic biology  5
system constraints  50–64
system energy  264, 333, 423

t
TDHs. see truncated decahedrons (TDHs)
tensile strength  160, 170–171, 175
terminal velocity of liquid droplets and solid 

particles  51–54
tetracene (C18H12)  105, 105, 106, 108
theoretical efficiency  412, 414
Theory of Special Relativity (Einstein)  278
thermal conduction  18

in nano-constrained systems  460–462, 462
quantum  27

thermal conductivity, 16, 60–64, 62, 460
based on classical mechanics and 

statistics  18–24

Eucken’s gas kinetic formula  21, 23
heat capacity  19
key features of  20
Maxwell-Boltzmann distribution  20, 23
phonons  24
selected gases, properties of  22

thermal diffusivity  17–18
thermal emission  249

blackbody radiator  250–253, 250–251, 252
chemical potential  263–265, 264, 265
microsystems  263–265, 264, 264, 265
principle distribution laws  258–263, 259, 

261, 262, 263
quantum distribution law  256–258
Rayleigh and Jeans–Standing Wave 

Model  253–256, 254, 255, 256
thermal energy transfer, size effect on   

24–27, 25
thermal modes. see degrees of freedom
thermal particles  258, 259–262, 259
thermal transport. see also ballistic transport

classical thermal transport  16–17
driving forces and responses in  16
size effect on thermal energy 

transfer  24–27
thermal conductivity based on classical 

mechanics and statistics  18–24
thermal properties, densities, and speed of 

sound of materials  17
time-dependent Schrodinger equation  290
time-independent Schrödinger 

equation  320, 322, 341, 448
time retarded response  46
time-temperature-superposition 

principle  50, 117
TIRF. see total internal reflection fluorescence 

microscopy (TIRF)
Tolstoi’s theory  191, 193, 196, 199
TOs. see truncated octahedrons (TOs)
total internal reflection fluorescence 

microscopy (TIRF)  196
translational degrees of freedom  19,  

21, 445
translational mode  21, 423, 451
transmission amplitude  323
transmission coefficient  315, 323–324, 326
transmission probability and 

approximation  323–324
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transpiration pull  176
transpiration rate  183–184, 244
transport phenomena under 

nanoconstraints  67
transport selectivity coefficient  232
transverse direction  387
transverse (T) wave  451
trial-and-error approach  4–5, 5, 64
triple bond  363
true slip  194
true slip length  203
truncated decahedrons (TDHs)  126
truncated octahedrons (TOs)  126
tunnel barrier height  323
tunnel barrier width  323
tunnel current  321

transmission probability and 
approximation  323–324

work function of vacuum gap  324–326, 
325, 326

tunneling  329
current  327–329
spectroscopy  329

tunneling effect  321–322, 322
Schrödinger solutions for constant and 

narrow tunnel barrier  322–323
transmission coefficient vs. subband 

mode  324
transmission probability and 

approximation  323–324
vacuum gap, work function of  324–326, 

325, 326
tunnel junction  28, 302, 324, 325, 332,  

336, 338
two-dimensional systems  131–139
two-phase BL model  201, 204, 206

u
ultimate efficiency  412, 414–415
ultrathin substrate-supported polymer 

films  120, 120
ultraviolet catastrophe  255
uncertainty  288–302

Heisenberg’s  286, 299
principle  285–288, 288

undoped semiconductor  389, 391
unit cell  451–455, 452, 454, 455
upper edge of valence band  386

v
vacuum gap, work function of  324–326, 

325, 326
vacuum tunneling  326
valence-bond theory  355
Van der Waals (VdW)

dispersion interactions  150
free surface effects on VdW 

solids  105–110
gas constants  150
in gases  80–86
interactions  41
interfacial effects on VdW solids  90
interfacial properties of OMCTS, 

n-hexadecane, and silicon oxide  94
in liquids  86–90
molecular interactions  80, 102
OMCTS  91, 91
selected properties of OMCTS, 

n-hexadecane, and silica  94
simplistic perspective bulk and surface 

binding energy  92–94
structures  94–105
substances  79

Van der Waals Equation of State  
(VdW EOS)  147

alkanes and cycloalkanes, VdW molecular 
and gas properties of  151–152

molecular interactions and  149–155
polar substances, VdW molecular and gas 

properties of  152–153
VdW molecular and gas properties of 

selected materials  153–154
van’t Hoff equation, general form of  215
van’t Hoff’s law  212
vapor pressure deficit (VPD)  183, 244
vascular plants, bending stresses on  176–179
VdW EOS. see Van der Waals Equation of 

State (VdW EOS)
vibrating bonds, stiffness of  436
vibrational bond temperature, stiffness 

of  436
vibrational degrees of freedom  24, 445
vibrational energies  423, 443–444, 443, 443
vibrational temperature  436, 443
viscosity ratio  202
viscous plastic behavior of system  11
volumetric flow rate  183, 186, 191
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volumetric permeation flux of solution 
flux  227

VPD. see vapor pressure deficit (VPD)
vulcanization process of rubber  2, 2

w
Wannier–Mott excitons  405
water permeance  179, 202, 223–224, 230
water permeation coefficient  223, 224
water purification  206, 211, 215–218
water transport  175–176, 179–185
wave-corpuscular duality  269
wave functions  33, 282, 293, 295, 319, 323, 

427–428, 437
angular  345
electron  352
linearly independent  342
particle  323

wave interferences  281
double-slit interference  283–285, 284
macroscopicity  285–288, 288
screen intensity and probability  285, 286
single-slit interference  281–283, 282
uncertainty principle  285–288, 288

wave number  75–76, 279–280, 292, 310–311, 
317, 385, 430, 449

wave-particle duality  268–271, 270,  
278–281, 279, 280, 281

of photon  268
theorem  31

wettability
degree of  197
of smooth and rough surfaces and 

consequential change  197, 197
wicking mechanism  177
Wien’s displacement law  252–253, 256
work function  267, 326, 368, 386

electric  368
tunnel junction with electrode  325
of vacuum gap  324–326

work of adhesion  96, 103–104, 199

x
xanthene  109
xylem  176–177

conductivity  183
mechanical strength  178

y
Young-Dupré equation  96, 199
Young’s equation  95, 189, 198
Young’s modulus  11, 43

z
ZDDP. see zinc dialkyldithiophosphate 

(ZDDP)
Zeeman effect  346–347, 347
Ziegler-Natta method  115
zigzag nanotubes  62
zinc dialkyldithiophosphate (ZDDP)  4
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