Chapter 1 — The Dawn of Quantum Theory

* By the Late 1900’s

- Chemists had
-- generated a method for determining atomic masses
-- generated the periodic table based on empiricaledisens
-- resolved the structure of benzene
-- elucidated the fundamentals of chemical reactions

- Physicists had
-- generated the relationship between heat and work
-- developed the first two laws of thermodynamics
-- demonstrated the wavelike nature of light
-- applied statistical mechanics to chemical systems

* Sounds great so what'’s the problem?

- The general scientific community believed:
-- atoms are the basic constituents of matter
-- Newton’s Laws were universal
-- all the phenomenon in the world is deterministic

- There were several experiments which could not b&aqa based on this dogma:
-- black body radiation
-- the photoelectric effect
-- discrete atomic spectra

- What conclusions do these experiments lead to?
-- atoms are not the smallest/most microscopic objec
-- we need something beside Newtonian physics to explese #xperiments

* And then came quantum mechanics ...
- explains these unsolved issues
- explains bonding, structure and reactivity
- uses probability instead of determinism
- generates rules for electrons in atoms and molecules

* Let’s talk about these persnickety experiments
- Black Body Radiation: if we apply heat to any objeatill emit light
red to white to blue
-- classical physics assumed this emission of ligig &vresult of oscillating e-‘s
which act as antennae and can oscillate equally watiyafrequencyy
-- Rayleigh-Jeans Law: used classical physics torganéhe relationship between
spectral densityp(v, T), andv
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where p,(T) a is the radiant energy density btwn  and dv
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T = absolute temperature (K)c=  2.9980°2 (speed of light
--- Graphically: Figure 1.1 from the text
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---- the dashed line i& and is consistent with the Rayleigh-Jeans Law at

low T
---- this relationship does not work at high temperatureslled theUV
catastrophe--- classical physics failure!
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http://hyperphysics.phy-astr.gsu.edu/hbase/mod6.html#c4
--- S0, how do we fix this? Planck to save the day
---- Planck proposed the energy of these oscillatlagtrond] frequency or
E=nlv wheren= 1,2,.. and his proportionality const
---- Blackbody radiation according to Planck
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- Photoelectric Effect: electrons are emitted frometallic surface when exposed to

UV radiation s @
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% http://en.wikipedia.org/wiki/Photoelectricfesft
-- Classical physics states that light is an eiedield, E , oscillating
perpendicular to its direction of propagation and the sitgiof the
radiationd E 2
--- the e-‘s should oscillate along with the field awdthe intensity
increases so should these oscillations which will eaadly lead to
the ejection of an e- from the surface of the metdlRONG!

--- the photoelectric should occur for any frequenckpag as the
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intensity of the incident radiation is sufficientiigh —-WRONG!
-- Experimentally:
--- the kinetic energy of the ejected e- is independétiie intensity of
the incident radiation
--- there is a threshold frequenwey, which is dependent upon the metal
---- below this threshold no e-‘s will be ejectednfi the surface
---- above this threshold the K.E. of the e-‘sestinearly withv
-- Einstein to the rescue, he proposed:
--- light is made up of energy packets aka photons akaajuan
--- the energy of a photon is proportional to igatlfrequency, E =\
E=h - KE.=%m’=h-o
--- @ is called the work function and is analogous to the iowizanergy
of an isolated metallic atom (remember we are takingysan e-)
--- since % m? must bex 0, then k = ® or hvo = ® hence K.E. =% - hvg
--- the constant h that Einstein predicted matchedahBtanck’s —
SUCCESS!
- Hydrogen Atom Spectrum
-- In the 19 century scientists knew that each atom possessedaxthistic

emission spectrum
Figure 1.5 from text
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--- these are called line spectra since they emitggregtra select number
of frequencies — once again the spectrunoiscontinuousbut

discrete -- quantized
-- Balmer was the first one to show that these dpectra followed a particular
patterny O n? wheren=3, 4, 5, ...
Figure 1.6 from the text — demonstrating this relationship
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--- From this pattern he derived the relationship:

v =8.2202 16“( }izj Hz and = 1096%%—%} cm® = 3,4,F
n

--- This relationship will give rise to all ofehvisible emissions for H, but



what about the rest? Here comes Rydberg
-- Rydberg develops a formula which includes all of thesgiide emission lines of

hydrogen

|7=1RH iz——lz cm® wherep>
A n m
- Wave-particle duality — here comes de Broglie
-- classical optics supports the idea of light as eeweang. refraction, etc.
-- the photoelectric effect suggests that it can adsthbught of as a particle
-- enter de Broglie: he proposed that if light whichlesarly a wave can act as
particle than why can’t a particle act as a wave
-- Einstein proved that wavelength,and momentum, p, are inversely
: h
proportional: A=—
p
-- de Broglie claimed matter would also follow this tielaship
--- for matter p = mv where m = mass and v = vé&joci
--- therefore the de Broglie wavelength is given)bzyrL
mv
--- but if matter acts like a wave then why areret ail oscillating?
Example: What is the de Broglie wavelength of 75 kgdmmy an electron

each traveling at 10 mph?
h _ 6.626x10%Jes_ 6.626x 10% ‘.

A = =
b o .
¥ mv  75kgx10mies  75kgx ](Qpiesx 1.6093kmy_houry 1000m

hour

Too small to be detectable
_h _  6.626x10%J.s  _ 6.626x 10% e 163 107m
° mv 9.10% 10° kgx 1QUes  9.109 IO kgx 1esx L6003kmy hourg 1000m
On the order of UV

=1.98x 10*°m

* Bohr, the hydrogen atom and Rydberg

- the hydrogen atom
-- consists of a massive positive nucleus and a snma@ative e- which is in a

fixed orbit about the centrally located nucleus
-- Coulomb’s law: force of attraction btwn an e- angl@ton (the nucleus of

hydrogen)
2
f= 2 € > Where -e is the charge of an e-, e thargk of a proton, r is the radi
TEr

andg, is the permittivity 8.854 1160%-m

-- Centrifugal force:f :m°;vzwhere m is the mass of an
r

- Bohr's Assumptions:
-- there are stable atomic states in which atoonsad radiate

--- these states are given yviithn=1, 2, 3, ... where n = 1 is the
lowest energy state or ground state and is the nemgdtive



-- angular momentum is quantized or these station&iisarequire an integer
number of de Broglie wavelengths

-- Figure 1.9 from the text: (a) represents the Bosuragption and (b) — (d) show
what happens if the integer assumption is not in plate wave will
eventually disappear
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back to centrifugal forcé: :me;v" :ﬂ(n—hj _ It
r rimr) rim,
set this equal to Coulomb's Law and solve for r:
212 2 212
nat__ e - r:m forn=1,r=52.92 pm the Bohr rad

r’m, 47z’ m,e’
- Total E of our e-:

P.E. for an e- and a proton separated by dista'rssceJrez—

87E,r
2
E=K.E+P.E=% my-
ArE,r
2
recallmev2 © ory,mV = _€
ATE S 877<E‘J

2

DE=--2
81E,r
212 2
substitutingr = AN R yield€, = - € mé meé 1 — wheren=1,2,3,..
m, & 87E, e, 82K R

- Relationship btwn fFand Rydberg
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-- This expression looks suspiciously like the B@/ng expression

hv = ha or i =€ {ﬂ iJD R
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- Limitations of this lovely description



-- does not work for a system containing more thanesne
-- fails when a magnetic field is applied to the syste

* More Uncertainty - Heisenberg
- Heisenberg uncertainty principle: the exact momentodntie position of e- cannot
be know simultaneously d@xAp = h
-- if we wish to know the location of an e- withircartain distancAx we need
a light source whose resolution is on the ordénodr Ax = A
-- unfortunately as soon as we shine this light on oureechange its momentum,
Ap
-- using the de Broglie relationship we obtain the Heiseg uncertainty principle
-- we will be revisiting this later
- Consequences of this uncertainty
-- we do not know what the velocity is if we know thes in the atom
-- Bohr assumed that the e- was a particle with kneglocity and position
-- in order to complete the picture we need a trueslilees description of e-‘s



